
Chapter 13
A Semi-active Control System for Wind
Turbines

N. Caterino, C.T. Georgakis, F. Trinchillo and A. Occhiuzzi

Abstract A semi-active (SA) control system based on the use of smart mag-
netorheological (MR) dampers to control the structural response of a wind turbine
is proposed herein. The innovative approach is based on the implementation and
use of a variable-properties base restraint. This is able to modify in real time its
mechanical properties according to the instantaneous decision of a given control
logic, the latter addressed to control one or more structural response parameters.
The smart base restraint is thought to be a combination of a smooth hinge, elastic
springs, large-scale adjustable MR dampers, and a control algorithm that instan-
taneously commands the latter during the motion, making them to modulate the
reactive force as needed to achieve the performance goals. The design and oper-
ation of such a system are shown with reference to a case study consisting of an
almost 100 m tall wind turbine, realized in a 1/20 scale model at the Denmark
Technical University (DTU). Shaking table tests have been performed under the
action of two different types of wind loads and by using two purposely written
control logics, highlighting the high effectiveness of the proposed SA control
technique and encouraging to further investigate in such direction.
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13.1 Introduction

In the last years the need for optimization procedures to design higher and higher
wind turbines, even offshore, in a cost-effective way and of control techniques to
reduce the wind-induced structural demand has definitely grown. Most of the
scientific literature on this topic is related to passive control strategies, often based
on the use of tuned mass or tuned liquid dampers.

Herein, the possible use of a semi-active (SA) control technique is investigated,
based on the use of magnetorheological (MR) dampers, also performing large-
scale shaking table tests. Previous researches on SA control of wind turbines are
not much based on numerical simulations.

Kirkegaard et al. [1] for the first time explored the possibility of using MR
dampers to control a wind turbine, numerically evaluating their effectiveness when
driven by a classical optimal clipped control algorithm. The proposed idea was
pioneering and, also because of this, it results to be very interesting, even if
difficult to be implemented in a real case. As a matter of a fact, the authors
consider the installation of an MR device at the base of the tower, in vertical
position, so as to be able to be solicited by relative vertical displacements induced
by the top movement of the turbine to which the damper should be mechanically
connected. Also an experimental test model has been built by the said authors,
even if adopted for passive tests only (constant voltage fed to the MR damper at
the maximum level—‘‘passive-on’’ condition). The wind turbine model was a 3 m
high steel frame with a 200 kg top mass. The MR damper was connected to the
shaking table and to the top of the frame structure by a steel bar designed so as to
avoid buckling. Comparing numerical (SA) and experimental (passive) results in
terms of top displacement, appreciable improvements in the SA strategy are
highlighted by the authors.

Karimi et al. [2] and Luo et al. [3–5] showed the effectiveness of SA control for
floating wind turbines by using tuned liquid column dampers (TLCD). This kind of
device is generally used as a passive damper, even if it may turn into an SA
damper with the addition of a controllable valve. With a control logic based on an
H? feedback methodology, the authors proposed to adopt the orifice opening
according to the structure response and loading conditions. Luo et al. also explored
the possibility of using MR fluids within the TLCD, rather than a common viscous
fluid, so leading to a ‘‘smart’’ TLCD [6, 7]. The numerical simulations reported in
the above papers show that this kind of control strategy may lead to a strong
reduction of the top displacement.

Arrigan et al. [8] considered SA tuned mass dampers (STMD) to control wind
turbine blades in flapwise vibrations. Four STMDs were added to the wind turbine
numerical model, one to each blade tip and one at the nacelle to control the
response of each component. Simulations made by the authors showed a signifi-
cant reduction in displacement response of the system for turbulent wind loading.
A successful response reduction under a steady wind load was demonstrated.
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Rodríguez et al. [9] explored the possibility to use passive or SA dampers in a
toggle brace assembly integrated within the hollow column of a wind turbine
tower. They evaluated the effectiveness of this control technique in terms of
reduction of base bending moment for extreme and fatigue loads. Different con-
figurations of such system have been compared by authors, each defined by a given
number, position, and inclination of the devices in both the horizontal and vertical
planes. The best option leads to a reduction in the moment demand at the base of
the tower up to 20 % in extreme cases and around 10 % in fatigue.

The basic idea for the SA control technique proposed herein consists in using the
smart MR devices so as to realize a time-variant base restraint, whose ‘‘stiffness’’ is
in real time driven by a purposely written control logic. The latter instantaneously
takes decision and calibrates MR dampers to reduce the bending stress at the base of
the tower, secondarily to bound the top displacement within acceptable limits so as
to avoid significant, detrimental second order effects.

This strategy has been experimentally assessed at the shaking table facility of
the Denmark Technical University (DTU) in Copenaghen, where the present
control concept was initially conceived. Two different base accelerograms were
imposed for the tests, equivalent to an extreme short operating gust and a longer
high velocity wind buffeting, respectively. Moreover, two distinct control algo-
rithms have been designed and adopted for the tests, different in the way they
approach the problem. The first is inspired to the eigenstructure selection tech-
nique [10, 11] and is addressed to significantly increase the modal damping ratios,
and to make the fundamental mode similar to a rigid rotation of the tower around
the base hinge. The second algorithm follows a more physical approach, being
designed to bound the stress at the base and, as a secondary objective, the top
displacement demand within given limits.

All the performed tests highlight the effectiveness of the proposed control
technique in reducing the stress demand at the base, this at the cost, in the worst
case, of a slight increase in top displacement.

13.2 Basic Idea of the Semi-active Control Strategy

The realization of a time-variant restraint at the base of the tower exploiting the
potential of smart dampers is the basic idea herein proposed to reduce wind-
induced structural demand to high-rise turbines. This is roughly described in
Fig. 13.1, where the original wind turbine is modeled as a single degree of freedom
dynamic system with top mass, stiffness, and inherent damping equal to m, kT and
cT respectively, fully restrained at the base (Fig. 13.1a). The idea is replacing this
perfectly rigid base restraint with a controllable one that, during the motion, can be
instantaneously made more or less ‘‘stiff’’ depending on what is more beneficial in
terms of reducing the structural demand. Figure 13.1b schematically describes a
possible way to materialize this concept, by installing at the base of the tower a
smooth hinge, a rotational spring (stiffness k/), and a rotational variable damper
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(damping constant c/, variable in time) externally driven in real time by a control
algorithm. The same concept can be practically implemented by means of two
vertical linear springs (ks) installed at a given distance (ls) from the hinge and two
vertical variable dampers (cd), each placed at the distance ld from the hinge
(Fig. 13.1c).

