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Abstract

During their lifecycle, wind turbines can be subjected to multiple hazard loads, such as high-
intensity wind, earthquake, wave, and mechanical unbalance. Excessive vibrations, due to these
loads, can have detrimental effects on energy production, structural lifecycle, and the initial cost
of wind turbines. Vibration control by various means, such as passive, active, and semi-active
control systems provide crucial solutions to these issues. We developed a novel control theory
that enables semi-active controller tuning under the complex structural behavior and inherent
system nonlinearity. The proposed theory enables the evaluation of semi-active controllers’
performance of multi-degrees-of-freedom systems, without the need for time-consuming
simulations. A wide range of controllers can be tested in a fraction of a second, and their
parameters can be tuned to achieve system-level performance for different optimization

objectives.
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1. Introduction

The increasing energy consumption and the need for dependable, secure, and clean energy have led
to explorations in non-conventional sources, particularly in renewable sources of energy. During the
past decade, wind energy has been known as the fastest-growing source of electricity in the world, and
it is anticipated to play a significant role in sustainably and powering the future. Today, wind energy
has already become one of the main electricity sources in some countries such as Denmark, Portugal,
Spain, and Germany, where the contribution of wind energy to the total power is 21%, 18%, 16%, and
9%, respectively [1]. In 2015, the contribution of wind energy to the nation’s electricity in the United
States was about 1%, while potentially it could be increased up to 20%, without major changes in the
distribution system [2].

Wind turbines can be deployed in coastal zones, inland, and offshore areas, wherever the wind is
powerful and uniform, and close enough to the market. However, installing wind turbines in areas with
powerful winds and at a short distance to the market can lead to significant design challenges. Modern
wind turbines likely face various natural hazards. The population concentration in coastal areas, and
the availability of more powerful and uniform wind resources, accelerated the development of coastal
and offshore wind farms. However, environmental loads, such as wind and waves are harsher in coastal
and offshore areas, which can cause severe damages to wind turbines, or make the produced power
more expensive and less dependable.

It has been less than 15 years since wind farms started to be installed in seismic prone areas.
Therefore, due to the lack of experience, there is no guaranty that modern wind turbines can survive
extreme earthquakes [3]. The effect of pulse-like near-fault ground motions on utility-scale land-based
wind turbines was investigated [4]. Flexural testing was conducted on a full-scale 60-kW wind turbine’s
tower, telescopic steel pipe [5]. The concerns over the possibility of exposure of more modern wind
turbines to multi-hazard loads make the understanding of the structural behavior more important than
before. These concerns motivated a global endeavor to study and evaluate the performance of modern
wind turbines, exposed to various loading scenarios. The efforts are continuing, to provide a
comprehensive perspective of the performance and functionality at a system-level, for wind turbines
to survive multi-hazard loads.

According to the findings of other researchers, an important trait of modern wind turbines that
needs consideration is the flexibility of the structure and the challenge of damping deficit. Consequently,
the exposure of a wind turbine to the intense environmental dynamic loads can cause excessive
vibrations in the system. The undesirable motion can impose several aftereffects on the wind turbine,
such as malfunctioning of mechanical parts in the nacelle or the rotor, power production disorders,
reduced wind turbine’s availability, crack deployment through the machine, reduced fatigue life of the
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system, increased likelihood of failure, and the need for more frequent maintenance. The direct and
indirect consequences of these problems can lead to costly generated electricity.

