14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 — 15 January 2021, Paris, France

HYBRID ACTIVE VIBRATION CONTROL IN WIND TURBINE
TOWERS

NICOLAS R. KARNOPP!, HERBERT M. GOMES?*

12 Federal University of Rio Grande do Sul, Mechanical Engineering Department,
Av. Sarmento Leite, 425, sala 202, 2°. andar, 90050-170, Porto Alegre, RS Brazil.
1 nicolas.rk@hotmail.com ,2 herbert@mecanica.ufrgs.br.

Keywords: Active Vibration Control, LQR, Wind Turbine Towers, Tuned Mass Dampers.

Abstract: Due to the demand for renewable and clean energy sources, the generation of
electricity from wind farms has become a reality in Brazil. The central unit of energy generation
in these farms are the wind turbines composed of tower, nacelle, and blades. Reduction in mass
and material is always desirable in these units due to the final cost impact on a wind farm
consisting of several units. The main external excitation source in these systems is the wind, or
the system itself, as in the case of possible imbalance. The design of the support tower and
foundations must take into account quasi-static stresses as well as the varying and transient
stresses the system may be exposed in the service life, which could lead to fracture or fatigue
problems. Minimizing the mass of these structures and keeping their vibration levels at
acceptable values is a difficult task that can be achieved by controlling vibration either passively
(with Dynamic Vibration Absorbers, DVA) or actively with actuators. This paper proposes to
investigate the active vibration control for wind turbine systems with hybrid active vibration
control.

1 INTRODUCTION

Nowadays Brazil is the 8th country in the world in terms of wind energy production. The
Brazilian energy mesh currently counts for approximately 8.3% of the total energy produced,
losing to 60.9% from the hydroelectric matrix and 9.3% from biomass plant. The Brazilian
Association of Wind Energy estimates that Brazil has a wind potential greater than 500GW and
an installed capacity is 12GWI. More than half of the energy consumed by the country’s
northeast region is already from wind farms.

New wind turbines flexibles make generator towers more vulnerable to external actions
extreme wind, wave effects (offshore), and seismic excitations. Absorption systems energy in
structures has been used extensively in civilian structures as a cheap way and relatively efficient
of limiting vibrations in these structures, however of limiting efficiency and low robustness.
The possibility of having an active control system that allows the change of the dynamic
property of the structure, in real-time, to deal with this variable loads and most of the time
random, opens new horizons for bolder and efficient structures.

The use of wind turbines has become a reality, mainly in propitious regions to this objective
like the northeast and coast of Brazil depending on the intensity of the winds and their
constancy. The use of passive dynamic vibration absorbers has limited efficiency and
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compromised when the active excitation is different from those for which they went projected.
Furthermore, in the case of active control, the need for the electricity to use actuators is not a
problem as the tower itself is being generated. This attenuation of vibration aims, ultimately, to
increase the life spam of tower structure in terms of fatigue, to allow slender and higher
structures. Therefore, the wind turbine can be subjected to more intense winds (for the best use
of wind potential). At the same time, the attained vibration attenuation allows the correct
operation of moving mechanical parts (amplifier boxes) and sensitive components present in
the nacelle of the wind turbine.

This work aims to study the behavior of wind turbine towers vibration’s behavior due to
loads originated by strong winds and compare systems used to mitigate such vibrations. So, the
main objective is to evaluate, using a passive DVA, and a hybrid system (active + passive), the
acceleration attenuation caused at nacelle, and the loads caused to the wind turbine structure
under conditions of wind excitation.

2 LITERATURE REVIEW

There are many types of vibration dampers, of which few become very popular due to his
capacity to mitigate structural vibrations. Are they: Tuned-Mass Damper, Tuned-Liquid
Dampers, and Controllable Fluids Damperfl. The tuned-mass damper (DVA) has introduced
by Denhartog™! and is the simple system mass-spring-damper coupled to the main structure,
becoming an additional degree of freedom that will serve to dissipate the vibration energy
present in the primary structure.

The tuned-liquid damper (TLD), is useful to contention the induced wind vibrations in
slender structures by Sakail®l. Due to the success of damping in constructions, it also used for
wind turbine towers, which is investigated in more detail by Ghaemmachami et al.’l. Alkmin
61 find out the mass ratio variation between 5% and 10% realize a few difference in the
efficiency of the damping, then recommending to use the lowest mass ratio in that range.