MR dampers are suggested to be adopted as variable devices within this setup.
At macro scale, MR fluids behave as semi-solid bodies as far as the shear stress
does not exceed a threshold, whose value depends on the intensity of the magnetic
field the fluid is immersed in, the latter depending in turn on the current intensity in
coils placed around the fluid. This behavior is associated to the nature of the fluid,
a suspension of micron-sized magnetizable particles. Upon application of a
magnetic field, particles align and form fibrous aggregates that generate orders-
of-magnitude viscosity changes within characteristic times of milliseconds.

When the base damping is set to a low value, the tower is able to relax, hence to
convert its potential energy into kinetic energy and to reduce the bending moment
at the base. Thus the SA base system implies stress reduction, even at the cost of a
possible increase of top displacement, which has to be bounded within certain
limits to control the top displacements. The springs allow to reset the tower to the
initial position at the end of a severe wind-induced excitation.

This idea has been physically realized and tested at the laboratory of the
DTU (Copenaghen) by using prototype MR dampers provided by Maurer Söhne
(Germany). The results gained from this campaign will be presented and discussed
in the following sections.

13.3 Experimental Setup

A 3 MW wind turbine with horizontal power transmission axle has been assumed
as reference structure for the experimental campaign performed at the DTU lab-
oratory (Fig. 13.2). The tower is 102.4 m tall, made of steel Q345 (modulus of
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Fig. 13.1 Basic idea of SA
control of a wind turbine via
MR dampers
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elasticity 206,000 MPa, Poisson ratio 0.3, yielding stress 345 MPa), with a vari-
able hollow circular cross section with external diameter variable from 2.30 m
(top) to 4.15 m (bottom). The weight of the tower, including the flanges and
internals, is 3,713 kN (body) and 1,210 kN (nacelle, including the rotor blades).
Chen and Georgakis [12, 13] showed the equivalence, from a dynamic point of
view, of this structure with a single degree of freedom (DOF) system made up of a
tapered tubular cantilever beam with a concentrated mass at the top. In the same
studies, the development of a 1/20-scale model of the prototype structure is pre-
sented. This test model is characterized by a 5.12 m high vertical tube with uni-
form cross section U133/4 (i.e., a hollow circular one with 133 mm of external
diameter and 4 mm in thickness), chosen according to the principle of the
equivalent flexural stiffness, with a lumped mass of 280 kg placed at the top
(Fig. 13.3).

The base of the model is realized so as to be stiff enough, by means of two
parallel, horizontal steel C profiles (UPN 240 cross section) whose top and bottom
flanges are firmly bolted to stiff, horizontal steel plates. It is connected in the
middle to the shaking table through a cylindrical steel hinge, with interposed a
small, stiff steel frame. On both sides of the base, one cylindrical spring (89 kN/m
stiff) and one MR damper (described in the next section) are installed.

The shaking table facility used for the test consists of a platform made of
20 mm thick aluminum plates 1.5 9 1.5 m in plan. The table can be moved in a
single horizontal direction by a 100 kN hydraulic actuator MTS 244.22. Stiffness
grid plates of 300 9 300 mm are welded to the top and bottom plates. Further-
more, in the areas where the forces are transmitted, additional stiffeners have been
added.
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Fig. 13.2 Structural model of the reference wind turbine [12]. Dimensions in milimeters
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Figure 13.3 shows the overall experimental setup, whereas Fig. 13.4 includes a
detail of the base to better understand how the smart base restraint has been
realized. Such figures also report the type and position of all the transducers
adopted, whereas further details are given in the following sections. Some pho-
tographs of the setup are given in Fig. 13.5.

13.3.1 Electronic Equipment and Transducers

The electronic equipment adopted for the experimental activity on the wind tur-
bine model can be formally distinguished into two parts: conventional tools for
structural laboratory tests and an extra-equipment properly required for SA control
by means of two MR dampers.

The position of the transducers belonging to the first group is shown in
Figs. 13.3 and 13.4. The horizontal displacements of the shaking table were
measured through a laser transducer supported by a steel stick (WayCon laser,
model LAS-T-500, range of measure 50–550 mm). The same kind of laser
transducer was located at 2/3 of total height of the tower and fixed to an external
wood stick to measure the absolute horizontal displacement of that section. The
axial displacements of springs were measured by a third laser transducer attached
on the steel plate where one of the 2 springs (the one closer to the actuator) is
installed (WayCon laser, model LAS-T-250, range of measure 50–300 mm).
Rotation of the base and axial displacements of MR dampers have been calculated

Fig. 13.3 Experimental
setup
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online, by considering the reciprocal position of cylindrical hinge, dissipators, and
springs (Fig. 13.4). Two load cells mounted under each MR device allowed to
measure the reacting forces (AMTI load cells, model MC5-5000, range ±22 kN).
It is worth noting that base stress and top displacement have been calculated online
from the above-mentioned available displacement measures, being the stress of
steel well below the yielding value.

The additional electronic equipment used to drive the SA tests include
(Fig. 13.6):

1. No. 2 power supplies type BOP (Bipolar Power Supply) provided by Kepco
Inc. (New York, USA), model 50–4 M, maximum power output of 200 W,
maximum input power of 450 W, power source-power sink capabilities in the
range ±50 V (voltage) and ±4 A (current); commanded from a remote
location (PC) through a voltage signal in the range 0–10 V, with alternative
operations as voltage driver (control loop gain 5.0 V/V) or as current driver
(control loop gain 0.4 A/V);

2. No. 1 embedded controller National Instruments PXI-8196 RT, high-
performance platform for testing in real time;

Fig. 13.4 Detail of the base of the mock-up structure
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3. No. 2 data acquisition boards National Instruments PXI-6259, multi-function
high-speed, optimized for high accuracies and speed of acquisition (up to
2,800 kHz), 8-channel analog inputs, 4 analog outputs (in the range ±10 V),
16 bits of resolution;

4. No. 1 digital multimeter National Instruments PXI-4065, 6 �-digit for high
speed measuring of voltage, current and resistance;

5. No. 2 connector blocks National Instruments BNC-2110;
6. No. 1 voltage attenuator module (10 to 1) National Instruments SCC-A10, dual

channel, with voltage inputs up to ±60 V (‘‘C’’ in Fig. 13.6);
7. No. 1 capacitance of 1.0 lF needed to stabilize the current loop (‘‘A’’ in