Despite a limited number of studies on the evaluation and mitigation of wind turbines under multi-
hazard loads, during the past decades, there were ongoing researches and advances in structural
dynamic performance improvements of high-rise buildings and tall structures excited by wind and
seismic loads [6-11]. It is shown in previous studies that employing external dampers is an effective
method to control the vibration of lightly damped, tall, and flexible civil engineering structures [8, 12-
16]. However, to design for multi-hazard loads, the aftereffects of applying a specific vibration
mitigation method should be seen from a wider perspective. For instance, while vibration isolation is
identified as an acceptable approach to increase the damping capacity of a structure under earthquakes,
it might not be effective to mitigate wind-induced vibrations. The dynamic response of a base-isolated
structure was numerically investigated and optimized for both wind and earthquake [17]. The results
showed that base-isolation could not suppress excessive accelerations during high wind events. Similar
results are observed from studies that investigated installing the vibration absorbers at the top of a
turbine’s tower, or the foundation, using semi-active MR dampers [18, 19]. Implementing an isolation
system is beneficial for reducing certain turbine responses, particularly for wind turbines in seismically
active regions. In contrast, the hub displacement was increased. The other examples are tuned mass
dampers (TMDs) and tuned liquid dampers (TLDs) that more or less have acceptable performance for
wind-induced vibrations in wind turbines [10, 20-22]. There is no solid agreement, whether or not they
are effective enough for reducing ground motion-induced vibrations. TMDs are shown to be effective
in wind response control of wind turbines with soil-structure interaction [23]. Some researchers found
them ineffective or not significantly effective to mitigate the seismic response [24-26]. Other
researchers reported considerable response reduction using TMDs [27-32]. Moreover, having no
control over tuning the controller during operation is another important problem of the passive
dampers. To tune the passive TMD, comprehensive studies should be done [33], to investigate the
performance of the controller under diverse load scenarios and tune the frequency for a specific case.
However, the tuning frequency depends on the predefined load scenario and it is not adjustable, which
is a drawback for the multi-hazard loading case, where different loading characteristics are expected.
In contrast, smart dampers can produce variable control forces, which make them more effective,
compared to passive TMDs as reported in various studies [34, 35].

The effectiveness of semi-active and active controllers in mitigating wind- and earthquake-induced
vibrations of tall structures was investigated extensively [10, 36-43]. While active dampers show an
effective performance to reduce the responses since they inject significant non-dissipative energy to
the system and they need external power, employing active dampers to control wind turbines’
structural vibration is an imperfect solution due to: (1) the controller can cause instability [44], and (2)
the power consumption can be a significant concern in this approach [45, 46]. However, semi-active
dampers showed acceptable performance as they benefit from the positive characteristics of both
passive and active controllers. Semi-active dampers do not suffer passive controllers’ drawbacks,
regarding the frequency tuning, and active controllers’ problems, including the need for significant
external power resources and instability challenges [10, 11]. Wind turbines are already installed with
power electronic devices, therefore it is convenient to control blade and tower vibrations by the use of
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power electronics-based controllers [47]. The literature has some detailed comparison between passive
and semi-active TMDs, in terms of performance, dissipated energy, and TMD stroke [10, 48].

An important design task related to the application of controllers to suppress vibrations of a
structure is tuning the controller’'s parameters according to the structure’s properties, control
objectives, and loading scenarios. In a semi-active damper, the performance of the controller and its
success to suppress excessive vibrations depends on the desired control force, as well as the control
algorithm that commands the damper. While there are a few recent studies on the advantages of
employing semi-active dampers in wind turbines excited by multi-hazard loads [35, 49], the evaluation
of the controller performance and structural behavior depends on the simulation of several cases with
a family of controllers. Therefore, selecting a control approach is not generic and independent of the
simulation.

Vibration mitigation through increasing damping can be an effective approach, to remedy these
problems. However, vibration mitigation is not a straightforward approach that can be achieved
following specific steps for all wind turbines, regardless of their environmental conditions. Since wind
turbines may confront unequal natural hazards during their useful life, it should be taken into
consideration that each type of natural hazard could have a specific impact on the structure, depending
on the overall environmental conditions and structural characteristics. Therefore, it is of utmost
importance to assess the structural performance and evaluate the mitigation approaches for various
scenarios, to ascertain a proposed solution for one hazard does not make the structure more vulnerable
to another hazard. Structural modeling and evaluating the performance of dynamic systems with multi-
degree-of-freedom is generally a time-consuming process. Evaluating these systems with various
control methods makes the models even more tedious and time-consuming. To overcome these issues,
an innovative analytical approach is proposed to evaluate the performance of the controlled wind
turbines that are modeled as multi-degree-of-freedom systems.