Controllable Fluids Dampers use controllable fluids within the damper, with emphasis on
magnetorheological fluids (MR), a case that has investigated by Caterinol”). This model
modifies how mechanical properties of the fluid in real-time through the action of magnetic
fields, according to an instantaneous response from the tower. He also verified that with a
Controllable Fluids Damper positioned at the base tower that, in some cases, the bending
moment in the base decreases at the expense of a greater displacement at the top of the tower.
However, even though these dampers, in their passive form, are very effective for harmonic
loads at frequencies very close to the frequency for which they were tuned, their application is
quite limited, since there is no dominant frequency in the vibration of wind turbines and they
can inclusive aggravate the vibration of the tower at depending on the frequency [ °1.

In situations where quick control action is required, a passive DVA may not have a
satisfactory answer. For such cases there active ad hybrid dampers, where increase a hydraulic
actuator in parallel with DVA stiffness and damping. Lima et al.l’% perform a study that
compares these three types of dampers under harmonic excitations and observed that the hybrid
DVA is the one that presents the faster answer and biggest decrease in tower oscillations.



Nicolas R. Karnopp and Herbert M. Gomes

3 THEORETICAL BASIS

3.1 Essential parts of a wind turbine

Wind turbines are equipment that aims to extract the energy from wind, converting in electric
energy. They do it by their wings, which can capture this energy either because of the lift effect
on wings when these are formed by aerodynamic profiles. The wings start moving, spinning
around the turbine axis connected to an amplifier box that has the function to deliver torque and
rotation to a generator that, in its turn, converts mechanical energy into electrical energy.

In the case of wind turbines of horizontal axis, the most used in large-scale generation, there
is also the nacelle. The nacelle is a compartment that contains the most of elements mentioned
above, located at the top of the tower, at heights of up to 160 meters. It is also the heavier
component of the system and for this reason makes it necessary to control possible vibrations
generated by the wind turbine operation. Damping is often obtained by Dynamic Vibration
Absorbers (DVA) in order to regulate and attenuate these vibrations. A schematic draw of the
essential parts of a wind turbine and a representation of DVA installed in a wind turbine are
shown in Figures 1(a) and 1(b), respectively. In this work, the acronyms DVA (Dynamic
Vibrations Absorber) and TMD (Tuned Mass Damper) will be used as synonyms.

Nacelle

Gearbox
Generator
Control

Yaw bearing/

Tower e I

Foundations

.

Figure 1: (a) Main parts of a wind turbine. (b) Dynamic Vibration Absorber (DVA) located near the Nacelle.
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3.2 Equations of motion

Applying Newton's second law (Eg. 1) to each of the existing masses in the free body
diagram the equations of motion are obtained and can be represented in a matrix form starting
from the equations of motion!*!! (Eq. 1).

where Y, F;; denotes the sum of all forces j acting on mass m,;.
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[M]%(t) + [CIX(t) + [K]%(t) = F 2
In the context of a Finite Element Analysis (FEA), [M], [C], and [K] are the mass, damping,
and stiffness matrices, respectively, for all degrees of freedom(DOF). The vectors X, X, X and

F are the displacement, velocity, acceleration, respectively. This system of second-order
differential equations can be solved in the time or frequency domain. . Eq. 2 is valid for each
DOF. In the time domain, Newmark’s integration scheme is here used to obtain the time
histories for each DOF. For the entire structure to be represented by a system of equations, one
should rotate local mass, damping and stiffness matrices to the global coordinate system,
according to the procedure like in case of stiffness matrix [k,] = [R]T[kﬁ] [R], where matrix [R]
is the rotation matrix from local to global coordinate system, [k%] is the local stiffness matrix
for element e and [k,] is the same matrix in the global coordinate system. The local matrices
have dimensions of dof x edof , where edof is the number of DOF of a single finite element.
After matrices rotation, they are superimposed in a global matrix [K] according to the global
numbering and shared DOF from the neighbor’s elements. The global matrix dimensions will
be n x n, where n is the total number of DOF of the system. The vectors will have n x 1.

