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Abstract: The power control of horizontal axis wind turbines can affect significantly the vibration
loads and fatigue life of the tower and the blades. In this paper, we both consider the power control
and vibration load mitigation of the tower fore-aft vibration. For this purpose, at first, we developed
a fully coupled model of the NREL 5MW turbine. This model considers the full aeroelastic behaviour
of the blades and tower and is validated by experiment results, comparing the time history data
with the FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code which is developed by
NREL (National Renewable Energy Lab in the United States). In the next, novel sensorless control
algorithms are developed based on the supper twisting sliding mode control theory and sliding
mode observer for disturbance rejection. In region II (the wind speed is between the cut-in and rated
wind velocity), the novel sensorless control algorithm increased the power coefficient in comparison
to the conventional indirect speed control (ISC) method (the conventional method in the industry).
In region III (the wind speed is between the rated and cut-out speed), an adaptive neural fuzzy
inference system (ANFIS) is developed to estimate pitch sensitivity. The rotor speed, pitch angle, and
effective wind velocity are inputs, and pitch sensitivity is the output. The designed novel pitch control
performance is compared with the gain scheduled PI (GPI) method (the conventional approach in
this region). The simulation results demonstrate that the flapwise blade displacement is reduced
significantly. Finally, to reduce the fore-aft vibration of the tower, a tuned mass damper (TMD) was
designed by using the genetic algorithm and the fully coupled model. In comparison to the literature
body, we demonstrate that the fully coupled model provides much better accuracy in comparison to
the uncoupled model to estimate the vibration loads.

Keywords: aeroelastic model; disturbance rejection; vibration control; tuned mass dampers; sliding
mode observer

MSC: 74F10

1. Introduction

Wind energy generation has been growing at an unprecedented rate. For instance, the
increase in wind energy capacity from 18 GW in 2000 to 590 GW in 2019 is solid evidence
of the amazing growth in wind energy production [1,2]. Many countries have decided to
produce energy through wind power because it is both clean and economical. According to
the latest annual report from the World Wind Energy Association (WWEA), China is the
largest wind energy harvester in the world with a capacity of 217 GW, following the USA
with 96 GW, and Germany and India in third and fourth places with 59 GW and 39 GW,
respectively [1].
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A typical horizontal axis wind turbine has four main operational regions according
to the incoming wind flow [3-6] (Figure 1). The wind turbine operates in region I if the
wind velocity is lower than the cut-in wind velocity. Because of the low wind speed, a
wind turbine that operates in the region I does not produce any energy. If the wind speed
is between the cut-in wind velocity and the rated speed, then the wind turbine operates
in region II and extracts as much energy from the wind as possible. Actuator control for
this purpose is the generator. With the increase of wind speed from the rated wind velocity
to the cut-out wind velocity, the wind turbine operates in region III with limited power
output to its nominal value for the safety of machinery. Actuator control is the pitch angle
mechanism for regulating the output power. Finally, in region IV, the wind turbine ceases
to generate power to prevent any damage to the machinery due to the larger wind velocity
than the cut-out wind velocity [3].
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Figure 1. Different operational regions of a horizontal axis wind turbine [3].

There has been plenty of research studying the control problem in regions II and
III. For region II, the maximum power point tracking algorithm (MPPT) has been exten-
sively investigated and is the simplest method for achieving maximum power [5-7]. Its
main problem, however, is that it has weak performance against the uncertainties in the
model [7-10]. The gain schedule PI (GPI) control algorithm was first developed in [11] to
limit the output power in region III. The gains of the algorithm were regulated by using
pitch sensitivity, but its main obstacle was measurement noise due to the wind speed.

Control algorithms for bodies such as wind turbines can be categorizable, in literature,
into model-based and non-model-based approaches [12-16]. Non-model-based approaches
include fuzzy control systems [17,18] and PI or GPI control approaches [11]. The main
part of each fuzzy system is the fuzzy rule base [19]. Designing the fuzzy rule base,
most of the time is based on a trial-and-error process which makes it difficult to use.
The model-based approaches are widely found in the literature [20-24]. Model-based
predictive control (MPC), is widely used in many engineering applications [25-27]. MPC
is a predictive approach based on the optimization of a cost function. The cost function
must be defined to address the output power error and some sources of vibration loads.
However, the main disadvantage of this approach is its inability to provide any analytical
stability proof for the closed-loop system [25]. Most of the model-based approaches are
based on non-linear control theory like sliding mode, adaptive control approach, and
backstepping [22,23,28,29]. In these works, two simple models: one-mass and two-mass
were considered for the whole wind turbine system. However, these models have not
considered the aeroelastic behaviour of the blades and the tower. In addition, the control
signal in these works contains unmeasurable (like the aerodynamic torque) and unknown
state variables.
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The above discussion demonstrates that in order to have a better understanding of the
wind turbine loads, an aeroelastic model is necessary. Wind turbines are complex structures.
The blades are like rotating beams that can vibrate in two directions that are perpendicular
to each other [30]. The lateral vibration in the rotational plane is called edgewise and the
lateral vibration perpendicular to the rotational plane is called flapwise vibration. The
tower also cannot be considered a rigid body. Similar to the blades, the tower can vibrate
in the rotational plane (i.e., “side-side” vibration), and also perpendicular to the rotational
plane (i.e., “fore-aft” vibration) [30-32]. The mitigation of the vibration loads is a significant
goal in increasing the life span of a wind turbine. Three main approaches, namely, passive,
semi-active, and active have been proposed in the literature to reduce the vibration loads
of the structure [33]. In particular, passive control has been widely studied. In [31], roller
dampers were proposed to reduce the edgewise vibrations in the blades, in which, each
blade of the wind turbine is considered as a two degree of freedom system and the roller
damper is designed to minimize the edgewise vibration signal. In another research [34],
tuned liquid dampers were used to mitigate vibrations in the edgewise direction. In [35],
a 3D pendulum was suggested to reduce both fore-aft and side-side vibration of the
tower. The results demonstrated that, with a 2% mass ratio (ratio between the mass of
the pendulum with respect to the rotor), the pendulum can reduce the standard deviation
(STD) of the vibration signals by around 10% in comparison to dual tuned mass dampers
(TMDs). However, the main point of these studies is that the performance of the vibration
absorber was designed by considering the constant rotor speed (12.1 rpm). In addition, the
coupling dynamics between the drivetrain and the other parts were not investigated.

According to the above discussion, the following shortcomings in the literature body
are addressed:

e In some of the previous research [22,23,28,36], the designed control signals contain
unmeasurable or unknown terms. Any applicable control signal must estimate the
unknown terms and uses the measurable terms.

e  Pitch sensitivity is one of the key parameters in region III. In order to improve the
computational time, it is better to estimate the pitch sensitivity rather than using
look-up tables.

e  Regarding the literature body, the passive vibration absorber is designed in the con-
stant nominated rotor speed (which is 12.1 rpm) [31,32,34,35]. However, the rotor
speed is not constant in region III. In addition, pitch control in region III has a signif-
icant effect on the tower vibration loads. Therefore, it is more accurate to estimate
vibration loads by considering drivetrain dynamics.