Considering the aforementioned points regarding the effects of multi-hazard loads on wind turbines,
and structural control concerns, the current study aimed to address the context of the design of semi-
active controllers for wind turbines under multi-hazard loads. This paper employs an energy-based
analytical approach to design the controllers for a wind turbine in parked and operating conditions. An
outer bracing MR damper system connected to the tower is presented. The control system is identified
as an effective option for a wind turbine subjected to seismic and wind loads [10, 50]. In the next
sections, an introduction to wind turbine systems, dynamic modeling, and control will be presented,
followed by an application example of a 5 MW wind turbine subjected to wind and earthquake loads.
The paper ends with a summary of the main findings.

2. Wind Turbines

Wind turbines are devices that harvest the power of the wind and convert it into a useful form of
energy (electricity). Wind power makes the blades of a wind turbine turn around a rotor. The main shaft
transfers this rotation to the generator via a gearbox unit and the generator converts the mechanical
energy to electrical energy. A wind turbine consists of a hub, rotor, blades, nacelle, and tower. Figure 1
illustrates a detailed view of the inside of a wind turbine. The blades and the rotor are rotary parts,
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moving to bypass the wind through the rotor plane. The nacelle is a house for the mechanical parts and
the tower is a foundation for the nacelle and the rotor to place them at an appropriate height. The
materials that are used to build each component are continually changed and improved over the years,
mainly because of significant changes in the height and size of the turbine, to harvest more wind energy
by a single unit.

L
Controller b ater
Ll

Wind direction

MNacolle Wind vane

High-speed shaft

Yawm otor—i
Tower =

Generator

Figure 1 Anatomy of a wind turbine [51].

Developing technology vyields increasing wind turbines’ efficiency, rotor size, height, and more
extracted energy. Developing technology also caused a continuous change in the material used in the
construction of wind turbines. The trend is toward lighter weight and low-cost materials, especially for
the blades and towers. The tower weight is typically 60% of the weight of the turbine above the
foundation [52]. Therefore, the trend is toward using lighter steel and composite materials. An
important issue that should be considered is the material fatigue properties. The majority of the
components of a wind turbine, with a useful life of 30 years, are required to be able to sustain 4x108
fatigue stress cycles. This is even stricter than the fatigue stress cycles of other man-made structures,
such as engines, aircraft, and bridges [52].

The tower can be made of various materials. Steel lattice is the material that was commonly used in
early towers. However, because of the exposure of numbers of connections to corrosion, and the
sensitivity of weak diagonals to wind excitation, the use of steel lattice towers is not safe to support
the modern and higher capacity turbines [53]. Hence, steel lattice was replaced by cylindrical steel
tubes in modern towers. Besides, for towers higher than 85 m, concrete can have better performance
to balance the vibration excitation, compared to steel tube towers [54]. However, concrete towers may
suffer the problem of thermal constraints, leading to cracking, and consequently changing the natural
frequency and structural characteristics. The main material used in wind turbines from 2001 to 2010 in
the U.S. and worldwide was steel, particularly for large wind turbines [52]. Besides, in coastal areas, the
part of fixed wind turbines that are placed in water is normally constructed from concrete.

According to the mentioned points, because the modern wind turbines are taller and lighter than
the former generations, these structures are more flexible than before. This flexibility makes them
sensitive to the environmental dynamic loads and causes excessive vibrations in the tower as well as
the whole structure. Severe vibrations can cause functionality malfunctioning or permanent damages
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to acceleration-sensitive mechanical parts or may reduce the structure’s fatigue life and increase the
chance of systematic failure.

In a wind turbine, damage can occur everywhere from mechanical and electrical parts to structural
parts. However, from a civil engineering point of view, the damages can occur through the foundation,
the tower steel tube, bolts, or blades. Structural failures are reported in various countries, such as
Scotland, Spain, Germany, Japan, France, Wales, Denmark, and New Zealand [55]. The investigation of
wind turbine failures in Germany shows that all mechanical components have almost equal damage
frequency as the primary structure [56].