3.3 Newmark's algorithm for time integration

The solution of the time-domain equation follows the implicit numerical integration method
of Newmark, which consists of three equations of recurrence, considering the linear variations
of displacement, velocity, and acceleration. The stability of such a method 2 depends on
parameters « and g, this being unconditionally stable for « > (1/4)(B + 1/2)?and f = 1/2.
Thus, time is discretized at predetermined intervals At. In this work, the interval considered
was At =1 x 1073s. The equations are evaluated in the following order: displacement,
acceleration, and velocity (Eq. 4, 5 and 6, respectively).

-1

R 1 B
Xip1 = [ [M] +—=[C] + [K]

a(At)? alt
X {F”l +[M] (a(Alt)2 X+ ait ;i * (% B 1) fl) “
t.
*1c] (mxl ( ~1)%+ (5‘2)71 i)} 1
Fon = [a(At)z](fl ~ %)~ i = (5o~ 1% @
Xivr = %+ [(1— B)X; + B)Xisq]AL (5)

3.4 Designing of a DVA

For the appropriate project of a DVA, the methodology described in Plis followed. For a 2
degree of freedom (represented in Figure 2), the equations of motion are described by the
system of equations in Eq. 6.

{mHilH + cyiy + cr(Uy — ur) + kyuy + kr(uy —ur) = F(t)
myiiy + cr(Ur —Uy) + kr(ur —uy) =0

(6)
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Figure 2: Two degrees of freedom system.

To facilitate the system’s solution, Table 1 introduces some dimensionless parameters. For
a harmonic excitation force F(t) = cos(wt), replacing this and the dimensionless parameters
in Eq.(7), we arrive at the system of equations.

[—Q% + 2iQ((y + By{r) + (1 + B*V)]Uy + [—2iQBy{r — B2y]Ur = Upo )
[—2iQBy{r — B*YUy + [-Q%y + 2108y {r + B2y]Ur =0

This system can be resolved to the Uy /Uy, dynamic amplification factor as function of
dimensionless mentioned parameters, by:

Uy

— (.82 - _QZ)Z + (ZQ,BZT)Z (8)
UHO

- J[(ﬁz —02) - Q2p2(1 —y) + Q*(Q% — 43 {r)]* + 41(B2 — Q) + (1 — Q2 — Q%) {7 ]?

Table 1: Dimensionless parameters to solve the system of Eq. (6).

y =mg/my Mass ratio (DVA’s mass to structure’s mass ratio)

wr = Jkr/my DVA natural frequency.

wy = \m Structure’s natural frequency without the attached DVA.
f = wr/wy Frequency ratio.

O =w/wy Excitation to structure’s frequency ratio.

{r = cy/2:/kym; | DVA’s damping ratio.

{y = cy/2+/kymy | Structure’s damping ratio.
Uyo = Fy/ky Structure’s static displacement.

For a structure without damping ({y = 0), keeping the parameters 8, y and {; which are
defined in the Figure 3, one can plot this expression in function of the excitation to structure’s
frequency ratio (Q2). Based on the observations made in the graph in Figure 3, [¥! found the
optimal parameters for a DVA applied to an undamped structure:

fu__ _ fu

1
—2 = or =—
1+mp/my 1+y ,Bopt 1+

- (©)

¢ _ 3mr/muy _ _ 3y
T.opt 8(1+my/mp)? 8(1+y)° (20)
where the subscript opt refers to the optimized parameter and f refers to the natural frequency.
Such parameters can be applied to structures with low damping.

fT,opt =
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In Figure 3, different values of {; and the corresponding optimum values of the DVA to
attenuate this amplification factor are plotted following Eq.(8).

16 Dynamic amplification factor for 2-DOF system
: ‘ ‘ : T :

06 07 08 09 1 11 12 13
Q[
Figure 3: Dynamic amplification factor versus excitation to structure’s frequency ratiot*®l,

One can state some important observations about the DVA application: (i) The frequency
DVA tuning should be quite accurate otherwise the attenuations will not be the optimum; (ii)
Compliance with the optimum damping is less important; (iii) Increase the mass ratio too much
IS not advantageous;(iv) The amplitude of the oscillations decreases as the mass ratio
increases;(v) A good choice for mass ratio y is between 3% to 5%. This represents a trade-off
between efficiency and costs of attaching a heavy mass to the structure. A too-large mass is not
desired, as it will be suspended at the top of the tower. At the same time, oscillations of the
wind turbine are attenuated at the expense of the attached mass oscillations, so it should not
exceed the available space inside the wind turbine tower.

