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Abstract

Many structural systems, such as wind turbines, are exposed to high levels of stress during operation. This is mainly because
of the flow-induced vibrations caused by the wind load encountered in every tall structure. Preventing the flow-induced
vibration has been an important research area. In this study, an active electromagnetic mass damper system was used to
eliminate the vibrations. The position of the stabilizer mass in the active electromagnetic mass damper system was
determined according to the displacement information read on the system without using any spring element, unlike any
conventional system. The proposed system in this study has a structure that can be implemented as a vibration suppressor
in many intelligent structural systems. Two opposing electromagnets were used to determine the instant displacement
of the stabilizer mass. The control currents to be given to these electromagnets are determined by using an adaptive
backstepping control design. The adaptive controller algorithm can predict the wind load used in the controller design
without prior knowledge of the actual wind load. It was observed that the designed active electromagnetic mass damper
structure is successful in suppressing system vibrations. As a result, the proposed active electromagnetic mass damper

system has been shown to be suitable for structural systems in flow-induced vibration damping.
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I. Introduction

Suppressing the structural or mechanical vibration has
significant applications in engineering systems. Nowadays,
many structural systems are designed to cope with the
vibrations to be exposed during the design phase. In vi-
bration suspension operation, active (Alkhatib and Golnaraghi,
2003; Zhao et al., 2020), passive (Soong and Costantinou,
2014), and semi-active methods can be used (Bathaei et al.,
2018; Hiramoto and Grigoriadis, 2016). The most funda-
mental form of vibration suppression systems is an added
external mass that suppresses the vibration of the system
with spring and damper elements. In the literature, this
system is referred to as tuned mass dampers (TMDs) (Elias
et al., 2019; Lackner and Rotea, 2010; Kwok and Samali,
1995; Martynowicz, 2019; Miyata, 2003; Tian et al., 2019).
The value of the spring and damper elements in these
systems is constant and determined by preliminary design
work. Li and Cui (2017) investigated the nonlinear behavior
of the spring element in a TMD system and gave a com-
parison with the linear TMD system. Among the structural
systems, wind turbines are the most common systems in

which flow-induced vibration prevention is important.
Martynowicz (2017) studied wind turbine tower nacelle
with a magnetorheological TMD system with numerical
modeling and experimental analyses to deal with the dy-
namic load of the system. In addition, he then reported
application of different control strategies on the semi-active
MR damper element in the test rig of a wind turbine tower
nacelle system by applying different vibration loads in-
cluding aerodynamic loads (Martynowicz, 2016).
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On the other hand, it is reasonable to use passive vi-
bration isolators in situations where the system internal
damping is high, but passive methods are inadequate for
completely suppressing vibrations. Active methods in vi-
bration suspensions are more reliable because of the ad-
aptation features for the changes in disturbance load
conditions. In the active methods, to prevent vibration of the
structural system, the controller with a closed-loop system is
used to generate controller force with actuators. In literature,
it is possible to see many structures designed with different
active control strategies and different actuators (e.g.,
Coppola and Liu, 2010; Contreras-Lopez et al., 2019;
Coppolaetal., 2013; Talib et al., 2019). Fitzgerald and Basu
(2013) developed an active structural control scheme to
control wind turbine nacelle tower vibration. They designed
an active tuned mass damper (ATMD) which is placed
inside the turbine nacelle. Another area where an ATMD
structure is applied is the offshore wind turbines. Brodersen
etal. (2016) worked on eliminating the vibrations of a tower
under wind load with the actuator added on the nacelle. Huo
et al. (2007) proposed a design of a linear H,, control of an
active mass damper (AMD) for vibration reduction of the
buildings. In their study, they proposed a controller and
standard mass damper actuator that can work in the un-
certainties of mass and stiffness values. Ikeda (2016) in his
work proposed a method that uses the results of system
identification in the field of active structural control and
gave the numerical example of the linear quadratic regulator
control of the building structure with the AMD. Hacioglu
and Yagiz (2011) presented the Lyapunov-based back-
stepping controller with a simulation model applied to a
nine-story building model with a TMD installed on the top
floor. They used real earthquake data as an excitation to
the building model. A comparison of the performance for
active and passive vibration suppression systems was done
by Ricciardelli et al. (2003). In their works, they showed
the performance comparison between TMD, AMD, and
ATMD systems and gave simulated results in the frequency
domain.