Structural failure has been the third most common industrial accident in wind turbines, with 183
reported instances from the 1970s to 2017 [57]. Storm damage, tower collapse, poor control, lack of
maintenance, and component failure were the main concerns in structural failures [57]. Figure 2 shows
several structural and blade failures between the 1970s and 2017.

shows the collapse of two wind turbines, due to structural failure in Cape Breton, Canada, and
Kansas, U.S. Failure of a wind turbine can have both societal and economic impacts. Modern wind
energy harvesting is in a transient stage in most countries from just a potential source of energy to a
dominant source of electricity. Condition monitoring and fault detection of wind turbines can improve
the reliability of wind turbine power generation [58, 59]. The failure of wind turbines can make doubt
on the reliability of this energy and increase the power production costs. Considering the
aforementioned points, and the consequences of failure, it is crucial to study wind turbines from a
structural point of view, under dynamic loads, to advance their design.
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Figure 2 Structural and blade failures between 1970 and 2017.

(b)

Figure 3 Wind turbine tower collapse: (a) Cape Breton, Canada [60], and (b) Kansas, USA
[61].
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3. Structural Dynamics

Under the action of environmental loads, a wind turbine, as a tall and flexible structure, responds
according to the load characteristics and the structure’s properties. Like other tall structures, there are
several studies on the structural dynamic behavior of wind turbines, particularly by increasing the size
of these structures, the static analysis becomes insufficient to design the support structures. As a very
basic assumption, a wind turbine can be considered as a spring-dashpot single-degree-of-freedom
(SDOF) system excited with a harmonic or random force, or constrained mass at a top of a cantilevered
beam [62, 63] (Figure 4). Here, the governing equation of motion for the system can be obtained from
Newton’s second law as follows.

MX +CX + KX = F(t) €))

\
1l
1

Figure 4 Schematic representation of a wind turbine and its simplified equivalent SDOF
structural and mechanical spring-dashpot system model.

Where X is the displacement response, M, C, and K are the mass, damping coefficient, and stiffness,
respectively, and F is the excitation force. The dots on the top of the displacement (X) designate the 1°
and 2"¢ derivatives, representing the velocity and acceleration of the system, respectively. This
equation can be rewritten in another form that relates the responses to the damping ratio and the
natural frequency of the system:

.. . 1
X +2{wX + w?X = MF(t) (2)
here, w and  are the natural frequency and the damping ratio of the system, respectively. As a very

basic assumption, the natural frequency, f,,1, can be approximated as follows [63].

,  3.04 El
fur =7 3 (3)
4m? (M + 0.227pL)L

W is the tower mass per meter, M is the top mass, E/ is the tower bending stiffness, and L is the tower
height. Considering the nature of the environmental loads on wind turbines, the structure should be
designed to have the first natural frequency between the two limits called 1P and 3P. Where 1P is a
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rotor loading frequency and 3P is the blade passing frequency for a three-bladed wind turbine. These
frequency limits depend on the type of wind turbine, foundation, and the dominant environmental
force. Designing the structure that its natural frequency places somewhere between 1P and 3P are
called a soft-stiff design approach. Here, in this approach, the wind turbine is not that stiff to have a
natural frequency higher than 3P (say 1 Hz) and is not as soft as a system with a natural frequency of
about 0.17 Hz.

Simplifying a wind turbine as an SDOF system might cause the elimination of considering the real
dynamic behavior of the system. Therefore, various studies are carried out on the dynamic of a wind
turbine using a modal approach or finite element model that considers the structure as a multi-DOF
(MDOF) system. 0 shows an MDOF model of a fixed offshore wind turbine with lumped mass at various
heights of the tower in the parked position eliminating the blades-tower coupled interaction. An
example of this model is one of the first studies carried out on the effect of wave loads on offshore
fixed wind turbines [64]. In this study, a 750 kW two-bladed wind turbine was modeled as a six DOF
system with concentrated masses in the nodes, and the masses were connected with a massless column
having finite bending stiffness. Another method that is used in common simulation codes such as CAsT
and FAST to find the response of parked or operating wind turbines is modeling based on the solution
of the equation of motion for an MDOF beam element for each time step [48, 65-67].