To address these issues, our research considers both control and load mitigation
of the NREL 5MW wind turbine. A complete aeroelastic model of this wind turbine is
investigated. This model considers the continuous vibration of the blades in the edgewise
and flapwise directions, the vibration of the tower in the fore-aft and side-side directions,
and the flexibility of the drivetrain system. The interaction of the wind with the blades is
obtained by the blade element momentum theory (BEM), Prandtl correction, dynamic stall,
and wake modelling. This model is validated by the FAST numerical tool of NREL. The
main contribution of this research is summarized as follows:

e  The control problem in region II has been considered by a novel super twisting control
approach. The main novelty and contribution of this part, in comparison to the litera-
ture body, is estimating the unknown terms by designing a novel nonlinear observer.
The comparison of our results with the conventional ISC algorithm demonstrates that
this approach can increase the mean value of the power coefficient by nearly 1%.

e Inregion III, we developed a novel sensorless pitch controller based on the previous
research of the first author [37]. Similar to the previous part, we estimate the unknown
terms (especially the aerodynamic torque derivatives) by a super twisting sliding
mode observer. In order to fully design a sensorless approach, we estimate the pitch
sensitivity by a novel ANFIS (adaptive neural fuzzy system) system. The inputs of this
system are the effective wind velocity, pitch angle, and rotor speed. The simulation
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results are compared with conventional GPI which demonstrates that the standard
deviation of pitch angle, tower fore-aft vibration, and flapwise displacement of the
blade is decreased significantly.

e  Finally, unlike the previous literature, the passive vibration design is considered with
the coupling effect of the drivetrain dynamic, the tower, and the blade. In the previous
works, the drivetrain dynamic is ignored in the optimization process and the rotor
speed is considered constant at the nominal value (12.1 rpm).

The remainder of this paper is organized as follows: The aeroelastic wind turbine
modelling is investigated in Section 2. The model validation is considered in Section 3.
The novel sliding mode control based on the sliding mode observer is studied in Section 4.
Section 5 follows the TMD design procedure and compares the load mitigation with the
fully coupled model and uncoupled model (without drivetrain dynamic). The simulation
results are investigated in Section 6. Finally, Section 7 concludes this study and gives the
future direction.

2. Obtaining the Multi-Body Model of a Fixed Bottom Wind Turbine

A brief description of the wind turbine model is given in this section. The model
contains the mechanical subsystems of the blades, tower, and drivetrain system, as well
as the aerodynamic modelling of wind profile and the wind-structure interactions. The
following subsections describe how the proposed model integrates the dynamic model of
the tower, the drivetrain model, and the dynamic equation of the blades. The modelling
of the wind field and the aerodynamic modelling and the interaction of the wind and
wind turbine are presented in the process of obtaining the dynamic equation of motion
of the assembled system of a fixed-bottom wind turbine following the multi-body Euler-
Lagrangian approach.

2.1. Dynamic Modeling of the Tower

The tower can be modelled as a flexible structure, with a nacelle mounted on top of it.
The tower experiences lateral vibrations in the rotational plane, (called side-side vibrations),
as well as perpendicular to the rotational plane, (called fore-aft vibrations). Therefore, two
DOFs must be considered when modelling the tower.

{qtower }oy1 = {qu %s} @

where g is the displacement of the nacelle in the rotational plane and gy, is the displace-
ment of the nacelle perpendicular to the rotational plane. For obtaining the kinetic energy of
the tower, only the first natural mode is considered for each side-side and fore-aft direction.
Therefore, this leads to [30,32]:

H H
1 . 2 1 . 2 1 .2 .2
Ttower = E/ (PA)tower (qfafpfa> dh + E/ (PA)tower (qss(pss) dh + EMWC (qu + qss) (2)
0 0

where Tioper is the kinetic energy of the tower, (0A),,.,., is the mass density of the tower, H
is the height of the tower, ¢ fa 18 the first fore-aft vibration mode of the tower, @s; is the first
side-side vibration mode of the tower, and M,;, is the mass of the nacelle. According to
the Euler-Bernoulli beam theory, the potential energy of the tower is given as [30]:

L P, 2 o Lo\

a

Trower = 5/ (ED toer <qfad}12> dh + E/ (ED tozver <q55dhzss) dh 3)
0 0

where £ is the position of each element along the tower from the bottom to the hub, 7T;ower
is the potential energy of the tower, and (EI),,,,,, is the bending stiffness of the tower. One
should note that the aeroelastic properties (bending stiffness and mass density) are the
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same in both directions, fore-aft, and side-side. Thus the mode shapes in both directions
are close to each other. Both (EI) and (pA) are a function of h from the bottom to
the top of the tower.

tower tower

2.2. Dynamic Modeling of the Drivetrain System

The drivetrain of a wind turbine is one of the most significant subsystems because the
mechanical power passes through the drivetrain then transfers to the generator and finally
produces electrical power [38]. A schematic view of the drivetrain is depicted in Figure 2.
The main components of the drivetrain system are the rotor, low-speed shaft, gearbox,
high-speed shaft, and generator. For the dynamic equation of the drivetrain system the
generalized coordinates are given as:

{erivetmin}bd = {0,055} 4)

where 6, is the azimuth angle of the rotor and 6, is the low-speed shaft azimuth angle of
the rotor. The kinetic energy of the generator is given as [28]:

1.
Tgenemtor = E]gwé ©)

where j is the generator inertia and wy is the generator speed (wg = ég =n géls) and ng is
the gearbox ratio. The kinetic energy of the rotor is considered in Section 2.3. The potential
energy is related to the torsional stiffness of the low-speed shaft which can be computed

as [23]:
1 2
s = 5Kis (6 — Os) (6)

where 7155 and Kj; are the potential energy and torsional stiffness of the low-speed shaft.

1030y

Low speed shaft

X0q Jean

Jojesauan

High speed shaft

Figure 2. Schematic view of the drivetrain system.

2.3. Dynamic Modeling of the Blades

The blades of a wind turbine can be considered rotational beams. These structures may
experience two sources of lateral vibrations, edgewise, and flapwise. By considering two
DOFs for each blade (in the flapwise and edgewise directions), the generalized coordinates
below are considered for describing the blades of the wind turbine [30,35,39,40]:
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{ablade Y61 = {qug/ Gedgr Dedgr D f1pr 9 fips flp } @)

where qf}i o describes the edgewise vibration displacement of the tip of the ith blade and

q% p denotes the flapwise displacement of the ith blade. For obtaining the kinetic energy
of each blade, the velocity profile of each infinitesimal element must be obtained then by
integration along the blade, the total kinetic energy of the blades can be computed. For
the velocity profile, it is convenient to express the velocity and also the position of each
infinitesimal element in {x,y,z} coordinates (Figure 3). This set of coordinates is attached
to the hub of the turbine and also rotates with the rotational speed of the blades (the x-axis
is along the blade, the y-axis is perpendicular to the x-axis in the rotational plane and the
z-axis is determined by the right-hand rule law). The position of each element concerning
the system {x,y,z} is given as [32,35]:

Xpi = —UssSINY; + 71
Ypi = —Uss COS P; + Uegg (8)
Zpi = Ufq + Uflp

where ; is the azimuth angle of each blade, uss and u fa denotes the side-side and fore-aft
vibration of the nacelle, u.4, and 1, denotes the edgewise and flapwise tip vibration of
the blade, x;, y; and z;; are the position of each element concerning the {x,y,z} system
and r is the radial position of each element in the non-deformable case of the blade (when
there is no vibration displacement). The azimuth angles for each blade can be obtained
as [39,40]:

¢i=¢1+2§(i—1),i:1,2,3 9

P = [y wrdt

where ¢; is the azimuth angle of the ith blade and w; is the rotor speed. Also, the vibration
displacements of the tip of blades can be obtained as [31,32,39]:
Uedg = Pedgedg
Uftp = Pfipffip

(10)

Using the time derivative of Equation (8), the velocity of each infinitesimal element
can be obtained for each blade:

dxbi
Vi x ddt- 0 —Ugs sin; +r
Vbiy | = gf’ +10 X | —Uss COS; + Upg (11)
Vbi,z dzy; Wr Ufg + Uflp

dt

Finally, the kinetic energy of blades can be obtained as the sum of the kinetic energy of
each infinitesimal element [41]:

3 R
Thiade = Y /o (0A) piage Vi Voidr (12)
i

where R is the length of the blade, r is the radial position of each infinitesimal element along
the non-deformed blade, Ty,4, and (pA),;,4, are the kinetic energy and mass density of
the blade. For the potential energy, there are three sources for each edgewise and flapwise
direction. The first source is related to the strain energy of the blade, and the second relates
to the axial component of gravity which acts as an axial force. Finally, the third component
is the centrifugal tension force which is related to the rotation of each blade. According to
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2,
the Euler-Bernoulli beam theory, the strain energy of the beam is 7w = - f (EI) (?} > ) dr.