3.5 The design of a Linear Quadratic Regulator (LQR)

For DVA to have active control, it is necessary to use a regulator, which takes place through
actuators installed in parallel with the spring and damper present in the DVA. So, in the
equations motions (Eqg. 2), the term referring to force contains both a component referring to
external forces and a component referring to forces controlling the actuator.

The Linear Quadratic Regulator (LQR) theory is used to design the control law used in the
actuator, which is based on the theory of optimal control*4l It aims in finding the control input
u(t)) that minimizes the performance index. The J index used is represented in the Eq. 11
assuming it also satisfies Eq. 12.

] = lJ.OO(FC’T[Q]}? + U [R]u)dt (11)
2 0

X = [A]X + [B]u, for a given X(0) (12)
where ¥ and u are the state and control vectors, respectively. [@Q] is a positive-defined or semi-
defined matrix of weights such that X7 [Q]X = 0, for ¥ # 0, and [R] is a positive-defined matrix
such that u”[R]u > 0 for u # 0.
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To solve the minimization problem with a restriction, Eq. 12 and 13 are combined using the

Lagrange multiplier (), which brings us to Eq. 13, whose Hamiltonian is represented by Eq.
14,

j=5 [ eI + T R + 37 (Al + (BT - 3) (13)
0

H = (1/2)@ [QI% + @' [RIw) + A" ([A]% + [BTw). (14)

Using the variational principle and performing some algebraic manipulations, one arrives at
the optimization conditions of J, that is represented in Eq. 15 and 16.

A=-2=_[QE—[AI"Z for A(=)=0 (15)
J0H -
— =[Rlu+[B]"A=0 (16)
Ju
Thus, the optimal control input u is a function of 2, 50 that:
i =—[R]"[B]"1 (17)

In this way, when solving to A one has the solution for % . However, as the boundary
condition is given in the stationary state as Z(oo) = 0 and the initial condition of % is given
at the initial time t = 0, this solution is not easily obtained. A popular method is to use the
following relationships:

i=[s|% (18)
U =—[G]x (19)
[6] = [R]™*[B]"[S] (20)

where [S] is a positive-defined matrix called Ricatti matrix, and [G] the matrix of feedback gain.
Replacing Eq.(18) in Eq. (17) and applying a slight algebraic manipulation we arrive at:
—[$1 = [S][4] + [A]"[S] - [SI[BI[R]'[BI"[S] + [Q] (21)

The above equation is a differential matrix equation and can solve using the stationary

solution. When the system reaches the stationary regimem, the Ricatti matrix satisfies [S] = 0.
Thus, we arrive at the Ricatti Algebraic Equation (RAE):

0 = [S][A] + [A]"[S] — [S][BI[R]~*[B]"[S] + [Q] (22)
There some algorithms for solving RAE, one of the most popular being the Potter method.
This method it will give the Ricatti matrix [S] and the feedback gain matrix [G], then can solve

to 4. With the gain matrix and other parameters, the system response is simulated over time.
The only parameters that must be defined are the matrices [@]and [R], and a trial and error
procedure is used to perform little adjustments. For this work, a satisfactory result was achieved
with the following matrices:

[Q] = 102[I]p 2 (23)
[R] =0.5x10713 [I]nfcxnfc (24)

where n is the number of degrees of freedom of the system and nfc is the number of control
forces. The matrix [@] has undergone an additional change, assigning the value 1.5 x 10™1 to
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the elements (n,n) and (n — 1,n — 1) that are the DOF of the attached DVA in two directions.
This was performed in order to constraint the vibration of the two degrees of freedom of the
DVA, since there is a space constraint in the interior of the wind tower.

4 METHODOLOGY

The problem was represented by a code in MATLAB software, simulating a wind turbine
tower that suffers the action of a spatial (3D) wind in three different scenarios: (i) without DVA,
(if) with DVA, and (iii) with a hybrid damper, that is composed by a DVA and an LQR
controlled actuator.