Fig. 13.6);
8. The software environment NI Labview Professional Development System

(‘‘B’’ in Fig. 13.6);
9. Real time operating system labview by NI for testing in real time;

10. No. 1 chassis national instruments able to host components 2, 3, 4 (‘‘D’’ in
Fig. 13.6).

Fig. 13.5 Photograph of the
structural model installed at
the DTU laboratory. Overall
view (a), lateral (b) and front
(c) view of the base
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13.4 Magnetorheological Dampers

The devices adopted for the tests were two full-scale prototype SA MR dampers
(Fig. 13.7) designed and manufactured by the German company Maurer Söhne.
The overall dimensions of each device are 675 mm (length) 9 100 mm (external
diameter), with a mass of about 16 kg. A maximum force of about 30 kN can be
developed along the longitudinal axis, whereas the presence of special spherical
pin joints at both ends prevents the rise of bending, shear, and torsional moment in
the piston rod. The dampers have a stroke of ±25 mm. The external diameters of
the piston head and of the piston rod are 100 and 64 mm, respectively. A magnetic
circuit composed of coils, in series with a global resistance of 3.34 X, can generate
the magnetic field in the device. The current in the circuit can be provided in the
range 074 A.

The MR dampers were first experimentally tested by using a self-balanced
testing apparatus (Fig. 13.8). Some general information is provided herein. Further
details can be found in [14].

Figure 13.9 shows the results of four ‘‘passive’’ (constant value of current) tests
done imposing the same harmonic displacement at the mobile end of the device
(frequency 1.5 Hz, amplitude 20 mm) with four different current levels (0.0, 0.9,
1.8, and 2.7 A).

The force-displacement and force-velocity cycles clearly show how the dam-
per’s mechanical behavior strongly depends on the magnetic field inside the device
and, in turn, on the current intensity inside the coils. In particular, the maximum
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Fig. 13.6 Electronic equipment for acquisition and semi-active control
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Fig. 13.7 One of the two prototype MR dampers
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Fig. 13.8 Photograph and sketch of the experimental apparatus
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measured force turned out to be approximately 2 kN when no current was given to
the damper and to achieve the values 12, 22, and 27 kN when the feeding currents
0.9, 1.8, and 2.7 A were provided, respectively.

The force-displacement loops look substantially like a superposition of a vis-
cous and friction-like behavior (Fig. 13.10), both depending on the magnitude of
the current intensity [15]. This behavior, based on the properties of Bingham solids
[16], can be analytically described as in Eq. 13.1 where _x is the relative velocity
between the damper’s ends, Cd the viscous damping, Fdy the plastic threshold, both
functions of the applied magnetic field and, in turn, of the intensity of current i:

F ¼ Cd ið Þ � _xþ Fdy ið Þ � sgn _xð Þ: ð13:1Þ

The relationships Cd (i) and Fdy (i) have been found by interpolating by a
second order polynomial function the experimental data (Eqs. 13.2–13.3, where A,
kN, s, m are the adopted units of measure) and are graphically described in
Fig. 13.11.

Cd ið Þ ¼ �1:870 i2 þ 13:241 iþ 6:851 ð13:2Þ

Fdy ið Þ ¼ �1:952 i2 þ 13:962 iþ 0:181: ð13:3Þ

The curves in Fig. 13.11 show an asymptotic trend of the MR effect associated
to magnetic saturation of the MR fluid.

A detailed report of the response time analysis of such prototype MR dampers
based on the above-mentioned experimental data is also presented in [17]. The
promptness turned out to be mainly related to the electric part of the control chain.
‘‘Power source—power sink’’ capabilities resulted to be crucial to make the device
able to operate in real time. Furthermore, current-driven operations rather than
voltage-driven resulted to be strongly recommended to dramatically shorten
control lead times. In voltage-driven operations, the power supply provides a fixed
voltage and the current slowly modifies until it reaches the desired value, corre-
sponding to the ratio voltage/resistance. In current-driven operations, the power
supply provides a fast changing voltage spike so as to quickly modify the current
inside the damper, causing in turn a fast change in the mechanical behavior of the
damper. If the current must be increased, the power supply provides for a short

Fdy

F

Cd

Fig. 13.10 Bingham model for MR dampers
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period a voltage spike and then sets the voltage to the reference value, whereas if
the current must be decreased, a negative spike of voltage is issued.

Figure 13.12 qualitatively shows what happens to voltage and current into an
MR damper when the two approaches are adopted, showing the delay with which
the current (and the corresponding magnetic field) reaches the desired value when
a voltage-based approach is adopted.

It is experimentally demonstrated that using current-based strategy for control
and an appropriate and suitably tuned electric hardware, the response time of the
above-mentioned prototype SA MR dampers can be comfortably bounded to
8–10 ms.
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Recently, these smart devices has been successfully used also in a wide
experimental campaign to SA control earthquake-induced vibrations of a 3D large
scale steel structure installed on a shaking table facility at the University of
Basilicata (Italy), allowing a comparison of four different control algorithms and
resulting very effective in reducing structural response [18]. Herein, the high
versatility of SA control strategies based on MR dampers is demonstrated.

13.5 Control Algorithms

The first controller adopted for the shaking table tests is based on the eigen-
structure selection theory [10, 11]. It is a full-state feedback algorithm relying on
real-time definition of a desired control force and on the ability of the SA reacting
forces to mimic it during the motion. The second algorithm instead is designed to
bound the stress at the base within acceptable, given limits, also controlling the top
displacement to avoid the occurrence of significant second order effects.

A simplified, lumped-mass model of a wind turbine tower mounted on a
rotating base is shown in Fig. 13.13. The base is linked to the ground through two
elastic elements (springs), two SA MR dampers and a hinge, as described in
Sect. 13.2. In the figure:
h is the height of the tower;
m1-mr are the lumped masses of the model;
k1-kr are the stiffnesses associated to the various DOFs;
c1-cr are the viscous damping coefficients associated to the various

DOFs;
a is the rotation of the base;
d0 = a 9 h is the corresponding rigid displacement of the top of the tower;
d1-dr are the elastic displacements of the lumped masses;
ks is the stiffness of each base spring;
fd1-fdm are m independent control forces available;
ls is the distance between each spring and the hinge;
ld is the distance between each SA MR damper and the hinge.