By considering only one normal mode shape in each edgewise and flapw1se direction, the
strain energy term for each blade can be obtained as: (¢4 = Pedgfedg, Uf1p = Pr1pdfip):

2
1R e
Tledg,strain = Eb[ (El)edg (drzg dr

2
1R APy
TCflp,strain = Eg‘ (EI)flp< di’é L) dr

where Tg strain and 7Cfyp sirain are the strain energy of the blade in the edgewise and
flapwise directions, ¢4, and ¢y, are the first natural mode shapes in the edgewise and
flapwise directions, (EI),4, and (EI)g, are the bending stiffness in the edgewise and
flapwise directions and R is the length of the blade. The axial gravity component and
centrifugal force modelling are quite similar because both act like axial forces. According
to [39,40] we have:

(13)

((PA)bzade§d€)< (ZMgﬂledg> dr

‘Pflp 2
((pA)hludegdé) dr Qflp
(14)

—_

TCedg,gravity,bladei = —

2
1
TCflp,gravity,bladei = )

where 7To4q cen and 7if1 cen are the centrifugal terms of the potential energy for each blade
in the edgewise and flapwise directions, 7,iq ¢ravity,biadei A0A T f1p gravity bladei are the gravity
term of the potential energy in the edgewise and flapwise directions of the ith blade.

Remark 1. @eag, ¢f1p @a , and @ss are the first natural mode shapes of blade vibration in the
edgewise and flapwise vibration and fore-aft and side-side vibration of the tower respectively. The
mode shape of the blade of the NREL 5SMW turbine is reported in [11] and can be found in Appendix B
of this paper. @eaq, @11, are a function of r and @ ., @ss are a function of h respectively.

Remark 2. The values (0A)yq0 (EI) g4, and (EI) g, vary along the blade as a function of r. The
whole structural properties of the blade can be found in [11] with 49 different sections with different
structural properties. To compute the integrations in Equations (13) and (14), a linear pattern is
considered between every two sections as a function of .

Remark 3. Potential and kinetic energy are both scalar functions. it must be noted that total kinetic
energy is the summation of the kinetic energy of the rotor, generator, and tower. The total potential
energy is the summation of Equations (3), (6), (13) and (14).

2.4. Aerodynamic Modeling

The conventional method for modelling the interaction between the wind and the
wind turbine is called blade element momentum theory (BEM) [42]. The blade of each
wind turbine consists of different airfoils, chord lines, and twist angles. By considering
each section of the blade as a control volume, the magnitude of the relative velocity vector
on each section can be obtained as shown in Figure 4 as:
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2
Vi = VO\/(l —a)?+ (r“/‘;’ 1+ a’)) (15)

where a and 4’ are the induction factors in the axial component and lateral component, Vj
is the wind velocity in each section, and V,,; is the relative velocity. In addition, it is easy
to see that the angle of relative wind velocity with respect to the rotor plane is given as
(Figure 4) [42]:

Vo 1—a
rwy, 1 +a’

tan(9) =

(16)

As can be seen in Figure 4, two components of the relative wind velocity (V,,) are
Vo(1 — a) normal to the rotational plane and rw, (1 + a’) in the rotational plane. « is the
angle of attack and B is the pitch angle. In addition, the angle of attack of each airfoil
can be easily obtained as # = ¢ — B. Furthermore, the normal (Py) and tangential (Pr)
aerodynamic forces can be obtained as a function of lift (f;) and drag (fp) forces (Figure 4):

Py = frcos¢ + fpsing

. (17)
Pr = fysing — fpcos¢

As can be seen from Equation (17), normal and tangential forces are a function of
angle of attack, and angle of attack is a function of induction factors. The induction factors
can be updated by modelling using the BEM approach. More details on the aerodynamic
modelling and BEM approach more details are presented in Appendix A.

(a)

Figure 3. Cont.
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Remark 4. There are 17 different sections along the blade with different chord lines, airfoil type,
and twist angles. The above process must be investigated with each section along the blade.

2.5. Wind Profile Modelling

Wind speeds are measured by anemometers at each point. The main concept in
modelling wind velocity profiles is that the time history data must be consistent with the
atmospheric boundary layer (ABL). It is common to assume that the flow is stationary and
homogeneous, which means that the statistical properties of the wind (standard deviation,
kurtosis, and other moments) do not change with time and space [43].

In Figure 5, the wind velocity at the hub (90 m above the ground for the NREL 5MW)
has been depicted. The wind velocity for two points in the grid has been depicted in
Figure 6. More details on generating the grid and rotational sampling approach can be
found in [42,44].

10.5
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75
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5.5 | | | | | |
0 100 200 300 400 500 600 700
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Figure 5. Wind speed at the hub height of the turbine.
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Figure 6. Wind speed at two different points in the grid with a distance of 10 m (blue and red are
respectively the wind velocity at left and right points with the distance of 10 m).
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2.6. Euler Lagrangian Approach for Modelling Multi-Body Systems

There are different ways of obtaining the governing equation of motion of a multi-body
dynamic system. According to the literature, there include the Kane, Euler Lagrange, and
the Gibbs-Appell method [45-47]. Sometimes, the generalized coordinates for describing
the dynamic equation of a system are not independent of each other and they are related
according to the constrained dynamics. These constrained dynamics can be integrable
which in this case are called holonomic constraints and non-integrable which are called
non-holonomic dynamic systems [45]. In these cases, the Kane method is an excellent
approach for obtaining the governing equation of motion. Since the wind turbine system is
not constrained (all the generalized coordinates are independent), the Lagrange method
is quite acceptable. Furthermore, the Lagrange method uses energy functions that are
easier to deal with in comparison to the vectors. According to the Lagrange approach, one

can obtain:
d JL oL
at ( ) = {Q}10x1 (18)

a{i]}mxl - a{q}loxl

where L is called the Lagrangian which can be obtained as the difference between the kinetic
and the potential energy, such that L = T — 1. {g}(,; is the vector of the generalized
coordinates and {Q}, is the vector of generalized forces. The generalized coordinates
can be described as:

{erivetmin }2>< 1

{q}lOXl - {qblﬂd€}6><1 (19)
{f]tower}le

For obtaining the generalized forces vector, virtual displacement must be considered in
each positive direction of the generalized coordinates and the virtual work of each external
force must be obtained. In general, the generalized force vector can be obtained as follows:

dOW
a{q}loxl

where 6W is a total virtual work. Just like the generalized coordinates vector, the general-
ized forces is a 10 x 1 vector that can be defined as:

{Q}loxl = (20)

{erivetmin }le
{Q}10><1 = {leude}6><1 (21)
{Qtower}le

For the drivetrain, there are two-DOFs. the generalized force vector ({ Qrivetrain }2x1)
can be obtained as:

W
erivetrain,l = W =T, — Dy (wr - wls) — Dywy
20W (22)
erivetruin,Z = W = _Te”g + Dls(a]r - wls) — Dgngwls
s

where Dy, is the low-speed shaft damper, D, is the rotor damper, T is the generator torque,
ng is the gearbox ratio, Dy is the generator damping, and Qgrivetrain,i is the i-th component
of the vector { Qg ivetrain } 2«1+ Ta is the aerodynamic torque for rotating the blade which can
be obtained as:

3 /R
T, = 2/ rpn,dr (23)
=170

where py ; is the normal force for the jth blade. There are aerodynamic forces in both the
edgewise and flapwise directions for each blade. Therefore, the generalized forces vector
for the blade can be denoted as follows:
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{leude,edg}gxl =

{leude,flp }3X1 =

{ leade,edg }3>< 1
{leude,ﬂp }3X1

where {thade,edg }3><1 is the generalized forces vector corresponding to the edgewise DOFs

{Quiade Yox1 = (24)

and {leude, flp }le is the generalized forces vector corresponding to the flapwise DOFs.