4.1 Wind Turbine Numerical Model

The wind turbine tower used in this work was similar to that modeled by [15, 16], having
only changed parameters regarding the wall thickness of the tower. The model consists of
spatial beam elements having six degrees of freedom per node, which allows obtaining both
compression/tension, shear, bending moments, and torsion loads. The structure consists of 60
nodes, that are connected by 59 elements, being 20 elements for the tower, 9 to the nacelle, and
10 for each wing of the turbine. Additionally, consideration of the mass of the elements, through
specific mass of materials, added to the global mass matrix, point masses were also added to
nacelle nodes, due to the importance and representativeness to the total mass of the structure.
For the simulation of cases with DVA, a new node was added to the structure, connected to the
top of the tower. This node has two degrees of freedom perpendicular to each other, both in the
plane of the section cross of the tower, one of which lined up to the main wind direction, where
the DVA goes oscillate to decrease tower vibrations.

4.2 Generation of wind load action

The action of the wind was simulated by modeling the velocity in two parts, the average
speed component and the fluctuating speed component, as described by Eqg. 25.

u(y,z,t) = U(z) + ii(y,zt) (25)

where u(t) is he wind velocity at a defined time instant, U(z) it is average speed, modeled from
the hypothesis of atmospheric boundary layer: U(z) = u,.( z/z,)%, where is the wind speed in a
reference height z, , being « a coefficient determined based on the soil roughness. The last
portion of EQ.(25) refers to the random wind component and is the result of a statistical analysis
of wind. The spectrum used in this work was proposed by Von Karmam[. It has been
demonstrated!® that the spectrum of Von Karman proved more credible in the representation
of wind turbine farms, both in scale and in the shape of the spectrum for free-flow conditions.

The wind field was generated using an algorithm develop by ¥, which is based in a Monte
Carlo simulation and correlation matrix decomposition. As it is a large structure, the fluctuating
in wind speed are not the same for all points, it is necessary to correlate these space fluctuations
speeds, which allows identifying the fluctuations at each point of space. Such a correlation can
be described by the Eq. 261*71,

fC2(z, — Zz)_+ CE O —¥2)

Coh(d,f) =exp|— i

(26)
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where Coh means the spatial correlation of velocities, y;, y,, z; and z, are the coordinates of
two points on the face of structure hit by the wind, f is the frequency in Hertz and C, and C,
are empirical coefficients, being adopted for this work the values of C, = 7mand C,, = 10 m,
which produce correlated speed and load distributions that happens similar to wind turbine
towers on open spaces where the investigated tower is installed.

The drag force on the structure was calculated using the Eq. 27, which results in a stepped
force applied as localized forces on each DOF of the model.

F, = 4,Cp(Re)plU(2) + i (y7,2,0)]?, (27)

where A,, is the area of the two halves adjacent to the node in question, Cj, is the drag coefficient
and p is the specific mass of air. The resulting force on the turbine wings is calculated
considering both the drag and the lift coefficients. This last coefficient induces torsion on the
wind turbine axis since the blades are completely stopped.

5 RESULTS

Based on the described methodology, a code was developed in the software MATLAB. The
routine was applied to the wind turbine model presented in section 3.1, varying the input
parameters [Q], [R] and y. The parameter y was taken as 1%, being in the order of magnitude
recommended in the related literature™?],

This work sought to reduce the accelerations on the top of the tower, thus decreasing the
potential damage to the components present in the nacelle in an eventual gust wind or severe
storm that may reach the place where the wind turbine is installed to reduce the generated
stresses on the tower, which contribute significantly to the crack opening. As previously
indicated, only 2 DVA were used for directions x and y positioned at the top of the tower (just
below nacelle) and tuned to the first two damped frequencies of the wind turbine, which
correspond to the first bending modes of the tower, laterally and longitudinally vibrating,
respectively. The frequencies to which the DVA have been tuned were the first and second
natural frequencies to x and y axes, respectively.

The wind excitation was generated according to the methodology described in section 3.2,
considering an average wind speed of 25 m/s at a reference height of 10m, which is quite severe
for wind turbines, generating winds of 31 m/s at the top height of the nacelle. A usual value for
the cutting speed in most of power curves is 25 m/s at the height of the nacelle, in the analyzed
situation, the brakes are applied to the wind turbine wings, which is not in service. For fair
comparisons, in all simulations, the same random wind profile was maintained so that the results
could be comparable.