To increase the efficiency of the active vibration sup-
pression systems, we propose an electromagnetic actuator
in this study. In a conventional TMD system, there is no
actuator to provide any movement for the external mass
(Arrigan et al., 2010; Sladek and Klingner, 1983; Sun and
Jahangiri, 2018; Wu et al., 2018). In the AMD system, the
mass is moved by the actuator with a closed-loop control.

In this study, we propose an electromagnetic actuator to
move the mass of the damper. Two opposite electromagnet
actuators are used to move the external or active mass. The
proposed new structure is called active electromagnetic
mass damper (AEMD). A feedback control structure is
necessary for the proposed AEMD system to suppress the
vibration of a wind turbine. When the control current passes
over the coil in the electromagnets, a magnetic force is

generated, and this magnetic force moves the external
ferromagnetic mass to suppress the vibration of the main
structure. In the AEMD design, the selection of the stabi-
lizer external mass was parameterized, and four different
cases were investigated in this study.

Adaptive control is a technique used to control various
systems whose parameters are unknown, indeterminate, or
changing (Sivrioglu, 2006). In the proposed AEMD system,
we implement the adaptive backstepping algorithm. The
wind load acts as the driving force for vibration, so it is
necessary to know its value during the control operation of
the system. However, it is not always possible to measure
the wind load. The controller designed in this study will also
be adapted to the wind load which is thought to be time-
varying but unknown. Two different assumptions were
made for wind load, and simulation studies were conducted.
First, the model has assumed the wind load is constant and
acts in a certain period of time. Then, simulation studies
were carried out with the variable wind load model.

This article is organized as follows: In Section 2, we
present the AEMD system. The mathematical model of the
system is given in the next section. In Section 4, a Lyapunov-
based adaptive backstepping control design is given. Sim-
ulation studies and results are given in the following sections,
respectively. Finally, the verification of the electromagnetic
control force results with the electromagnetic finite element
analysis method given in Section 6.

Notations: In this article, R denotes the set of real
numbers, superscript R"” denotes the n-dimensional space,
boldface capital letters represent the matrices, the transpose
of the matrix A4 is denoted by A7, and the first and second
derivatives are denoted by superscripts “.” and
respectively.

[T3EL

2. Active electromagnetic mass damper
systems

The schematic view of the wind turbine model is given in
Figure 1(a). The vibration amplitude depends on the
magnitude of the wind load f; as an excitation of the system.
The AEMD system is used to suppress the vibration of the
system against any f; wind load. Figure 1(b) shows the
schematic view of the active electromagnetic mass damper
system. In this structure, there are two identical electro-
magnets placed opposite to each other on top of the wind
turbine nacelle. The electromagnetic force f, generated
by these two electromagnets moves the guided external
mass placed between the two electromagnets. The external
mass is moved by closed-loop control to suppress the vi-
bration through electromagnetic forces generated by
electromagnets.

In this AEMD system model, k; and ¢, represent the
stiffness and damping of the nacelle system, respectively.
Here, x, denotes the horizontal movement of the nacelle and
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Figure 1. (a) Wind turbine system flow-induced load, (b) active electromagnetic mass damper structure, and (c) schematic repre-
sentation of the active magnetic system in active electromagnetic mass damper system.

x, denotes the relative horizontal movement of the stabilizer
external mass. Table 1 summarizes the parameter values of
the AEMD system. The power parameters of the wind
turbine model were selected based on the literature
(Martynowicz, 2017). This model was backed up by an
additional study of dynamical similarity with a full-scale
wind turbine structure.

3. Mathematical model of the system

The motion of the AEMD system consists of two main
parts. These are the movement of the nacelle and the
movement of the external mass. The dynamic equation of
the AEMD system can be written as

MmeXs + cXy + kX = fu — fa (1)

maéa =fa )

where 501 = X, — X, shows the absolute acceleration in the
system. Also, f; represents the wind load, which is the
exciter of the system, and f, represents the control force
generated by the electromagnets. The power scheme of the
electromagnets is shown in Figure 1(c). The system
structure is very similar to the axial magnetic bearing
structure with a bias current. In this figure, iy represents
the bias current and i, represents the active control current.
The power amplifiers transmit the required current to the
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Table I. Values of the electromagnetic mass damper system.