In addition, structural damping must be considered external forces. Gravity has two
components. The axial component is computed as the potential energy and the tangential
component must be considered as an external force (Figure 7). By following the approach
in [39], one can obtain:

. R .
(fo PTl‘Pedng) Cedgledg bladel T Jo (0A)biage Peag sinyrdr
AW : R .
W = (fo PT2@Pedg 7’) - Cl?dgqedg,bl/zde2 + fo (pA)blade(PEdgg sm l[)zd?’
edg R ‘ R .
(fo pr, B(Pedgdr) = Cedgedgpiades T Jo (PA)bladePedg8 Sin Padr 25)
R .
(fo PN,lﬁf)ﬂpdT) = Cf1pfip bladel
J0OW R .
W = (fo PN,Z(PflpdV) = Cf1p4 f1p,blade2
4 .
( PN,sfPflpW) = CHIp4fip blade3

where {q}5, = {qedg, qedg, qedg} and {q} ), = {qi}}p, q?%p,q??p}, Cedg is the damping coef-
ficient in the edgewise vibration direction, ¢y, is the damping coefficient in the flapwise
direction, Py ; and Pr; are the normal and tangential aerodynamic forces of the ith blade.

The damping coefficient in both these directions can be obtained as (c = 2{+/ km) [30]:

dZ(Ped ? 2
a2 z 2
R Pri R
crp = 2L f1p (fo EIﬂp< dr£p> dr) (fo (pA)blade((Pflp) dr)

where (), and (4, are the non-dimensional damping coefficients in the edgewise and
flapwise directions. These values can be found in [11] (some general properties can be
found in Appendix B).

Finally, the generalized force vector for the tower, which correspond to the fore-aft
and side-side generalized coordinates can be modelled as [32]:

3 R .
Qtower,1 = {(Z f() PN,id7'> - Cfa‘]fa}
QtowerZ = { (Z fo pPr,i COS qudr) - CSqus}

o 2€f"\l fO (EI) waeT( d:§a> dh) (fOH (pA)tower((Pfa)zdh> 7

Css = ngsd fOH (ED) ower (iﬂf;s) dh) (foH (PA)tower((l’SS>2dh)
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where Qyyer,i is the ith component of the vector { Qtower }51- For simplification, it is com-
mon to rewrite the Lagrange equation in the following form by using the chain derivation
rule [45]:

da( oL \ o oL 5 oL\, 2 a )\
dt (%) ot <a{‘7}10x1> * {q}10x1 (3{Q}10X1> {7hoa + {q} 1021 <a{‘7}10x1> {atoa 28

Figure 7. Schematic view of a very small component of the blade and two components of the gravity force.

By defining the following matrices, one can find the dynamic equation of motion by
the Lagrange approach.

P JL
[M]10x10 = aa) (a{q}>
[Nliox10 = a{aq} (a?i}) )
) oL oL
{K(q) }10x1 = 9t (8{11}) - o{q}

Finally, by applying the Lagrange equation, the following equation for the wind
turbine dynamic equations is obtained:

[M]10x10{d} 1051 + [INJ10x10{ } 1051 + {K(@) }10x1 = {Q} 1051 (30)

where [M] and [N] are 10 x 10 matrices and {K(q)} is a 10 x 1 vector. The following
governing equation can be solved by the Rang-Kutta approach in a numerical tool. For this
purpose, the following state-space vector is defined:

{9}10x1 } @31)

{Zstate }ox1 = { {q}
10x1

where {Zsat. } is a state-space vector. According to Equation (30), the time derivative of the
state space vector can be obtained as follows:
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e _{ {7}H10x1 }_{ {9} 1051 } (32)

{3101 [M]10%10({Q}1ox1 — [NJ1ox10{4} — {K(9)}191)
Equation (32) is in the standard form and can be solved easily by the Rang-Kutta method.

3. Validation of the Model by FAST

In this section, to ensure the compatibility of the obtained model, the results are
compared to the numerical FAST aeroelastic code. FAST is an aeroelastic code which is
developed by the national renewable energy lab in the USA [48,49]. The edgewise and
flapwise displacement, as well as the nacelle vibrations, are compared with the FAST code.
For extracting the wind field, the Turbsim code is used [50]. The results are obtained
in the same mean wind speed and the same turbulence intensity situation in FAST and
the proposed model in this research. Unlike the previous research [37], in which the
uniform flow is simulated for simulation, the validation part in this research is presented
by considering a fully 3D wind profile by considering the wind shear effect. The power
control approaches in regions II and III are assumed as the baseline approaches which have
been considered in [11]. The dynamic response of the proposed model is compared with
FAST for two load cases. Load case I, has a mean wind velocity of 7 m/s and turbulence
intensity of 10%(region II), whereas load case II has a mean wind speed of 20 m/s and
turbulence intensity of 10% (region III) (Tables 1 and 2).

Table 1. Comparison with the performance of the aeroelastic model in this research with FAST. Mean
wind speed 7 m/s and turbulence intensity 10% (region II).

FAST Numerical Tool Proposed Model

Parameter Mean STD Mean STD

Rotor speed (rad/s) 0.7592 0.0404 0.7667 0.0414

Generator speed (rpm) 705.23 38.45 710.43 38.51
Flapwise tip deflection of blade 1 (m) 2.337 0.338 2.48 0.3574
Edgewise tip deflection of blade 1 (m) —0.2482 0.3408 —0.2588 0.3378
Nacelle fore-aft deflection (m) 0.1437 0.0268 0.1329 0.02329
Nacelle side-side deflection (m) —0.02105 0.01035 —0.02393 0.00840

Table 2. Comparison with the performance of the aeroelastic model in this research with FAST. Mean
wind speed 18 m/s and turbulence intensity 10% (region III).

FAST Numerical Tool Proposed Model

Parameter Mean STD Mean STD

Rotor speed (rad/s) 1.275 0.1448 1.272 0.1453
Generator speed (rpm) 1182 134.2 1178 134.62

Flapwise tip deflection of blade 1 (m) 1.349 1.632 1.416 1.509
Edgewise tip deflection of blade 1 (m) —0.08809 0.3703 —0.1019 0.3507
Nacelle fore-aft deflection (m) 0.211 0.1163 0.216 0.1183
Nacelle side-side deflection (m) —0.06475 0.02135 —0.0618 0.022s3

The power coefficient of the wind turbine is one of the most important characteristics
that determine the ratio of mechanical convertible power to the kinetic energy of the wind.
The power coefficient depends on the tip speed ratio (ratio between the tip velocity of the
blade with respect to the hub height wind velocity) and the pitch angle. The tip speed ratio

is defined as follows: R
Wy
A= —
= (33)

where V is the effective wind velocity and R is the length of the blade. The power coefficient
can be modelled as follows:



Mathematics 2022, 10, 2735 15 of 40

Cp(A,B) = 1L (34)
EanZVC”(t)

where P, is the aerodynamic power ( P, = T,w;), p is the air density, and CP(A, B) is the
power coefficient.

In Figure 8, the power coefficient is given as a function of tip speed ratio at different
pitch angles (in degrees), and the results are compared with the FAST code. As can be seen,
the results are compatible with the FAST simulations.

#=0° for NREL 5MW turbine
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Figure 8. Power coefficient of the NREL 5MW wind turbine as a function of tip speed ratio in three
different pitch angles. A comparison between the aeroelastic code and FAST (a) § = 0°. (b) B = 2°.
(c) B =4°.

Remark 5. The source FAST code is compiled with the SIMULINK/MATLAB and it is possible to
validate the performance of the control algorithm on the open loop model of the wind turbine and
there is a module for designing the tuned mass damper. However, as far as we know, there is no place
to both consider the effect of vibration absorbers and control algorithms on the power generation and
dynamic loads. In addition, the aeroelastic code will be investigated in our future work for designing
various types of vibration absorbers, besides tuned mass dampers.