5.1 Tower top accelerations

Figure 4 shows the arrangement of the axes about the tower model. The accelerations on the
x and y axes measured at the top of the tower are shown in Figure 5, where the representation
black is used for the case without DVA (indicated by index ‘w’), in blue the case with passive
DVA (indicated by index ‘dva’), and in red the case with hybrid DVA (indicated with ‘h’
index).
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It is seen that the acceleration spikes are much bigger in the case without DVA. It is still
clear that the DVA is not as effective in one direction, this is due to the random nature of the
wind excitation. The DVA is designed to match the first two natural frequencies (bending
modes) of the structure, in which case it would achieve attenuations of 90%[°! in case of
external excitations coupled with these natural frequencies. Analyzing Table 2, in the case of
wind action, comparing the RMS values, the hybrid control has a significant role in reducing

acceleration.
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Figure 4: Tower model with axis orientation.
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Figure 5: Acceleration measured at the top of the wind turbine tower.
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Table 2: Tower top accelerations.

Without control

Passive control, DVA

Hybrid control

Abs_olute RMS Abs_olute RMS Abs_olute RMS
maximum maximum maximum
x(m/s?) 3.67x102 1.30x102  4.07x107 1.28x102  3.64x102 1.05x10%2
y(m/s?) 5.07x102 1.84x102  3.69x107 1.27x102  3.69x102 1.07x10%2

Percentage of reduction in RMS acceleration

Without control —
Passive control

Passive control—
Hybrid control

Without control —
Hybrid control

-1.73%

-18.12%

-19.54%

x(m/s?)
y(m/s?)

-30.98% -15.86% -41.93%

5.2 Tower base reactions

The most relevant reactions measured at the base of the tower, which are represented in
Figure 6, are the shear reaction forces Ry, Ry, R; , bending moments Mrx and Mry and the
torsional moment Mr.

x10%
!

Reactions 5
*x10

Reactions
T

X

Mr_ [Nm]

| . | . . | . \
R \ . . \ . \ . \ .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time [s]
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T T
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Figure 6: Reactions (Moments and forces) at the base of the wind turbine tower.

It can be seen that the reactions oscillate around the same average value for the three distinct
cases, the bigger contribution of dampers in decreasing the amplitude of oscillation reactions,
which is demonstrated in Table 3.

11
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Table 3: Reactions measured at the base of the wind turbine tower.

Without control  Passive control, DVA Hybrid control
RMS  Std. dev. RMS Std. dev. RMS  Std. dev.
Fz(N) 6.54x10°% 2.27x10° 6.41x10° 1.87x10°® 6.29x10° 1.35x10°
Mx (Nm) 2.42x10* 5.10x10° 2.42x10* 4.90x10° 2.40x10* 3.90x10°
My (Nm) 4.62x10° 1.31x10° 4.56x10° 1.09x10° 4.51x10° 8.16x10*
Percentage of reduction in RMS.
Without control —  Passive Control —  Without control —
Passive control Hybrid control Hybrid control
Fz(N) -17.59% -27.62% -40.35%
Mx (Nm) -4.16% -20.47% -23.78%
My (Nm) -16.93% -25.21% -37.87%

5.3 Loads at element of the base of the tower

The most relevant efforts measured at the base of the tower are represented in Figure 7,
which are the axial forces Fz and bending moments Mx and My. For the Z force, and X and Y
moments can be said that in the same way as the reactions, the r.m.s value remained stable, but
the variation in relation to the average had decreased considerably. The main values are listed

in Table 4.
Table 4: Moment reactions at the base of Wind turbine tower.
Without control Passive control, DVA Hybrid control
RMS std. dev. RMS std. dev. RMS std. dev.
Mx(Nm) 4.62x10° 1.31x10° 4.56x10° 1.09x10° 4.51x10° 8.16x10*
My(Nm) 1.16x108 1.78x10° 1.16x108 1.78x10° 1.16x108 1.70x10°
M (Nm) 2.42x10% 5.10x10° 2.42x10% 4.90x10° 2.40x10* 3.90x10°
Percentage of reduction in std. dev.
Without control — Passive control— Without control —
Passive control Hybrid control Hybrid control
My (Nm) -16.93% -25.21% -37.87%
My (Nm) -0.06% -4.55% -4.61%
M,(Nm) -4.16% -20.47% -23.78%

12



Nicolas R. Karnopp and Herbert M. Gomes

Loads at elem.1 (local system)
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Figure 7: Loads at the base of the wind turbine tower.