The equations of motion of the n = r + 1 DOFs system in the absence of any
external disturbance are

M €dþ C _dþK d ¼ �P fd ð13:4Þ

where M, C and K are, respectively, the mass, damping, and stiffness matrices,
P is the n 9 m allocation matrix of the control forces fdi collected in the control
vector fd and d = [d0 d1 … dr]

T is the vector collecting the DOFs, whose com-
ponents are scalar functions of time. However, the dependency from time will be
explicitly written only when needed.
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When the control forces are not present, in the typical hypothesis of neglecting
damping, the eigenvector analysis of the system described by Eq. 13.4, namely the
search for solutions of the equation

x2I�M�1K ¼ 0 ðdim I ¼ n� nÞ ð13:5Þ

where I is the identity matrix, yields real eigenvalues xi (angular frequencies),
each associated to real eigenvectors ui, that can be ordered in the columns of a
matrix U:

ð13:6Þ

The linear system of n time-invariant differential equations of the second order
(Eq. 13.4) can be also written as a set of 2n linear time-invariant first order
differential equations in the state-space representation:

_z ¼ A zþ B fd ð13:7Þ

where

A ¼
0n�n In�n

�M�1K �M�1C

� �
ðdim A ¼ 2n� 2nÞ

B ¼
0n�1

�M�1P

� �
ðdim B ¼ 2n� mÞ

ð13:8Þ
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Fig. 13.13 Lumped-mass
structural model of a wind
turbine

388 N. Caterino et al.



and

z ¼ ½d _d�T ¼ d0 . . . dr
_d0 . . . _dr

� �T ð13:9Þ

is the system state. The 2n eigenvalues and eigenvectors of A fully describe the
free motion of the system shown in Fig. 13.13 when uncontrolled (fdi = 0). In
particular, for the structural system considered, the complex eigenvalues si come in
conjugate pairs which correspond to angular frequencies xi and modal damping
ratios ni [19] as follows (j is the complex unity):

si;ic ¼ �fixi � j xi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2

i

q
ð13:10Þ

or, conversely, as

xi ¼ sij j ni ¼ �
RealðsiÞ

sij j
: ð13:11Þ

Each modal frequency and damping ratio can be drawn through Eq. 13.11 from
either the corresponding eigenvalue si or from its complex conjugate si,c. Analo-
gously, the 2n eigenvectors of A come in complex conjugate pairs that can be
collected in a 2 9 2n matrix W:

ð13:12Þ

Each column of the matrix W can be thought as made of 2 n-component vectors.
The first n-component vector is actually the complex modal shape, the second part
is the modal shape times the corresponding complex frequency. If damping can be
neglected, the following equation holds:

ð13:13Þ

otherwise wi is the complex modal shape corresponding to the real, undamped
counterpart ui, but explicitly considering the damping. W* here denotes the subset
of W directly comparable to U.

Let us assume that each control force fdi, at a given instant of time, has a
specific value fui, function of the system’s state through a gain matrix G as follows:

fd tð Þ ¼ fd1ðtÞ . . . fdm ðtÞ½ �T¼ fu tð Þ ¼ fu1ðtÞ . . . fumðtÞ½ �T¼ �G � z tð Þ:
ð13:14Þ
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In this case, the free vibrations (Eq. 13.7) becomes:

_z ¼ A zþ B fd ¼ A zþ B �Gzð Þ ¼ A�BGð Þ ¼ ACL z: ð13:15Þ

Eigenvalues and eigenvectors of ACL (summarizing the properties of the closed
loop controlled system) are different from those of A or, in other words, fre-
quencies, damping ratios, and modal shapes of the controlled system are different
from those of the uncontrolled one. Therefore, a question arises if modal param-
eters can be modified in a more favorable way. An answer to this question was
probably first introduced by Moore [11] and then explored by many scholars, but
the authors are unaware of any application to the particular case of SA controlled
wind turbines. In the latter case, in order to reduce stresses in the supporting tower,
it would be desirable to have a first modal shape of the controlled structure
dominated by a highly damped rigid motion around the hinged base and higher
modes with mass participation factors close to 0.

Let us assume that a matrix G does exist so that sd,i and wd,i are the desired
eigenvalue and eigenvector of the i-th mode of the closed loop (CL) system. When
the CL system vibrates according to that mode, the system state varies proportionally
to the displacements and velocities described by the corresponding eigenvector:

zðtÞ ¼ wd;i � esd;i�t ð13:16Þ

and in this case the desired control forces fui can be expressed as:

fui tð Þ ¼ ui � esd;i�t ¼ �G zðtÞ ¼ �G wd;i � esd;i�t: ð13:17Þ

The product ACL�wd,i can be written as:

ACL wd;i ¼ ðA� B GÞwd;i ¼ A wd;i þ B �G wd;i

� �
¼ A wd;i þ B ui: ð13:18Þ

Being sd,i and wd,i an eigenvalue and the corresponding eigenvector of ACL, the
same product is also equal to:

ACL wd;i ¼ sd;i wd;i: ð13:19Þ

By combining Eqs. 13.18 and 13.19,

ACL wd;i ¼ A wd;i þ B ui ¼ sd;i wd;i ð13:20Þ

or

B ui ¼ sd;i I� A
� �

wd;i ð13:21Þ
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and, finally,

wd;i ¼ sd;i I� A
� ��1

B
h i

ui ¼ Hi ui (dim Hi ¼ 2n� mÞ: ð13:22Þ

Equation 13.22 shows the relationship among the desired eigenvalue sd,i and
eigenvector wd,i, the matrix of the original, uncontrolled system A and the cor-
responding control forces ui, i.e., the control forces able to make the controlled
system vibrate according to desired modal shape, frequency and damping ratio.
Should the matrix Hi be invertible, calculation of the control forces ui would be
straightforward. However, it is generally not. An approximate approach to solve
Eq. 13.22 for ui is to consider the pseudo-inverse matrix Hi^ of Hi. In this case, ui

can be approximately evaluated as

ui ¼ H^i wd;i ¼ HT
i Hi

� ��1
HT

i

h i
wd;i: ð13:23Þ

However, by using the approximation expressed by Eq. 13.23, the actual
eigenvector wCL,i of the CL system will be similar, but not exactly equal to the
desired one wd,i:

wCL;i ¼ Hi ui ffi wd;i : ð13:24Þ

If the approximation of Eq. 13.23 is acceptable, by selecting the desired fre-
quency and damping ratio (through sd,i) and the shape (through wCL,i) of each
mode of vibration, it is possible to calculate the corresponding values of the
desired control forces ui and the resulting CL eigenvector wCL,i, to be collected in
the matrices U and WCL, respectively:

U ¼ u1 u2 . . . u2n½ � ðdim U ¼ m� 2nÞ
WCL ¼ wCL;1 wCL;2 . . . wCL;2n

� �
ðdim WCL ¼ 2n� 2nÞ:

ð13:25Þ

Recalling Eq. 13.17, it is:

U ¼ �G WCL ð26Þ

and, therefore, the gain matrix can be found as

G ¼ �U �W�1
CL: ð13:27Þ

Once G is calculated through Eq. 13.27, the corresponding control forces fu

defined by Eq. 13.14 are able to approximately transform the original structure so
that it has the desired modal properties:

• frequency and damping ratio of each selected mode;
• modal shapes.
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It is worth to notice that the procedure described before works also if only a portion
of a CL eigenvector is desired to have a given shape. In other words, the selection
can be also referred to portions of some or all CL eigenvectors. Due to the approx-
imate calculations introduced before, the less demanding is the eigenvector selection,
the most accurate is the result, i.e., the closer are CL and desired eigenvectors.

Provided that more than one independent controller be available and that the
positioning of such controllers yields a controllable system, for a feed-back con-
trolled wind turbine it is thus possible to directly design the modal behavior, in
terms of both modal frequencies and damping ratio, and modal shapes. When there
is only one controller available, as in the case of the experimental activity
described herein, it is possible to directly design modal frequencies and damping
ratio only, and to indirectly control modal shapes.

13.5.1 Closed-Loop Eigenstructure Selection (CLES)
Algorithm

A simplified structural model of the wind turbine mock up described in the pre-
vious sections is shown in Fig. 13.14. It is a 2 DOFs system whose equations of
motion in the absence of any external disturbance are:

mT mT

0 ma=h

� �
€del
€drig

� �
þ cT 0

0 0

� �
_del
_drig

� �
þ kT 0

0 2 � ks � l2
s=h

� �
del

drig

� �

¼ � 0
2 � ld

� �
� fd ð13:28Þ

or

M €dþ C _dþK d ¼ �p fd ð13:29Þ

where:
mT = mtop + mtow is the translational mass of the model;
mtop = 280 kg is the translational mass at the top of the tower;
mtow = 15.4 kg is the 1st mode translational mass of the vertical structure;
ma = 8,329 kg m2 is the rotational mass of the model;
cT = 32.4 Ns/m is the equivalent linear viscous damping of the tower;
kT = 13,855 N/m is the lateral stiffness of the tower;
ks = 89,000 N/m is the stiffness of each base spring;
ls = 0.65 m is distance between each spring and the hinge;
ld = 0.45 m is distance between each SA MR damper and the hinge;
h = 5.26 m is the height of the tower;
fd is the force exerted by each SA MR damper;
a is the rotation of the base;
drig = a 9 h is the rigid portion of the top displacement;
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del is the elastic part of the top displacement;
M, C, and K are the mass, damping, and stiffness matrices;
p is the vector describing the position of the dampers;
d = [del drig]T is the vector collecting the DOFs of the system.

Parameters cT and kT have been defined according to a preliminary identifi-
cation campaign of the fixed base tower, which turned out to show a natural period
of vibration of 0.92 s and a damping ratio equal to 0.8 % [12, 13]. Once the tower
is mounted on the rotating support, the resulting 2 DOFs free (fd = 0) system
described by Eq. 13.28 has modal periods equal to:

1st mode : T1 ¼ 2:09 s;

2nd mode : T2 ¼ 0:92 s:

The first mode is dominated by a rigid rotation around the base hinge, whereas the
second replies the elastic motion of the tower alone on a fixed base, as shown in
Eq. 13.30 where the undamped modal shapes are ordered as columns of the matrix U
and normalized, for clarity, so that one component of each eigenvector is set to 1:

U ¼ 1:000 0:000
0:239 1:000

� �
drig

del

	 

: ð13:30Þ

By considering the dampers in their ‘‘off’’ state, they are equivalent to linear
viscous damper with a constant cd = 6,900 Ns/m [17]. In this case, the force in
each damper is equal to (the sign is already considered in the model of Fig. 13.14).

fd ¼ cd � ld � _drig=h ð13:31Þ

ls

δrig δel

ld

ks

kT

cT

h

fd

α

Fig. 13.14 Structural model
of the tested mock-up
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and Eq. 13.28 can be written as

mT mT

0 ma=h

� � €del

€drig

" #
þ

cT 0

0 2 � cd � l2d=h

� � _del

_drig

" #
þ

kT 0

0 2 � ks � l2
s=h

� �
del

drig

� �
¼

0

0

� �
:

ð13:32Þ

or

M €dþ Coff
_dþK d ¼ 0 ð13:33Þ

being Coff the damping matrix when the SA MR dampers are switched off. This
system can be equivalently described in the state space as

_z ¼ Aoff z ð13:34Þ

where z is the state vector of the system and Aoff is the matrix describing the
dynamic behavior of the tested model when the dampers are switched off, defined
as follows:

z ¼ ½ del drig
_del

_drig �T; Aoff ¼
02�2 I2�2

�M�1K �M�1Coff

� �
ð13:35Þ

The complex eigenvalues of Aoff describe the periods Ti and the modal damping
ratios ni of the tested model. They are as follows:

1st mode : T1 ¼ 2:09 s n1 ¼ 5:6 %;

2nd mode : T2 ¼ 0:92 s n2 ¼ 0:8 %:

The first objective of the control algorithm is to achieve higher damping ratios
without changing the periods of vibration. This objective can be reached through
the classical pole placement procedure of System’s Theory. If a ‘‘desired’’ force
u for each damper is assumed, Eq. 13.29 can be written, in the state space, as

_z ¼ A zþ b u ð13:36Þ

where

A ¼ 02�2 I2�2

�M�1K �M�1C

� �
b ¼ 02�1

�M�1 p

� �
ð13:37Þ

If the control force is proportional to the system’s state through Eq. 13.14, it
can be showed that the gain matrix G can be designed so as that the eigenvalues of
the controlled system can be arbitrarily assigned or, in other words, the desired
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values of damping ratios and natural periods can be achieved [10]. Therefore, the
matrix G can be designed so as to achieve the first objective of maintaining the
modal periods while increasing the modal damping ratios.