In addition to the simplified models that mainly consider the wind turbine’s tower or the wind
turbine in the parked position, some models are more sophisticated which take the coupled effects of
rotating blades, nacelle, and tower into account (Figure 5). Examples of these models are used in some
studies [34, 68-71]. In most of these studies, the equations of motion of the system are developed
based on the Euler—Lagrange formulation.

()T, .

dt\aq,) " aq, " aq,

l l

n
1y

. =
[

Figure 5 MDOF model of an offshore wind turbine on a mono-pile foundation.
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Here, T is the kinetic energy and V is the potential energy of the system, respectively. gi is the
displacement and Q; is the generalized loading corresponding to the i-th DOF. Therefore, the mass and
stiffness matrices can be obtained by defining appropriate kinetic and potential energy equations. The
potential energy term for a wind turbine, considering fore-aft and side-side direction of motion can be
written as follows [69]:

3
1
Vrotar = E Z

Jj=0

L ? 06, .\ /00
[ 22 - (2 3t (2] ()
0

+ NG ( ””) dx +N(x)< al;ut)zdx+6(x)(agi’:n) dx +a(x)( ‘;”f)zdxl

1
+= 2 knm X Qn in +3 knout X Qnout (5)

where L and E are the length and the modulus of elasticity of the blade, respectively. Q is the rotor’s
rotational speed. The subscripts in and out are for in and out of rotor plane displacements and k is the
stiffness of the tower/nacelle. For an operating wind turbine, the rotation of the blade leads to an
excessive centrifugal stiffening effect. The gravity causes additional stiffness in the blades. Therefore,
N(x) and G(x) which denotes the centrifugal and gravitational forces can be defined as:

L

NG = 0 f w(©)eds ©)

L
6(x) = — geost, [ e @)

where variable mass per unit length of the blade is denoted by u(x), and ¢ is the azimuthal angle of the
ith blade because of the rotation. Blades have a 2n/3 phase difference.

‘Pizﬂt+2?n(i—1) (8)

Also, the rotations in in-plane and out-plane are:

ou: :
0 in = a;m 9)
ou;
ei,out = al;ut (10)

the parameters lin(x), lout(X), and linout(x) represent the in and out of plane second area moments of
inertia and the second area products of inertia of the blade’s cross-section, respectively. The cross-
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sectional E/ can be found in NREL documents [72]. Kinetic energy also can be calculated from the
following equation:

1
Tnacelie = E

L
1 1
fu(x)vizdx + EMquTZI,iTl + EMquTZL,Out (11)
0

3
i=1

where, v, is the absolute velocity of the ith blade and is absolute in- and out-plane velocity of the
nacelle and M, is the mass of the tower [69]. Therefore, the wind turbine’s mass, stiffness, and damping
matrices can be derived.

Damping is assumed to be stiffness proportional for both the tower and the blades. Therefore, with
the damping ratios of ¢, and ¢, and natural frequencies of w, and wy for the nacelle/tower and blades
respectively, the damping can be obtained from the following relations:

(n
=2—K
CTL wn n
$p
=2—K 12
Cp o, b (12)

K» and Kp are the stiffness matrices of the nacelle/tower and blades. For more details refer to [68-71].

The presented models consider the structural properties of a wind turbine, regardless of the soil-
structure interaction, controlled systems, and applied loads. More details on soil-structure interaction
can be found in [69, 73-75]. Having an appropriate wind turbine model provides a tool to investigate
the system’s responses and its problems. Since the focus of current research is to reduce the excessive
vibrations in wind turbines, one should go through the methods to control the structure.

4, Structural Control

External dampers can be employed in structures to produce counter forces, reduce the responses,
and therefore control structural vibrations. The first important step in the matureness of the
application of structural control for civil engineering structures backs to 1994 that the first world
conference on structural control was held in Los Angeles [44]. Since 1994, structural controllers are
developed to a great extent and various types of them, including passive, semi-active, active, and hybrid
controllers are investigated.