Symbol Meaning Value Unit
m; Mass of the nacelle system 420 kg
kg Stiffness value of the nacelle system 11,200 N/m
Cs Damping value of the nacelle system 75 Ns/m
mq Mass of the ferromagnetic stabilizer 7.35 kg
io Bias current 2.5 A
Xo Air gap distance 10x 10" M
o Magnetic permeability 4xqx 107" H/m
Ac Coil surface area 5x 073 m?
N Number of turns in coil of the electromagnets 450 —
electromagr.lets .according to the posit.ion information. The meXy + c¥ + kxs — fi + Koxy, = —Kii, 7
aerodynamic wind load f; can be written as

maia - majés - Kvxa = Kii(r (8)

1
fi=3pAVCy G)

where p is the air density, 4, represents the wind load
surface area, V' is the wind speed, and finally C; is the drag
coefficient.

The equation of the electromagnetic force (f,) generated
by the pair electromagnets is defined as

_ (o — l'c)z) @

(xO era)z

(iO + iC)Z

(xO - xa)2

Je=h —fz=k<

where f; and £, are the electromagnetic force generated by
the electromagnet pairs and x, is the nominal gap between
the electromagnet and active mass on both sides as shown in
Figure 1(c). The driving of electromagnet 1 and electro-
magnet 2 in a feedback control structure is realized with the
control current i.. Note that the sensor output x, of the
external mass is set to zero at the initial state (both side gap
Xp) in the implementation of this concept. The application of
the pair electromagnet is very common in magnetic bearing
systems (Maslen and Schweitzer, 2009). Equation (4) is
a nonlinear structure and can be linearized as follows

f;l = K.x, + Kii. (5)

where K, represent the force—displacement factor and K;
represents the force—current factor of the electromagnets
and i, is the control current output from the power amplifier.
K, and K; can be written as follows

K =4k (6)
X0

l~2
K, =4k,
Xo
where k = 1yN?4,./4 is the electromagnetic constant.
To ease the presentation of the subsequent backstepping
control development, the equation of the motion of the
AEMD system can be written as follows

To eliminate X, term in equation (8), the acceleration X; is
subtracted from equation (7) and substituted in equation (7)
which gives

L CMa,  kmg o fam,  Kimg
mgXx, + Xs + Xs — + X
mg ms mg mg )
Kima . .
+ i—Kx, =K;i
mg

The dynamic model of the active mass damper system by
combining equations (7) and (9) can be arranged in the
matrix form

s 0
o L] e o[
0 m,||X, CsMMa 0 | X,
m
ks K.
+ {xé } (10)
ksma  Kom, K | Lx
L My m
r1 _Ki
toma |fa= Km, |l
L M i my
The compact form of the equation is written as
(M[g] +ICllg] + [K][q] + [F] fo = [H]i. ~ (1D)

where ¢ =[x, x, ]T is the state vector. Also, M € R*?
is the positive-definite mass matrix, C €R*? is the
damping matrix, K € R*? is the stiffness matrix, F € R**
is the force matrix, and finally H € R*! is the control
matrix.
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Figure 2. Displacement of the nacelle with and without control for different m, values: (a) 7.35 kg, (b) 12.6 kg, (c) 21 kg, and (d) 42 kg
and (e) comparison for different m, values.

4. Lyapunov-based adaptive backstepping
control (M][v] + [C][v] + [K][q] + [Fl/a = [H]ic
Before starting the controller design, the dynamics of the

AEMD system have been converted into the following
model class (Fossen, 2002; Fossen and Berge, 1997)

(12)

The position tracking error § € R*! and its time de-
rivative ¥ € R**! are defined as follows. The goal here is to
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find the controller signal that will make § — 0 as ¢t —
(Slotine and Li, 1988)

=N

=44 (13)
= vy —

Va

A

The first step of the backstepping design is defining the
virtual control signal

j=v=s+a (14)

where s = v 4+ Aq is the new state vector used for tracking
control and a is the stabilizing vector field can be chosen as

(15)

a=v.,=v;,— Aq

0.4+ 1
o
L g2t 1
gl
>'<:r:
§ 0
2
@
=
5]
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Figure 3. Comparison of the nacelle acceleration for different m,
values.
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Figure 4. Adaptation of the wind load for different m, values.

where A € R¥? is the positive-definite design matrix of the
controller. The combination of (14) and (15) gives
vi=v—s=v,— Aq

(16)

To demonstrate the candidate Lyapunov function, the
derivative of the position tracking error is written such that

(17)

Implementation of the backstepping design can be done
with the arrangement of the system equations (12) and (16)

f]zv—vd:s+a—vd:—AZI+s

-20 T
m_=7.35 [kg]
-40 | |[———m, =126 [kg]
m =21 [kg]
60 | [——m =42 [kg]
— — — without control
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8 -100 56
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Figure 5. Frequency response of the active electromagnetic mass
damper system.
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Figure 6. Control currents applied to the electromagnets for
different m, values.
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Figure 7. Displacement of the nacelle with and without control for different m, values under the varying wind load case: (a) 7.35 kg,
(b) 12.6 kg, (c) 21 kg, and (d) 42 kg and (e) comparison for different m, values.