As said before, within the experimental setup herein focused, only one inde-
pendent control force was available, provided by the 2 SA MR dampers. Should
more independent control forces be available, the gain matrix G could be designed
to arbitrarily modify the modal shapes of the controlled system, too. Actually, this
is the second objective of the control strategy adopted, i.e., to modify the modal
behavior of the tower so as to obtain a dominant, highly damped mode corre-
sponding to a rigid rotation of the structure around the base hinge and a secondary
mode combining a rigid rotation to an elastic deformation of the tower bounded by
a damping ratio significantly higher than that of the tower alone (0.8 %). Due to
the presence of only one independent controller, the procedure described before
cannot be applied. However, also the pole placement technique modifies, through
G, the CL system matrix and, in turn, its complex eigenvectors (i.e., the modal
shapes of the controlled tower). Therefore, when the desired control force u is
designed through Eq. 13.14 so as to obtain the given values of periods of vibration
and modal damping ratios for the CL system, also the modal shapes of the con-
trolled system change compared to the original, uncontrolled one. Based on a trial
and error iterative procedure, authors ended up with the following feedback
control law:

u ¼ �2 � g1 g2 g3 g4½ � � z ð13:38Þ

where:
g1 = 597 N/m; g2 = 0; g3 = 408 Ns/m; g4 = 1,154 Ns/m.
In this case, the CL controlled tower shows the following periods and damping

ratios:

1st mode : T1 ¼ 2:09 s n1 ¼ 20 %;

2nd mode : T2 ¼ 0:92 s n2 ¼ 5 %:

Correspondingly, the complex eigenvectors of the controlled towers, ordered as
columns of the matrix W* and normalized as before, are:

W� ¼ 1:000j j\ 0	 0:084j j\93	

0:234j j\� 27	 1:000j j\ 0	

� �
drig

del

	 

ð13:39Þ

Equation 13.39 shows only a portion (W*) of the eigenvector matrix W of the
controlled tower. Indeed, in the present case the eigenvectors come in complex
conjugate pairs carrying, each pair, exactly the same piece of information. Fur-
thermore, each eigenvector has four components, two related to displacements
(shown in Eq. 13.39) and two relates to velocities (out of interest in the present
case). Complex eigenvectors in Eq. 13.39 are described through their module and
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phase. The first mode resulted to be dominated by a rigid rotation of the tower
around the base with a reasonably high damping ratio, whereas the second mode is
dominated by the elastic strain of the tower. For the latter, however, in the con-
trolled system a rigid rotation is also involved, so that a damping ratio of about
5 % (
0.8 %) can be obtained due to the SA MR dampers.

If active devices had been involved, the force u(t) should be imposed instant by
instant to them in order to achieve the target performances of the structure. In the
present case of SA control, instead, this force has to be intended as a desired
control action, that is the one the MR dampers have to mimic in real time to lead to
an effective control of the tower response. Therefore, the CLES algorithm has been
set so as to modulate the current fed to the SA MR dampers with the aim to make
the reacting force fd(t) of each damper as close as possible to the theoretical value
u(t). This kind of logic can thus be expressed as follows:

if fd tð Þ � u tð Þ\0 ! i tð Þ ¼ 0
if fd tð Þ � u tð Þ� 0 and fd tð Þj j\ u tð Þj j ! i tð Þ ¼ i t � dtð Þ þ imax � i t � dtð Þ=n½ �
if fd tð Þ � u tð Þ� 0 and fd tð Þj j � u tð Þj j ! i tð Þ ¼ i t � dtð Þ þ 0� i t � dtð Þ=n½ �

ð13:40Þ

where i(t–dt) is the current commanded to the dampers in the instant before the
actual one (t), dt is the sampling time for control (1 ms), n is a dimensionless
parameter (C1) introduced to smoothen the variation of the command current
between 0 and imax.

13.5.2 Two Variables (2VAR) Algorithm

An alternative control algorithm has been formulated and adopted for the shaking
table tests of the wind turbine model. It is based on a more physical and easier
approach in respect to the above-mentioned CLES controller.

The basic idea consists in controlling the base stress and top displacement so as
to ‘‘force’’ them to be within a given range. Reducing top displacement and base
stress are two performance objectives in conflict to each other. Actually, the
demand of base bending stress can be reduced by ‘‘relaxing’’ the base restraint
(i.e., reducing the damping of the SA devices). However, as a direct consequence,
the top displacement demand (related to both the rigid body motion—due to the
base rotation—and the elastic deflection of the tower) will increase.

This controller has been developed aiming to achieve a trade-off between these
two contradictory objectives. To do that, first of all, a limit value for both base
stress and top displacement have been assumed (rlim and xlim in the following,
respectively). Then, by denoting with r(t), x(t) and _x(t), respectively, the maxi-
mum stress at the base, the top displacement, and the top velocity at the instant of
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time t, the following logic has been assumed to take the decision about the optimal
status (‘‘on’’ or ‘‘off’’) to be set for the dampers in that instant:

ifjr tð Þj\rlim ! i tð Þ ¼ imax ð13:41Þ

ifjr tð Þj �rlim and x tð Þj j\xlim ! i tð Þ ¼ 0 ð13:42Þ

if jr tð Þj �rlim and x tð Þj j � xlimand x tð Þ _X tð Þ[ 0! i tð Þ ¼ imax ð13:43Þ

if jr tð Þj �rlim and x tð Þj j � xlim and x tð Þ _X tð Þ� 0! i tð Þ ¼ 0: ð13:44Þ

In other words, the controller keeps ‘‘stiffer’’ the base restraint until the stress
does not exceed the limit value (Eq. 13.41), whereas ‘‘relaxes’’ it (switching off
the MR dampers) when this limit is passed and the displacement falls within the
limits (Eq. 13.42). When both stress and displacement are beyond the respective
threshold values, the controller switches on the dampers if the displacement is
going in the direction of a further increase (so trying to invert or at least to damp
this trend; Eq. 13.43), otherwise it switches off the MR devices to make sure they
do not hinder the ongoing reduction of displacement (Eq. 13.44).

Figure 13.15 graphically describes this algorithm, in a schematic way, showing
what is the decision of the controller (switch on or switch off) depending on the
occurrence of each of the four above-mentioned possible combination about the
state of base stress and top displacement.

It is worth noting that the practical use of such control algorithm require a
preliminary calibration through properly setting the three involved parameters, i.e.
imax, rlim and xlim.

13.6 Experimental Activity and Results

Two load cases were considered:

• an extreme operating gust (EOG), i.e., a sharp increase, then decrease in wind
speed within a short period of time;

• a high velocity wind buffeting, i.e., a load case (called ‘‘parking’’, PRK) that
typically concerns a wind turbine when ‘‘parked’’ (with a controlled shut-
down) due to the high-velocity wind.