4.1 Passive Control

Passive control employs tuned devices and there will be no continuous adjustment during the
operation. Therefore, there is no need for an external power source and the design concept is much
simpler than other types of controllers. Passive dampers can improve the damping ratio of civil
engineering structures, which normally are less than 2%. Hence, passive dampers increase the
dissipation capacity of the structures. Since the 1990s, impressive efforts have been done to implement
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the theory of applying external dampers into reality as a practical solution for civil engineering structure
[76, 77].

Tuned mass dampers (TMDs), tuned liquid dampers (TLDs) and viscous fluid dampers are three
examples of these controllers that have been used in full-scale civil engineering structures during the
last decades. Tuned mass damper conceptually presented by [78]. It consists of a mass connected to
the primary mass with a tuned spring and an oil dashpot damping system. The use of these systems is
investigated widely for different types of civil engineering structures such as bridges, tall buildings, and
wind turbines [20, 21, 31, 79]. Two of the tall buildings in the U.S. that are equipped with TMDs are
John Hancock Tower in Boston and Citicorp Center in New York [44].

TLDs are similar to TMDs in concept where the motion of the fluid mass generates the counterforce
to suppress vibrations of the system. Here, the dimension of the fluid tanker defines the damper’s
frequency that should be tuned to the natural frequency of the primary structure. Besides, the fluid
viscosity and the opening of the barriers inside the tankers can adjust the damping ratio of the
controller. Yokohama marine tower and Shin Yokohama are two examples of using TLDs in tall buildings
[44, 80].

One commonly used class of dampers that employ fluids to dissipate energy is viscous damper (VD)
that is widely used in mechanical systems and normally consists of a piston in the damper housing filled
with a compound of silicone or oil [81]. Attractive parameters of this class of dampers that are
interesting for civil engineering structures include the linear viscous response achieved over a broad
frequency range, insensitivity to temperature, and compactness in comparison to stroke and output
force [44]. O illustrates a typical damper of this type. The movement of the piston through the viscous
fluid dissipates energy and if the fluid is purely viscous (e.g. Newtonian), then the damper force is
directly proportional to the velocity of the piston [44]. Therefore, it can be modeled as follows:

fa = Cox (13)
Figure 6 shows the implementation of viscous fluid dampers in civil engineering applications, via a
bracing system, to control the inter-story drift.

(a) (b)

Figure 6 Fluid viscous dampers: (a) schematic representation from Tylor Devices [82], and
(b) large viscous dampers in a building [83].
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4.2 Active Control

In contrary to passive controller devices, active controllers inject energy into the system. These
controllers apply force to the structure through actuators and in consequence, adjustments can be
made. Due to the real-time changes that the active controllers make in the system, they may lead to
instability with the consequences of structural/system failure [44]. Hence, the utmost endeavor should
be done to design controllers to improve the dynamic responses of the system instead of making it
worse. Considering this fact, different methods and algorithms are developed and various studies are
carried out on active controllers. Some of these studies are: sliding mode control [84, 85], saturation
control [86, 87], reliability-based control [88-91], fuzzy control [92-94] and neural control [95]. A
schematic block diagram of the structural control problem is illustrated in Figure 7. As it is mentioned
earlier, an important task is to specify an appropriate control strategy that receives the measured
structural responses by sensors, calculate sufficient control signal, and send it to the actuator. So that
the actuators improve the structure’s performance by injecting enough forces to minimize the errors.

Sensors = Controller —= Sensors
i i
Control
Actuators
!

Excitation = Structure = Response

Figure 7 Block diagram of a generic structural control system.

Figure 8 depicts the installation of an active mass damper at the top of a tall building. Here, to control
the system, a small mass (about 1% of the total mass of the system), is connected to the structure
through an actuator. Sensors measure responses of the structure. A computer processes the data and
according to the control algorithm, it sends appropriate signals to the amplifiers, which finally cause
the reaction of the actuators to the excitation. The first full-scale installation of active control in a tall
building was in the Kyobashi Center building in 1989. The installed control system consists of two AMDs,
one to control transverse motion and the secondary AMD designed to reduce torsional motion [96].
For the list of civil engineering structures that employed external dampers refer to [96].