4. Designing the Sliding Mode Approach in the Low and High Values of Wind Speed

In this section, the power control problem for low and high values of wind speed is
investigated from a load mitigation perspective. According to [3], the aeroelastic interaction
of the blades and tower to the drivetrain is insignificant and can be ignored for control
purposes. Therefore, the simplified model of the drivetrain can be obtained as [22,28]:

Tu - Kls(gr — Gls) — Dls(wr — wls) _ war

Jr
- _Teng + Kls(er - 915) + Dls (wr - wls) - Dgnéwls
s = jshg

wr:

(35)

where j, and jg are rotor inertia (including the blades and rotor) and generator inertia
w
respectively. w; and w; are rotor speed and low-speed shaft speed (w;; = n—g) respectively.

8
All the parameters of the model for the NREL 5MW turbine can be found in [11].

Remark 6. In Equation (35), the blade and rotor are assumed as a rigid disk. Therefore, this model
does not give any sense regarding the vibration loads. For considering the vibration loads a full
aeroelastic model is needed which are developed in the previous part.

4.1. Control Problem in the Low-Speed Range of Wind Velocity

In region II, the main goal is to extract as much energy as possible from the wind.
As stated before, the actuator is controlled by the torque from the generator. To achieve
maximum energy, the power coefficient must be at its maximum value. For the NREL
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SMW turbine, the optimum tip speed ratio (Aspt) is 7 and the optimum pitch angle is 0
degrees [11]. Therefore, the optimum rotor speed (wot) is obtained as:

R(Uopt /\optv
/\opt = v = Wopt = R (36)

where V is the effective wind velocity (EWV). In our previous research [23], we demonstrate
how to estimate EWYV, also, a detailed study can be found in [51]. Now, by defining the error
signal as the difference between the optimum speed and the rotor speed, the generator’s
torque must be regulated in order to minimize the error signal. Next, we introduced a novel
super twisting sliding mode control approach with an observer to estimate the unknown
terms to achieve maximum power [52,53].

Theorem 1. The following generator torque (T,) is suitable for maximizing the power coefficient
and output power.

o . 2
Jrlghg
Dls
t . .
vy = ag [ eydt +bre; +crep — Wopt + Wrej

Tg - _Ul

1/2 ..
Wrej ) = Aoylsi)2sign(sy) + 1

N = A1lsi| / sign(sy)
S] :€+€l (37)
0 = _(;Jopt T U] — Wrej 1

Aoy = 1.5y

Ay =11V

dAlPunknown,l
dt

where T, is the generator torque, vy is the virtual controller in region 11, wy,;, is the rejection term
in region II (to reject uncertainties and unknown variables).

where

<Ly

Proof. By defining the error signal as ¢; = wy — wypt, and according to Equation (37), one
can reach the following equation:

T2 — (Dis + Dy)wy — Kis(wr — wys)

Ir (38)
D D
5 (Dys(wr — wis) + Kis (0 — 015)) — —2
Jrighe

e =

. T, — d)opt
Jrighg
The generator torque (T,) must be defined such that to stabilize the error signal. For

this purpose, the generator torque must satisfy the following equation:

-t
e+ ﬂL/ eydt +bre;+crep =0 (39)
JO

In Equation (39), aerodynamic torque, time derivation of the rotor speed, and low-
speed shaft speed are not measurable. Therefore, these terms must be estimated. Now, by
reorganizing Equation (40), we reach the following equation:
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e = Yrnown + APunknown — Vi
where
. Ta — (Dls + Dr)wr - Kls(wr - (Uls)
Awunknown,l - ]
r
D, (40)
——5 (Ds(wr — wis) + Kis(6r — 6s5))
Jrighe
lpknown,L = _(f.‘.]opt
D
0 = —— 152 e
Jrighe

One should note that the term 4,0, ; defines the known terms of ¢; and Ay, kn00n 1
denotes the unknown terms, which must be estimated and v, is the virtual control signal.
For designing the control signal v;, we need to estimate the disturbance term Ay, ,;k00n,1-
For this purpose, a first-order dynamic system is introduced as follows [54]:

sp=e+¢
: (41)
81 = —Pknown,l T V1 — Wrejl
The Lyapunov function V; = %512 is introduced, giving:
VV=&$=S(@+§J (42)

The goal is to design the term w,;, to reject the uncertainties. The rejection term must

be designed in such a way V) < —1js;| where ;7 is a positive number. By a combination of
Equations (42) and (49), one can reach:

Vl = Slél =59 (Alpunknawn,l - wrej,l) < || |SL| H ||Alpunknown,L

= wrej,l > (77 + leide)Sign<Sl)

— SjW,ei] < —1||S
‘ 1Wrejl = 77” lH (43)

where Lgj;4, is a positive number which || AY,,known|l < Lsiige- To reach origin asymptoti-
cally, we must have:
Finally, combining Equations (46) and (50) the control signal gives the control signal v,

(oL = (17 + Laiige)):
t
v = aL/O ejdt + bre; + cre; — wopt + prsign(s;) (44)

where a;, by, and c|, are positive coefficients which can be found in Appendix C. To design
the rejection term, according to [51], the super twisting control method has a better perfor-
mance in chattering rejection as well as better tracking ability. Therefore, the rejection term
is defined as [54]:
1/2
wWrej1 = Ag,ilsi|" sign(sy) +my
1 = M,sign(s;)

In [54], a thorough discussion has been provided to select properly the parameters A 1,
and Aj ;. Accordingly, two acceptable values for these two parameters are A1 = 1.1y/L
and Ao = 1.5y/L; where L; is the upper bound of llbunknown,l'

Finally, by finding the virtual control signal v;, the generator torque in each time step
can be updated as follows:

(45)

frjg”ng
Dls

Tg = —0 (46)
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The whole structure of the designed control system is depicted in Figure 9.

Rotor speedm——]
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Wind speed data

Wind turbine
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Pitch anglemsfp!  EWYV estimation
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Output POW e

G tor te i i
enerator torque Estimated wind speed
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Control system  f@======Error s1gna1-©4— speed Cop == 1€

Figure 9. Schematic of the designed control system in region II.

Remark 7. To obtain the value of wopt, according to Equation (44), we need the second-time
derivation of EWV. We used the following derivative estimation which is proposed in [54].

. 2/3 .
Oestimate,] = 20 = _2Lestimatel/3|20 - V(t)| /3Slgn(20 - V(t)) + 2o
. 1/ .
Uestimate2 — 21 — *1'5Lestimatel/2|zl - vestimate,ll /2518"(21 - Uestimute,l) + 21 (47)

Zy = _1'1Lestimut8518n(20 - vestimate,Z)

where zq is the estimation of V(t), zy is the estimation of V (t), and z, is the estimation of V (t).
Lestimate 18 a positive number which must satisfy V(t) < Lestimate- In this research, we assumed
Lestimate = 10. More details can be found in [54].

4.2. Control Problem Inregion 111

The output power must be limited to the nominal power in region III to prevent any
damage to the wind turbine due to high winds. For this purpose, the rotor speed must be
compared to the reference rotor speed, which is 12.1 rpm for NREL 5MW. The difference
between the rotor speed and the nominal value (12.1 rpm) can be communicated via an
error signal in each time step. The pitch angle actuator system usually acts as a linear servo
system. According to [9,24,55], the dynamic equation of the pitch system can be described
as follows:

b=—(6—u) 49)

where u is the input signal in region III. § is the 11th DOF in the fully coupled model of
NREL 5MW. For the NREL 5MW wind turbine, the pitch angle dynamic can be changed in
the range of 0 and 90 degrees (B € [0,90]), and the pitch rate cannot exceed 10 degrees per

second (‘ ‘B’ < 10deg/s) [11,56]. In the following, the pitch angle mechanism is described for
limiting the output power without measuring the aerodynamic torque.