Chen and Georgakis [12, 13], for both load cases, have defined an equivalent
base acceleration time history (Fig. 13.16), that is the base input that would give
the same top mass response of the real, fixed base structure subjected to the wind
action. This kind of analysis has been made using the wind turbine aeroelastic code
HAWC2 (Horizontal Axis Wind turbine simulation Code, second generation),
realized at the DTU (Denmark) for calculating wind turbine response in time
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domain [20]. These accelerograms have been reproduced through the shaking table
facility to perform all the dynamic tests discussed in the following.

The mock-up structure has been tested first in a fixed base (FB) condition. The
FB configuration has been realized using the same setup of Fig. 13.4, simply

top displacement

σlim

xlim

OFF

(2) (4) (3)

OFF ON

(1)

ON

ba
se

 s
tr

es
sFig. 13.15 The logic behind

the 2VAR controller
(numbers refer to
Eqs. 13.41–13.44)

Fig. 13.16 Equivalent base
accelerations corresponding
to the two wind load cases:
a Extreme operating gust
(EOG), b Parking (PRK)
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imposing the MR dampers to work as rigid links, feeding them with a constant
current of 3 A during the overall duration of the tests. Actually the expected (then
registered) maximum force applied to the dampers for the two FB tests were less
than 5 kN, therefore much less than the threshold value for the ‘‘friction’’ force Fdy

of the devices (about 27 kN for 3 A, according to Eq. 13.3). Table 13.1 summa-
rizes the peak absolute value for displacement x (top of the tower relative to the
base) and for base stress r for both load cases.

The structural model has been tested first using the CLES control algorithm.
The higher value of the dimensionless parameter n involved in the procedure, as
previously said, gives smoother variations of command voltage in time. According
to the results of three pre-tests, the values n = 15 for the EOG load case and n = 1
for PRK load case were selected.

Subsequently, various tests have been performed with the 2VAR control
algorithm to evaluate and compare the effects, in terms of reduction of the
structural response, of different couples of stress (rlim) and displacement (xlim)
limits chosen within the ranges [10, 40] MPa and [16, 46] mm respectively. The
best combination of limit values resulted to be (rlim, xlim) = (30 MPa, 46 mm) for
the EOG load case, and (rlim, xlim) = (12 MPa, 20 mm) for the PRK input.

For each of the above-mentioned tests the reduction of the base stress has been
monitored as the first objective to be achieved. Moreover, the effectiveness in
controlling top displacement has been evaluated, even if a moderate increase has
been considered acceptable. In particular, peak top displacement less than 1.3
times the peak registered in the FB condition have been tolerated, not causing
significant detrimental second order effects to the tower.

The main experimental results related to the four tests (two load cases, two
controllers) are described in the next sections, first with reference to the EOG, then
to the PRK load cases.

In the following, the command voltage has to be intended as a 0–10 V voltage
signal in output from the controller (PC) and in input to the power supplies, the
latter having, when adopted as current driver, a control loop gain 0.4 A/V. The
maximum intensity of current inside the dampers for all the tests has been set equal
to 1 A. Therefore, the maximum command signal is 2.5 V.

Table 13.1 Fixed base con-
dition: peak response of the
tower under both load cases

input max|r| [MPa] max|x| [mm]

EOG 51 39

PRK 29 25
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13.6.1 SA Control for the Extreme Operating Gust
Load Case

An extreme operating gust (EOG) is a sharp increase and then decrease in wind
speed that occurs over a short period of time while the turbine is operating. The
equivalent base acceleration time history in Fig. 13.16 has been considered herein
to assess the effectiveness of both SA control strategies, reproducing such input
signal through the DTU shaking table, properly commanding the MTS actuator.

In the following, the results obtained with the CLES controller are described
first, then those corresponding to the 2VAR logic.

13.6.1.1 CLES Controller: Response Reduction Under the EOG
Load Case

The desired control force u(t) as defined in Sect. 13.5.1 has been calculated in real
time during the entire duration of the test. The CLES controller modulated the
command signal so as to make the current vary between 0 and 1 A, aiming, at each
instant of time, at making the MR reactive force as close to u(t) as possible.

Figure 13.17 shows the results in terms of base stress, top displacement,
command voltage, and forces, desired and actual force exerted by MR dampers,
respectively. The time window 4–10 s has been plotted, i.e., that corresponding to
the most significant part of the accelerogram imposed at the base. The first two
diagrams—(a) and (b)—allow to compare the SA controlled response to that
corresponding to the FB condition, under the same input base motion.

The actual control force of the MR dampers satisfactory tracked the desired one
(Fig. 13.17d), thanks to the modulation of the command voltage according to the
above-mentioned logic (Fig. 13.17c). This lead, as expected, to a strong reduction
of base stress, trading off larger peak top displacement, however, within the tol-
erance assumed in respect to the one registered for the FB case. Table 13.2 helps
synthesize such findings, in terms of peak values of base stress and of top dis-
placement recorded for the whole duration of the test. The CLES controller, in
respect to the FB case, reduced the peak base stress of 67 %, even at the cost of
28 % larger peak top displacement.

13.6.1.2 2VAR Controller: Response Reduction Under the EOG
Load Case

The performance of the 2VAR controller with limit values of rlim and xlim equal to
30 MPa and 46 mm, respectively, is described in the following. Figure 13.18
shows the results in terms of base stress, top displacements, and command voltage,
allowing the comparison with the FB response under the same base input motion.
The first two diagrams—(a) and (b)—are referred to the overall duration of the
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EOG accelerogram, whereas diagrams (c), (d), and (e) are focused on a 2 s time
window (5.5–7.5 s), so highlighting the behavior of the uncontrolled and con-
trolled tower during the strongest phase of the base excitation.