As it happens at the base of the Wind Turbine Tower, the loads oscillate around the same
average values, the bigger contribution of dampers to the reduction of the oscillation amplitude
of the loads, which are demonstrated in Table 5.

Table 5:-Loads at the base of the wind turbine tower.

Without control  Passive control, DVA Hybrid control

RMS  std.dev. RMS std.dev. RMS  std.dev.
Fz(N) 6.54x10°% 2.27x10° 6.41x10° 1.87x10° 6.29x10° 1.35x10°
Mx (Nm) 2.42x10* 5.10x10° 2.42x10* 4.90x10° 2.40x10* 3.90x10°
My (Nm) 4.62x10° 1.31x10° 4.56x10° 1.09x10° 4.51x10° 8.16x10*

Percentage of reduction in std. dev.
Without control — Passive control— Without control —

Passive control Hybrid control Hybrid control
Fz(N) -17.59% -27.62% -40.35%
Mx(Nm) -4.16% -20.47% -23.78%
My(Nm) -16.93% -25.21% -37.87%
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5.4 Control forces

The control forces aim to move the DVA mass by an actuator. The forces performed by the
dampers actuators positioned in x and y directions are represented in Figure 8.
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Figure 8: Control forces of the hybrid DVA.

The maximum observed forces for this case are 2581N for the x-axis and 1637N for the y-
axis. This is in accordance with the maximum allowed forces applied by commercial pneumatic
cylinders, e.g. Heavy Duty line - 3400 and 3520 series!?°l,

5.5 DVA Displacement

The mass displacement of the DVA was one of the limiting factors for the damping of the
structure, as there is limited space inside the tower. The mass of DVA is 1% of the structure,
which is 7290 kg. Considering the mass would be made of lead, with a mass density of 11340
kg/m3, it is necessary an 87cm side spam. As the interior of the tower has a diameter of 1.14m,
then13.5 cm would remain for the oscillation on each side. Figure 9 shows the displacement of
the DVA mass over time for cases with passive and hybrid control, in both directions.
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DVA Displacements
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Figure 9: DVA mass displacement for cases with passive and hybrid control.

Thus, can be seen that the maximum oscillation is 9.8 cm in the case of the hybrid control
and 4.3 cm in the case of passive control, both are within the allowed range of oscillation.
Possibly due to the presence of other components, such as string, damper, and actuator, the
mass geometry may change, which is not in the scope of this work, but such changes would not
significantly interfere in the mass size, which may still be contained by the tower.

6 CONCLUSION

The present work developed a comparative study in the use of tuned mass dampers in wind
turbine towers to mitigate the vibration due to wind action. The ground reaction forces at the
base of the structure benefits from the effect in reducing accelerations at the nacelle. Three
different scenarios were considered: without damping, with passive damping, and with hybrid
active control, containing the mass of the DVA and control forces generated by an actuator
(active + passive).

The design of the tuned mass damper follows the traditional way presented by Denhartog
(1985), which is ideally applicable to structures without structural damping, but demonstrates
satisfactory results for structures with low damping. The introduced hybrid control was
designed using the linear quadratic controller theory, and the theory of optimal control.

After analysis performed by this work, it is seen that passive control presents a certain
improvement in acceleration parameters, reactions, and loads, but in some cases, it is not
efficient due to the random nature of wind excitation, given that DVA is designed for some
specific frequency. Especially concerning this fact, the hybrid control presented satisfactory
results, since it responds to the actual sensed dynamics of the structure and doesn't hold to just
one frequency.
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It is important to note that the accelerations presented reductions in their average value, and
this fact did not occur for tower loads and base reactions. They just had their amplitude reduced.
This contributes to the reduction in the structural fatigue caused by wind loads.

For future works, it is suggested the study of different wind spectra, the analysis of wave
effects, for offshore wind farms, and earthquakes. It is also suggested the use different DVA
strategies, such as tuned liquid dampers, fluid dampers, or pendulum dampers.
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