Theorem 2. The following pitch requlator signal (u) can regulate the output power to its nominal
value.
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T
oT,

9B
vy = ahfo edt-+bye + cpe —

0T,
£l T]r T Wrejjh

Wrejn = Aolsul"sign(sy) + 1y

My = A usign(sn)

sp = e+ ¢ (49)
oT,

- @/3

Th=— T,

Aoy = 1.5vI5

Ay =11L,

‘ dAwunknown,h

+ Uy — Wrejh
where

L
dt < L2

where u is the control signal, vy, is the virtual controller, B is the pitch angle, wy; j, is the rejection

. . . . , T, . . I,
term in region Il (to reject uncertainties and unknown variables), and a—ﬁu is the pitch sensitivity.

Proof. By defining the error signal as e¢j, = w, — 12.1, and according to Equation (35), the

second derivative of the error signal can be computed as follows (We simplified T, by the
BTa. +8Tav+8ﬂ )
3w, " 9B px

simple chain derivation rule, TH(V, wr, B) =

9T, . a7, oT, . )
- T(inr + ai‘; - T’BEQ (Dls + Dr)wr - Kls(wr - wls) + Djsws aTa . 50)
" jr BT

Just like the previous part, the pitch angle actuator must stabilize the rotor speed error.
Therefore, the following equation must be satisfied [37]:

t
e + ah/() epdt + byey, + cpep, =0 (51)
where, ay, by, and ¢, are some positive numbers. In addition, the time derivative of rotor
speed, low-speed shaft speed, and wind velocity are unknown and must be estimated. To

estimate the uncertainties, after simple calculations, the following equations are obtained:

ep = ¢known,h + A1~;L7unknown,h — Uy

where
T, . aT, . .
: wr + aV (Dls+Dr)wr*Kls(wr *wls)JrDlswls
_ dwy A%
Alpunknown,h - ] (52)
r
Yknown = _%7%%
h — a‘B T]r

The term Ay, kp00m 1 is unknown and must be estimated and vy, is the virtual controller
in region III. For this purpose, the sliding mode approach is used similarly to the previous
part. At the first, the sliding manifold is chosen as follows:
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sh=en+Gn
. (53)
gh = 71pknown,h + oy — Cl)rej,h

By considering the Lyapunov function as V;, = %si and doing the same process as the

previous part:

T, B

9B Tjr
Finally, by finding the virtual control signal vj, the pitch controller can be obtained

as follows:

t
v, = ah/o edt+bye + cpe — + ppsign(sy) (54)

_ TUjr
T 9T,

9p

(55)

As stated before, the objective of this part is to design a novel sensorless controller
in region III to both control the output power and reduce the vibration loads. According

to Equation (55), aajl;“ is still unknown and must be estimated. The term %]‘[;” is called

pitch sensitivity and indicates how the aerodynamic torque or the aerodynamic power
varies with pitch angle. Pitch sensitivity depends on EWYV, pitch angle, and rotor speed.
In this research, pitch sensitivity is estimated by using ANFIS (Adaptive Neuro-Fuzzy
Inference System), which is a fuzzy inference system that is implanted into the neural
network frame [57]. Fuzzy inference systems can be categorized into the Mamdani and
Takagi-Sugeno (TS) systems [57]. The difference between these systems is the output of each
If-Then fuzzy rule. In the TS fuzzy system, the output of each rule is a linear combination
of the inputs, but in the regular Mamdani fuzzy system, each output is a linguistic variable
that is described by membership functions. Pitch sensitivity depends on the rotor speed,
pitch angle, and EWV. The training data for the estimation process is obtained by FAST.
The grid partition method is used for generating the FIS (fuzzy inference system) and for
training the ANFIS system, the hybrid method is considered. 70% of the extracted data is
used for training and the other 30% is for testing the generated model (The details of extracting
data can be found in [11]). For two inputs (EWV and pitch angle) five Gaussian membership
functions are considered and for the third input (rotor speed) three membership functions are
considered, therefore, for the whole system, 75 rules are required. Figure 10 shows the ANFIS
surface as a function of pitch angle and effective wind velocity.

x10°
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-2 N

Pitch sensitivity (N.m/degree)

20\
Pitch angle (degree\r;P'
0~

12 14 16 18 20 22 24

Wind Speed (m/s)

26 28 30

Figure 10. ANFIS surface for the pitch sensitivity as a function of effective wind velocity and pitch angle.
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Figure 11 shows the pitch sensitivity at different mean wind velocities and a constant
turbulent intensity of 10%. In order to consider the effect of turbulence on the estimation
process, pitch sensitivity is investigated at a constant mean wind velocity of 20 m/s and
different turbulence intensities (Figure 12). As can be observed, the proposed method has
an excellent performance in the estimation of pitch sensitivity. The whole structure of the
control system is shown in Figure 13.
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Mathematics 2022, 10, 2735 23 of 40

Bl x10° mean wind velocity=20m/s
-V T T T T T

T
—Real
=06 - - -Estimate ||

m/degree)
L S
- ©

I T

P
F S N}

1 1
- -
© (2]

T T

= -

Pitch sensitivit

1
N
T
1

1
N
N

T
I

| | 1 1 1 1 1 1 | 1
50 100 150 200 250 300 350 400 450 500 550 600
Time(s)

()

Figure 11. Pitch sensitivity estimation in different mean wind speed values by using the ANFIS
system. (a) 18 m/s. (b) 19 m/s. (c) 20 m/s.
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Figure 12. Pitch sensitivity estimation in different turbulence intensity and constant mean wind
speed of 20 m/s by using the ANFIS system. (a) 5%. (b) 10%. (c) 15%.
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Figure 13. Schematic of the designed control system in region III.

The control parameters can be found in Appendix C.
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5. Load Mitigation of the Tower Vibration Loads by Using TMD

In this section, the load mitigation of the tower of the NREL 5MW has been considered
by using a vibration absorber. According to [32,34], load mitigation was considered at a
constant rotor speed and ignoring the drivetrain system of a wind turbine. According
to [58], the standard deviation of the pitch angle can significantly affect the vibration loads
of the tower. The wind turbine’s tower can be modelled as a beam that is fixed at the
bottom with a concentrated mass (the nacelle) attached to the free end. This structure has
two main sources of excitation:

e  The vibration loads are transmitted from the blades to the hub and finally to the tower.
These vibration loads can be influenced by the drivetrain control algorithms in the
previous section.

e Aerodynamic loads from the wind.

According to [58], the aerodynamic loads of the tower are negligible in comparison
to the first source of excitation; in other words, designing the vibration absorbers without
considering the control algorithms would result in inaccuracies. To consider the effect of
coupling between the drivetrain dynamic and the turbine on the load analysis, in Figure 14,
the change between STD of nacelle fore-aft displacement and the two cases are considered
in region III. The first case is the fully coupled model which is described in this research
and is validated by FAST. The second case is the uncoupled model with constant rotor
speed (12.1 rpm) and without considering the effect of the drivetrain and the pitch actuator.
For this purpose, we defined the following parameter:

Ocouple — Yuncouple

Ydif ference =

x 100 (56)
Ocouple

where 0,1, is the STD of the parameter (nacelle fore-aft displacement and flapwise
displacement of the blade) in the coupled model, 0coupie is the STD of the parameter
in the uncoupled model, and 7 ;s ference denotes the difference between the coupled and
uncoupled model. As can be seen, the difference is significant and any load analysis and
load mitigation perspective must consider the coupled model.
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Figure 14. The difference between the STD of the vibration loads of the coupled model and the
uncoupled model. (a) fore-aft displacement of the nacelle (b) flapwise tip displacement of the blade.

In this section, by considering the control algorithm in the previous section, a TMD
system is designed to reduce the fore-aft vibration of the tower. In order to design the
absorber, another DOF must be considered in the aeroelastic model.