M(s+v,) +C(s+v,) + Kq+ Ffy = Hi, (18) Here, f; is the aerodynamic load; it is a constant am-
plitude parameter calculated based on the constant wind
speed. So we cannot eliminate it directly. Now, let us
consider f';, which is an estimate of the unknown f; instead

Arrange the equation as follows
Ms + Cs = Hi. — My, — Cv, — Kq — Ff; (19)
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fo=ti=fa (20)
Consider the Lyapunov candidate function
|| 1 -2
V:EqTK,,q+§sTMs+2—yfd 1)

where K, € R?*? is the positive-definite design matrix and
y € R is the positive adaptation gain. Taking the derivative
of the Lyapunov function and making arrangement gives

. 5 ~ ~ . ]~
V=—q"K,Aq+5"K,q+s"Ms+ fd; 1, (22)

With equation (10), the derivative of the Lyapunov
function turns into
=T (Hi—Mﬁ, —Cv,—Kq—Ff,—Ff,— Cs+K,,q)
-T A
—q K,Aq +fd;fd
(23)

where K, € R¥? is the positive-definite design matrix.
Because f; is constant, we can assume that f;, = —f ;. The

e_:xpressionfd can be selected as follows to make [sTF fu+
fd% £4] zero in the final state of the derivative expression

fa=—s"Fy (24)
Control law term can be derived from (22)
Hi, = My, +Cv, + Kq+ Ff, — K, —K;s  (25)

Note that the control current i. obtained by the pseudo-
inverse of H, where

H' = (H'H) 'H" (26)

If we use the control law signal and the adaptation term
in equation (23), then the negative-definite derivative of the
Lyapunov function is obtained as

X . 3 ~ <1~
V=—s"(C+Ks)s — 4 K,Aq —s"FF, _fd;fd 27)

Because V' positive definite and ¥ is negative definite,
(¢,5) = (0,0) and globally exponential stability is achieved.

5. Simulation study and parametric
analysis

In this study, three different assumptions were made for the
wind load f; and simulation studies were conducted. At first,
a rectangular pulse of 120 N magnitude wind load input is

assumed to be applied to the wind turbine model. To test the
control efficiency under more realistic conditions, a white
noise and a sinusoidal wind load inputs were also applied to
the system model at the MATLAB Simulink environment,
and the control performance was examined under these
variable load inputs.

5.1. Constant wind load case

The stabilizer mass (m,) in the active mass damping sys-
tems should be decided in such a way that it does not in-
crease the total mass of the system and at the same time
suppresses the vibrations efficiently. In this study, we first
chose the stabilizer mass as 7.35 kg, which corresponds to
1.75% of the total system mass. Basically, the total control

Wind Load [N]

= = =f, actual

20 F estimation for m =7.35 [kg] | 4

f s

fd estimation for m = 12.6 [kg]
,=21[kg] |4

estimation for m =42 [ke]

f, estimation for m

fa

-20

0 5 10 15 20 25 30 35 40

Figure 8. Adaptation of the wind load for different m, values
under the varying wind load case.

=
o
=
2
=
=
o
E
=
=
S J
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A5 m(_‘=21 [ke]
—_— ma=42 [ka]
2 L L L L L . "
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Time [s]

Figure 9. Control currents applied to the electromagnets for
different m, values under the varying wind load case.
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force is directly related to the amount of the stabilizer mass,
and selecting such a small value of the stabilizer mass to
suppress the vibration is an advantage of the AEMD. For
comparison, simulations were repeated for the mass values

of 12.6 kg, 21 kg, and 42 kg, respectively, corresponding to
3%, 5%, and 10% of the total system mass. The designed
Lyapunov-type adaptive backstepping controller is tested in
the MATLAB Simulink simulation environment for zero
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initial condition of the system states. A rectangular-shaped
pulse signal (see Figure 4) is used to represent the wind
load. Parameters of the designed controller are selected as

10.9 ]

A=

I 0.9

!