It can be observed that the top displacement always resulted to be within the
limit of 46 mm, therefore only conditions in Eqs. 13.41 and 13.42 occurred.
Figure 13.18c–e highlights the position of two instants of time (6.19 and 6.77 s)
where the condition of Eq. 13.42 and of Eq. 13.41, respectively occurred, causing
a switch-off and a switch-on of the current in the devices. Looking again at
Fig. 13.18, the reduction of stress and displacement compared to FB case (except
for the peak displacement) is quite evident. In particular, around the strong phase
of the excitation, the control algorithm, also thanks the promptness of the control

Fixed base 
Semi-active control 

Fixed base 
Semi-active control 

Desired 
MR force 

(a)

(b)

(c)

(d)

Fig. 13.17 EOG load case: SA control via the CLES controller and comparison with the FB case

Table 13.2 EOG input: peak
response of the FB structure
and of the SA case using the
CLES controller

Case max|r| max|x|

Fixed base 51 MPa 39 mm

Semi-active CLES 17 MPa 50 mm

FB ? SA -67 % +28 %

Percentage variation from the first to the second condition
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chain, perfectly worked in ‘‘pushing down’’ the peak values of stress demand,
forcing it to stay within the fixed limits.

Table 13.3, as for the CLES controller examined above, shows the peak values
of base stress and top displacement for the FB and the 2VAR controlled cases. It
allows to conclude that the 2VAR control logic, in respect to the FB case, reduced
the peak base stress of 29 %, even at the cost of a 15 % increase of the peak top
displacement.

13.6.2 SA Control for the Parking Load Case

When a pitch-controlled wind turbine shuts down due to the high-velocity wind,
the loss of power leads to a sudden pitch of the rotor blades, leading to a ‘‘sling-
shot’’ effect, followed by a free-decay response. When parked, the wind turbine

Fig. 13.18 EOG load case: SA control via the 2VAR controller and comparison of the response
with the FB case
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will be subjected to high velocity wind buffeting, which is herein referred to as
‘‘parking’’ (PRK) load case.

The equivalent base acceleration time history in Fig. 13.16 has been considered
to assess the effectiveness of both SA control strategies, reproducing such input
signal by the shaking table. In the following, the results obtained with the CLES
controller first, then with the 2VAR control logic, are discussed. Since the long
duration of the input (more than 2 min), a 10 s time window has been chosen to
plot the response time-histories, not to lose their readability and to show in a
clearer manner how the controllers worked.

For the PRK load case, the control activity resulted to be higher than in the
EOG case. The control algorithms switched on or off the MR devices many more
times, making them able to better dissipate the input energy. From this perspective,
the higher acceleration demand (value and number of peaks) corresponding to the
PRK load case justifies the better response reduction achieved by the same SA
system if compared to the EOG input.

13.6.2.1 CLES Controller: Response Reduction Under the PRK
Load Case

Figure 13.19 shows the results in terms of base stress, top displacements, com-
mand voltage, and forces, respectively desired and actually exerted by MR
dampers, within the selected 10 s time window. Also in this case, the controller
has been able to drive MR dampers to react similarly to the ideal device, i.e., the
one that would exactly output the desired control force u(t). With reference to
the assumed sample time window, Fig. 13.19 clearly shows that the CLES con-
troller lead to a strong reduction of the base stress, without significantly altering
the response in terms of displacement. Confirming this finding, Table 13.4 shows
peak values, over the entire input duration, of base stress and top displacement and
their percentage variation in respect to the FB case. The peak base stress results to
be reduced of 48 %, while the peak top displacement did not change appreciably.

Table 13.3 EOG input: peak
response of the FB structure
and of the SA case using the
2VAR controller

Case max|r| max|x|

Fixed base 51 MPa 39 mm

Semi-active 2VAR 36 MPa 45 mm

FB ? SA -29 % +15 %

Percentage variation from the first to the second condition
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13.6.2.2 2VAR Controller: Response Reduction Under the PRK
Load Case

The 2VAR controller for the PRK input has been set with rlim = 12 MPa and
xlim = 20 mm, as said above. Figure 13.20 shows the results in terms of base
stress, top displacements, and command voltage, allowing the comparison with the
FB response under the same base input motion, over the above 10 s time window.

The effectiveness of the SA control strategy based on the 2VAR logic clearly
emerges comparing the plots of the response parameters with those referred to the
FB case. As a matter of a fact, both base stress and top displacement in the SA test
result to be forced by the controller to stay within the assigned limits.

(a)

(b)

(c)

(d)

Fixed base Semi-active control 

Fixed base Semi-active control 

Desired u(t) MR force 

Fig. 13.19 PRK load case: SA control via the CLES controller and comparison of the response
with the FB case

Table 13.4 PRK input: peak
response of the FB structure
and of the SA case using the
CLES controller

Case max|r| max|x|

Fixed base 29 MPa 25 mm

Semi-active CLES 15 MPa 25 mm

FB ? SA -48 % 0 %

Percentage variation from the first to the second condition

404 N. Caterino et al.



As previously done with reference to the other application, the peak values for
base stress and top displacement are assumed as synthetic indicators of the
response for both FB and 2VAR controlled cases. Table 13.5 shows these values
and the percentage variation from the FB to the SA case. It allows to conclude that
the 2VAR control logic, for the PRK load case, lead to a significant reduction of
the peak base stress (31 %), even if smaller than the one (48 %) obtained with the
CLES controller. On the other hand, the 2VAR control logic has also been able to
damp the top displacement, making the peak value 8 % smaller with respect to the
FB case.

13.7 Conclusions

The theoretical base and the experimental activity about an SA control system for
wind turbines based on MR devices has been described. The main findings of the
research activity are as follows:

σlim

-σlim

xlim

(a)

(b)

(c)

-xlim

Fixed base Semi-active control 

Fixed base Semi-active control 

Fig. 13.20 PRK load case: SA control via the 2VAR controller and comparison of the response
with the FB case

Table 13.5 PRK input: peak
response of the FB structure
and of the SA case using the
2VAR controller

Case max|r| max|x|

Fixed base 29 MPa 25 mm

Semi-active 2VAR 20 MPa 23 mm

FB ? SA –31 % -8 %

Percentage variation from the first to the second condition
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• Structural control of wind turbines based on SA MR dampers and on a base
restraint rearrangement of the tower looks feasible;

• Significant reduction of stresses in the turbine tower can be reached trading off
a minor increase of the top displacement. Due to the proposed control system,
however, displacements of the tower are only partly related to strain;

• Obviously, control algorithms play a relevant role in the behavior of the
controlled systems. However, in judging their performances the complexity and
the overall reliability of the system (number and type of sensors, real-time
computing effort needed) should be taken into account.

A further optimization of the response of a wind turbine can be envisioned by
considering the possibility of fully reshaping the modal behavior. The theoretical
base of such a strategy is also presented herein, based on the exploitation of more
than one independent control force. The possibility of adopting multiple SA MR
dampers in the structural control of wind turbines represents the next research step,
currently in progress, of the research activity.
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