{Gavsorver} = {’Uu,abs } (57)

Also, the kinetic energy, potential energy, and external work related to the damper of
the absorber system can be calculated as [30]:

1 .2
Tabsorber = Emfﬂ,llbsqfa,uhs

1 2
TCabsorber = Ekfu,abs (Qfa,abs - qfa) (58)
OWabsorber = —Cfa,abs (qu,ubs - Qfa) (éqfu,abs - éqfu)

where 1 ¢4 ps, k £2,aps a0d g 055 are the mass, stiffness, and damping coefficient of the TMD
in the fore-aft direction and T psorpers TTapsorber» AN 6 Wipsorper are the kinetic energy, potential
energy, and the virtual work of the damper respectively. The main goal is to design the

parameters {m Fa,abss K fa,abs, € fa,ahs} to minimize the fore-aft vibration signal.

Remark 8. In Sections 2 and 3, we defined an 11 DOFs model. In this section, other DOFs (related
to the TMD) must be considered. In other words, the new size of the matrices M and N in Equation
(38) are 11 x 11 and the size of vector Kis 11 x 1.

6. Simulation Results

In this section, a complete aeroelastic simulation has been done by considering the
control signal and the tuned mass damper in the nacelle of the wind turbine. These
simulations considered 12 DOFs (6 DOFs for the blade, 2DOFs for the tower, 2DOFs for
the drivetrain, 1 DOF for the pitch actuator, and 1 DOF for the absorber) of the wind
turbine dynamic system. The simulation was run on MATLAB to investigate two load
cases in region II and region III. The load case in region II was with a mean wind speed
of 8 m/s and turbulence intensity of 10%, and the other load case in region III was with
a mean wind speed of 20 m/s and turbulence intensity of 10%. The performance of
the designed controllers in both regions was compared with conventional controllers (ISC
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control algorithm in region Il and the GPI controller in region III) in terms of load mitigation.
The following assumptions have been considered in the aeroelastic simulations:

e  The optimum rotor speed in region II is smoothed by a low pass filter with a time
constant =1s.
The simulation time is considered as 10 min (according to the IEC standard [33]).
In order to prevent chattering in the super twisting sliding mode approach, the rejec-
tion term is smoothed by a low pass filter with a time constant of 1 s.

In Figure 15, the performance of the super twisting control approach was compared
with the ISC algorithm in absorbing wind energy, and also the vibration loads in region
II. As Figure 15 shows, super twisting sliding mode control had a better performance in
increasing power coefficient in region II. However, the performance of both approaches is
very similar in the terms of vibration loads. More details of the simulation can be found in
Table 3.
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Figure 15. A comparison between the performance of the classical MPPT control approach (ISC)
and Super twisting sliding mode control. (a) Flapwise tip deflection of blade 1. (b) Output power.
(c) Edgewise tip deflection of blade 1. (d) Rotor speed of both approaches and the optimal value.

Table 3. Detailed simulation with mean wind speed 8 m/s and turbulence intensity 10%.

Generator Torque

Edgewise (m) Flapwise (m) Output Power (kw)
Control Approach 8 P i (KN-m)
STD Mean STD Mean STD Mean STD Mean
Super twisting 0.3452 —0.3123 0.4823 2.958 368.3 1857 2.765 20.84
sliding mode
MPPT algorithm 0.3457 —0.3159 0.4369 3.023 320.06 1838 2.535 20.05

In Figure 16, the performance of these control approaches is compared in absorbing
energy from the wind. As can be seen, the super twisting control approach can improve
the absorbed energy in comparison to the conventional ISC algorithm by nearly 1%.
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Figure 16. Comparison between ISC control approach and Super twisting sliding mode control in
absorbing wind energy in different mean wind speed values with turbulence intensity 10%. Blue is
the power coefficient of ISC and red is the power coefficient according to the super twisting sliding
mode control approach.

Remark 9. As sketched in Figure 15, the generated power of our novel approach in some regions is
higher than the conventional MPPT method and in other regions, the MPPT approach generates
more power. In order to have a justifiable comparison, in Figure 16 we compare the average value of
the power coefficient. The averaged power coefficient has been calculated as follows:

T

1

Cp=1= / C,dt (59)
0

where Cp is the power coefficient as a function of time, T is the simulation time, which is 10 min in
our work.

In Figure 17, the performance of the designed control system is compared with the
GPI control system in region III. In Table 4, a complete comparison is investigated. As
can be seen, the super twisting control approach has a very good ability to reduce the
vibration loads of the blade in the flapwise and edgewise directions. In addition, according
to Table 4, the super twisting approach has a better ability in tracking the nominal power
and reducing vibration loads.

Table 4. Detailed simulation with mean wind speed = 20 m/s and turbulence intensity = 10%.

Edgewise (m) Flapwise (m) Output Power (MW) Pitch Angle (Degree)
Control Approach
STD Mean STD Mean STD Mean STD Mean
Super twisting 03499  —007541 1048 1413 0.1382 5.294 2.007 17.63
sliding mode
GPI algorithm 0.355 —0.07803 1.062 1.612 0.1503 5.31 2.236 17.18
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Figure 17. Comparison between the performance of the classical GPI control and Super twisting
sliding mode control for (a) Rotor speed, (b) pitch angle, (c) Fdgewise blade 1 tip deflection, and
(d) Edgewise tip deflection of blade 1.

In order to consider the performance of the super twisting sliding mode control, in
Figure 18, the STD of pitch angle has been investigated. As can be seen, the proposed
method can reduce the STD of pitch angle by approximately 12%. In Figure 19, the reduction
in the mean value of flapwise vibration has been considered. As can be seen, the super
twisting sliding mode can reduce the flapwise mean value by 7% to 12% in different mean
wind velocities.



Mathematics 2022, 10, 2735 32 of 40

16 17 18 19 20

mean wind velocity (m/s)

N~
N "

=
6]

©
"

STD of pitch angle (degree)

H GPlI  Esuper twisting sliding mode

Figure 18. Comparison between the STD of pitch angle signal in gain schedule control approach and
super twisting sliding mode control in different mean wind speed values with turbulence intensity 10%.
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Figure 19. Flapwise displacement mean reduction in different mean wind velocities. The super
twisting sliding mode can reduce the mean value of vibration signal by 7% to 12% in different mean
wind velocities and turbulence intensity 10%.

For designing the TMD in the nacelle, the genetic algorithm was used for optimization
with the root mean square (RMS) of the fore-aft vibration of the tower as the fitness function.
For this purpose, the MATLAB optimization toolbox was used. One should note that the
mass of the damper must not exceed 4% of the total mass of the rotor and nacelle [32]. Also,
the stroke of the TMD in the nacelle is 8 m (because the length of the nacelle is 18 m. The
best and mean individuals of the optimization process have been depicted in Figure 20. As
is observed, the algorithm converges after 14 generations. The optimal results are:

Mo aps = 12060 kg, K74 005 = 54070 N/m, 1 aps = 8995 N-s/m (60)
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Figure 20. Iterations for finding optimal solutions. Best individuals and mean values are investigated.

The TMD strokes and fore-aft vibration signals are shown in Figure 21. The load
reduction of the fore-aft vibration of the tower is given in Table 5 at different mean wind
speeds with a constant turbulence intensity of 10%. The fore-aft vibration reduction of the
tower at different turbulence intensities with a constant mean wind speed of 20 m/s has
been investigated as seen in Table 6. The load reduction is defined as follows:

OWTMD — 9TMD % 100 (61)

Nred =
OWTMD

where 77,4 is the reduction rate, oy ryp is the STD of the tower fore-aft vibration without
the TMD, and orpp is the STD of the vibration signal by considering the TMD effect.
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Figure 21. TMD performance in reducing tower fore-aft vibration. (a) TMD stroke. (b) fore-aft
vibration of the tower with and without TMD.

Table 5. The reduction rate of fore-aft vibration in constant mean wind speed of 20 m/s and different
turbulence intensities.