N (28)
K 10.1 }

1 0.1

y = 3700

To simulate the system behavior under the wind load, the
pulse signal wave was applied to the system model between
the first and the third seconds. The displacements of the
wind turbine nacelle with the pulse load excitation are given
in Figure 2. The designed controller effectively suppresses
the vibration caused by the wind load. Four different values
of m, are considered in these figures. It is observed that the
amplitude of the vibration caused by the wind load on
the nacelle has been successfully reduced for all cases.
Moreover, Figure 2(e) compares the variation of the nacelle
displacement for different values of the stabilizer mass.
Similarly, Figure 3 depicts the acceleration results of the
wind turbine nacelle under the same load conditions.

The parameter adaptation result is shown in Figure 4.
The proposed adaptation approach has the potential to
estimate the applied wind load acting on the system. Al-
though the adaptation rate slows as the amount of stabilizer
mass increases, it is seen that all values converge to zero
over time. To understand the efficiency of the controller, the
frequency response of the system is obtained as given in
Figure 5. It is observed that the magnitude of the controlled
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Figure | 1. Adaptation of the wind load for different m, values

under the system frequency-dependent wind load.

system frequency response is lower than the uncontrolled
system frequency response.

In the active control studies, the magnitude of the control
current is a measure of the control performance evaluation.
Saturation of the actuator is never desired for real appli-
cations. To see the effect of the stabilizer mass on the control
currents, the comparison of the currents is given in Figure 6.
The obtained control currents are achievable level for the
considered electromagnetic actuators. A relation between
vibration suppression performance and the amplitude of the
control currents can be obtained by comparing Figures 2(e)
and 6. When compared with Figure 2e, the increase in the
mass of m, causes the vibration amplitudes to decrease, but
it causes an increase in the control currents, and this creates
a trade-off problem.

5.2. Varying wind load case

In Section 5.1, the controller was tested under a rectangular
pulse wind load condition. In practice, a wind disturbance
continuously varies in time with fluctuations due to air
turbulence. For a more realistic simulation, the distributed
white noise base wind model given in Iov et al. (2004) is
applied to the control system model. The wind load profile
shown in Figure § has an oscillating characteristic around
120 N. The same control parameters given in equation (27)
are used in varying wind load simulations. The displace-
ment responses are obtained as shown in Figure 7 when the
variable wind load is applied. The controller successfully
suppresses the vibration of the nacelle for different m,
values. To understand the effect of different m, for the
varying wind load case, the comparison of the nacelle
displacements is also plotted in Figure 7(e).
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Figure 12. Control currents applied to the electromagnets for
different m, values under the system frequency-dependent wind
load.
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The parameter adaptation results for the varying wind
load case are shown in Figure 8. The tendency in the ad-
aptation of the variable load is on an acceptable level for
different active masses. Finally, Figure 9 shows the change
in control currents when different masses are used under
the varying wind load. The designed controller produces
the control current depending on the variation in load
condition.

5.3. System frequency-dependent wind load case

In this section, the performance of the designed AEMD
system is tested with a steady-state sinusoidal form wind
input. Because a sine signal is a frequency-dependent
function, it provides a frequency-dependent excitation.

o
o
=
o
T

Displacement x

-0.015

-0.02 . . .
0 10 20 30 40
Time [s]

Figure 13. Displacement of the stabilizer mass.

The wind load models defined in the previous sections were
independent of the frequency of the system. In this section,
system simulations are performed under a wind load with
a frequency of 0.578 Hz (see Figure 11). This frequency
value corresponds to the first natural frequency of the tower
nacelle system after the stabilizer mass has been added.
Therefore, the performance of the controller is examined
by selecting the natural frequency of the system as the
excitation frequency of the wind load. This situation creates
a tough condition for the control system model. When wind
load with a frequency of 0.578 Hz is applied, the dis-
placement responses for different m, values are given in
Figure 10. Because a steady-state disturbance input affects
the system, the displacement amplitude never goes to zero
but reduces to a small value by the controller. Moreover,
displacements of the nacelle for different active mass values
are plotted in Figure 10(e). The parameter adaptation results
under the varying wind load case are shown in Figure 11.
Finally, Figure 12 shows the change in control currents
when different masses are used under the system frequency-
dependent wind load case.

6. Verification with electromagnetic finite
element analysis

After the simulation study, the amount of the stabilization
force, generated by the electromagnets according to the
movement of the stabilizer mass for 7.35 kg, was studied
using electromagnetic finite element analysis in FEMM
package. The horizontal displacement of the stabilizer mass
X, is given in Figure 13. According to the displacement of
the stabilizer mass, some points are selected, and the ge-
ometry of the finite element model is constructed. In this
way, the air gap between the electromagnet and the
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ferromagnetic stabilizer,

3.083e-001 : 3.391e-001
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Figure 14. Electromagnetic finite analysis model of the active electromagnetic mass damper system.
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Figure 15. Electromagnetic control force generated by the
electromagnets.

ferromagnetic material is adjusted to give the actual mag-
netic force in every test point. Figure 14 shows the elec-
tromagnetic finite analysis model. In this model, the
axisymmetric problem is constructed. As seen in the figure,
—r axis represents the symmetry axis. The program solves
2D planar and axisymmetric problems in magnetics and
electrostatics. The symmetry axis definition is required by
the FEMM program. Note that the electromagnets in the
figure are seen as a half section. For this reason, the defi-
nition of stabilization mass is taken as cylindrical geometry
in the program. In terms of magnetic analysis, this acceptance
was made as the mass of the ferromagnetic material did not
change. Figure 15 compares the electromagnetic control
forces generated by the electromagnets obtained from the
simulation and finite element analysis. As can be seen, the
results are in a good agreement at the start of the simulation.
It is observed that finite element results are smaller than
simulation results after a certain period. The reason for this
situation is because of the saturation in the displacement of
the stabilizer mass given in Figure 13. Magnetic force is
inherently nonlinear in nature. However, using linear
magnetic force expressions in the control design is a fre-
quently applied approach. The difference between simu-
lation results and FEM analysis is because of the unmodeled
nonlinearity of the magnetic force. This study will be a good
reference that provides a good understanding of the control
theory that was done prior to experimental validation.

7. Conclusion

While the wind turbines transform the kinetic energy of the
wind into electrical energy through the rotation of blades,
they are also exposed to strong vibration in operation due to
the wind load. These vibrations can cause damages over
time. Active mass dampers have long been known and are

often used to control wind-induced vibrations in high-rise
buildings. They are also capable of suppressing wind tur-
bine vibrations. In conventional AMDs, the movement of
the active mass is usually provided by servomotors. In this
study, a novel-type structure of actuation using electro-
magnetic actuators is proposed for active mass damper
systems. The basic principle used in moving the active mass
is to apply the pulling forces created by electromagnets in
feedback control. The proposed pair electromagnet struc-
ture with pull-pull electromagnetic forces acting on the
mass at any time provides a fast response to any varying
load conditions. Therefore, the AEMD system may have the
potential to suppress the wind turbine vibration caused by
different types of wind load.

In practice, the success of active control also depends on
used control methods. The proposed adaptive backstepping
control guarantees the stability of the system with the
Lyapunov-based approach. In addition, the adaptation
property of the proposed control successfully predicts most
disturbance load, and this increases the control perfor-
mance. In simulation studies, vibration suppression of the
wind turbine model was successfully achieved under three
different load conditions. The obtained results are also
promising to the potential application of similar structural
systems exposed to wind-induced loads as well as wind
turbines.

Finally, a finite element analysis-based verification of the
electromagnetic force generated by the electromagnets
shows that the designed system is appropriate for vibration
suppression in structural systems. The proposed novel
AEMD structure can be applicable to small or middle size
wind turbine systems. The AEMD concept first needs to be
approved with experimental works. For this aim, a labora-
tory size experimental setup is planned to be established in
the future study of this research group.
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Appendix |

Notation

Aq, As  electromagnet coil surface area and wind load
surface area
C damping matrix of the system equations
C,; drag coefficient
¢; damping of the nacelle system
F  force matrix of the system equations
f4, fo  wind load and electromagnetic forces
R generated by the electromagnet pair
fas 7 4 estimate of the wind load and estimation error
of the wind load
H  control matrix of the system equations
ig, i  bias current and active control current
K, K, K; stiffness matrix of the system equations and
design matrices of the designed controller

Kx, K[

k, ks

Mg, Mg

X(), xa; xS

~

Ho

force—displacement and force—current factors
of the electromagnetic actuator
electromagnetic constant and stiffness of the
nacelle system

mass matrix of the system equations

mass of the ferromagnetic stabilizer and mass
of the nacelle

number of turns in the coil of the
electromagnets

state variable vector, desired of state variable
vector, and position tracking error vector
new state vector used for tracking control
wind speed

derivative of state variable vector, derivative
of desired of state variable vector, and
derivative of position tracking error vector
air gap distance of the electromagnet, absolute
displacement of the stabilizer external mass,
and the nacelle center of mass

stabilizing vector

adaptation gain

relative motion between ferromagnetic
stabilizer and mass of the nacelle

design matrix of the designed controller
magnetic permeability
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