Turbulence Intensity (%) Tower Fore-Aft Reduction (%)
5 51.65
10 45.65
15 32.73
20 37.21

Table 6. The reduction of fore-aft vibration in constant turbulence intensity of 10%, and different
mean wind speed values.

Mean Wind Velocity (m/s) Tower Fore-Aft Reduction (%)
6 40.00
8 58.46
18 33.49
20 45.65
22 35.44
24 38.27

Remark 10. The main novelty of the TMD design procedure is considering the coupled dynamics
of the wind turbine. Although it must be noted that the coupled model is completely available in the
FAST and other similar aeroelastic codes. However, the accuracy of the constant speed model is the
main concern of this part. As demonstrated in Figure 14, the coupled dynamics of the turbine and
the drivetrain makes much better accuracy in the estimation of the dynamic loads. For doing this,
we compare the standard deviation of the coupled model and the uncoupled model in comparison to
the blades and the tower vibration. The difference between the coupled and uncoupled models in the
estimation of the dynamic loads has been discussed in Figure 14.

7. Conclusions

In this study, the wind turbine control problem has been investigated from the load
reduction perspective. First, an aeroelastic model of the wind turbine was developed
to consider the edgewise and flapwise vibration of the blade and also the fore-aft and
side-side vibration of the tower. The blades were considered rotational beams and the
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tower is considered a beam with one fixed end and the other attached to a lumped mass.
The Euler-Bernoulli beam theory was used to derive the dynamic behaviour of the blades
and the tower. Based on the full-aeroelastic model, a reduced-order model was considered
for control purposes. The control problem was investigated for both low and high wind
velocities by the super twisting sliding mode control approach. In region III (high wind
velocities), an adaptive neural fuzzy inference system (ANFIS) was used for estimating
pitch sensitivity. The inputs of this system were pitch angle, effective wind velocity, and
rotor speed. The training and test data were obtained by FAST aeroelastic code. Finally,
to reduce the vibration loads of the tower, a TMD was used in the nacelle of the wind
turbine to reduce the fore-aft vibration of the tower. The parameters of the TMD were
chosen optimally by using the genetic algorithm. The results were compared to the baseline
controllers in both operational regions which means the performance of the wind turbine
system has been improved. Some findings about this research and future works are
presented as follows:

e  The simulation results demonstrate that the novel super twisting sliding mode ap-
proach proposed in this study can increase the power coefficient by approximately
1% (Figure 16) with no need to know state variables and aerodynamic torque (which
is not measurable). In comparison with some recently published works [59,60], this
work renders the stability proof of the proposed method.

e Inregion I, the power and rotor speed fluctuation is much smoother in comparison
to the GPI control approach. This proposed method can reduce the STD of the pitch
angle by 10% (Figure 19). Also, according to Figure 19, it can reduce the mean value of
the flapwise vibration by 7-12% for different mean wind velocities.

e In comparison to the literature [31,32,34,35], we demonstrate that it is more accurate
to consider the fully coupled model to estimate vibration loads and design vibration
absorbers. In most of the previous works, the rotor speed is considered as a constant
value (12.1 rpm) in region IIl and the drivetrain dynamic is ignored. In Figure 14, we
compared the load estimation of the fully coupled model (by considering the drivetrain
dynamic) and the uncoupled model (without drivetrain dynamic and constant rotor
speed). As can be seen, the difference is significant in the wide range of wind velocity
in region I1I (Figure 14).

e The TMD parameters are designed at the mean wind speed of 20 m/s in region
III. Therefore, the results may be improved by considering a semi-active vibration
absorber, which is optimal in both regions II and III.
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Appendix A
Appendix A.1. Aerodynamic Modelling and BEM Approach

1
It is convenient to non-dimensionalize these forces by the term EerZelC(r>' which yields:

P
CN — 171\]
EPVEEZC(T)
i (A1)
Cr=

1
EerzelC(r)

where ¢(r) is the chord length of each section. The classical BEM theory assumes an
infinite number of blades. To correct this assumption, Prandtl suggests a correction factor
F. According to [61], the values of induction factors (2 and a’) by considering Prandtl
correction can be obtained as:

1
LA sin? ¢
UsolidCN

_ 1

"~ 4Fsin¢cos¢ B

TsolidCT

c(7) Nbtade
27ty

!/

a (A2)

1

Osolid =

where 04 is defined as the solidity, Ny,4. is the number of blades, and F is the Prandtl
correction which is described as:

_ 2 1 ,f

F—;cos (e )

o Nbtage R —1
2 rsing

(A3)

when the axial induction factor (a) is larger than 0.4, simple BEM theory is not valid
anymore. In this case, the Glauert correction is expressed as follows:

c 4a(1—a)F a < dc
T 4(a2+ (1 —2ac)a)F a > a. (A4)
a.~0.2

As well as the norm of the difference between a and a’ with respect to their previous
values is larger than an assumed small quantity, this algorithm continues. Otherwise, the
algorithm converges, and we can obtain the aerodynamic force of each section. For more
details on the dynamic wake model and dynamic stall, one can refer to [42]

Appendix A.2. Wind Profile Modelling

The wind profile is the summation of the mean wind velocity and the turbulence
term. The mean wind velocity is a function of height and surface roughness. There are
two models for describing the mean wind velocity profile, the power-law model, and the
logarithmic law model [42]. The difference between these two models is that the logarithm
law is scale-dependent but the power law is scale-independent. The logarithm law for
modelling the wind time history data can be expressed as:

Vin(z) _ In(/zy) (A5)

Vin (Zref) In(zrer/z0)
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where z is the height above the ground, z,,s is the reference height, z is the surface
roughness, and is the mean wind velocity. The turbulence of the incoming wind determines
the degree of fluctuation in wind speed. The turbulence in the airflow can be described
by the power density spectrum (PDS) which determines the energy of the vortices. There
are various mathematical expressions for describing PDS and according to [42], one of the
power spectrum models, the Kaimal spectrum function is as follows:

12Vl
S(f) = # (A6)
1+ 15—
(1+15%,)
where [ = Fwind is called the turbulence intensity. 0,4 is the standard deviation of wind

speed, and | isr,n the turbulence length scale (I = 20H for H < 30 and [ = 600 for H > 30 (H is
the height of the tower)) [61].

Figure A1l. A schematic of the grid around the rotor of the wind turbine.

In order to obtain a 3D model of the wind field (in Figure A1, the grid around the rotor
has been depicted), one should note that wind time histories at different points are not
independent [45]. The coherence function between two points determines the correlation
between different time history data in the grid. In general, the coherence function between
two points j and k in the grid is defined below:

‘Sjk(f)’

I _ Y
R N N TENT)

~ exp( —12fLix/Vy ) (A7)

where Lj is the distance between two points j and k in the grid. To obtain the 3D time
history of the wind, in this research we follow the rotational sampling concept which is
introduced in [62].
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Appendix B

Some important characteristics of the NREL 5MW turbine are given below.

Table A1l. General characteristics of the NREL 5MW turbine [11].

Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Cut-in, Rated, Cut-out Wind Speed 3,11.4,25m/s
Rotor Mass 110,000 Kg
Nacelle Mass 240,000 Kg
Tower Mass 347,000 Kg

Also, the main mode shapes of the blade and tower of the wind turbine are:

Peag = —0.69527° +2.3767° — 3.57727* 4 2.53377 + 0.36277
Pp1p = —2.25557° + 4.71317° — 3.24527* + 1.72547° + 0.06227

fa = —2.5041° + 6.2275h" — 5.6202%" +2.1963%° + 0.70047°
Pss = 0.5357h° — 2.2395" + 3.0871%" — 1.7684%° + 1.3851"

(A8)

_ r — h
where 7 = W and h = Tk

Appendix C

Table A2. Control parameters used in this research.

Parameter Value
ar, 0.014
by 0.081
cr, 0.34
Ly 0.051
ay 0.023
by, 0.062
Ch 0.22
Ly 0.018
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