Ground
Acceleration

AN]SR

Figure 8 An active mass damper on top of a tall building [97].
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4.3 Hybrid Control

Hybrid controllers are those that are a combination of active, semi-active, and passive dampers. An
example of these systems is the structures that are equipped with various viscoelastic dampers and
benefit from active base isolation, or active mass dampers [19]. In a hybrid control scheme, an active
control may be used to enhance the performance of a passive control scheme. Alternatively, a passive
control system can be employed in an active control scheme to reduce the required power [44].

4.4 Semi-Active Control

Semi-active dampers are bounded with active and passive dampers. These types of systems do not
inject mechanical or non-dissipative energy into the system. Therefore, they can be considered as
passive controllers that can be turned on to change the properties of the damper whenever it is desired.
Control strategies based on semi-active devices benefit the best features of both passive and active
control systems and is receiving the attention of the engineers and scientists as a practical, optimal
solution to protect civil engineering structural systems against earthquake and wind loading [44]. Semi-
active dampers can mimic the active controller without requiring the associated large power sources.
For instance, magnetorheological dampers require only 20-50 watts of power and can operate just on
battery power. This is super critical and beneficial during seismic or hurricane events when the main
power source to the structure may fail. Besides, for a wind turbine, which is a power generator plant,
it would not be beneficial if the control system itself consumes a large amount of power that the turbine
generates.

Moreover, because a semi-active controller cannot inject mechanical power into the system, and
conceptually is a passive damper with adjustable properties, it does not suffer the instability problems
that an active damper can have. Some of the examples of semi-active dampers are variable-orifice fluid
dampers and controllable fluid dampers.

4.5 Variable-Orifice Dampers

In these types of dampers, the electromechanical, variable-orifice valve controls the opening of the
fluid passage and so the hydraulic head loss in the cylindrical piston. This simply translates to altering
the fluid resistance or the property of the damper with a very low amount of power. Figure 9 shows a
schematic representation of such a device. Some studies implemented such deva ice to control
different types of civil engineering structures [98, 99].

Variable-Orifice Valve

Fluid

Load

—

Figure 9 Variable-orifice damper [44].
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4.6 Controllable Fluid Damper

Since controllable valve dampers have various moving mechanical parts, they potentially have
malfunctioning probability and maintenance issues, which can reduce their reliability. Controllable fluid
dampers are those that the property of the fluid can be changed by electrical (for electrorheological or
ER fluids) or magnetic field (for magnetorheological or MR fluids). Hence, since there are no moving
parts other than the piston, ER and MR dampers are very reliable. Moreover, they can respond to the
changes in milliseconds, so that they decrease the delay considerably, which is significantly important
in high-frequency events.

MR/ER free-flowing, linear viscous fluid properties can be changed with controllable yield strength,
to a semisolid by exposing to an electric/magnetic field, almost immediately. Typically, MR fluid
dampers that have received more interest rather than ER fluid dampers are consist of magnetically
polarizable micron-sized particles dispersed in a carrier medium such as mineral or silicone oil. Applying
a magnetic field, then forms particle chains in the fluid. Hence, the fluid becomes semisolid with
viscoplastic behavior [44]. See [19, 36, 42, 100-102] for more information on the application of these
types of dampers in civil engineering structures and wind turbines.

5.MR Dampers

To predict and simulate the behavior of an MR damper, an appropriate model should be developed
and validated experimentally. In the literature, several conceptual mechanical models are presented
by different mathematical expressions. Effective control models of MR dampers are those that precisely
can reproduce the nonlinear behavior of the system altered by a magnetic field. According to Sahin et
al. (2012) [103], there are two main categories of models: (i) non-parametric, and (ii) parametric models.
In non-parametric models, the characteristics of the model are not necessarily physical parameters
such as neural networks-based models [104, 105], neuro-fuzzy-based models [106], and Chebyshev
polynomials [107, 108]. Parametric models are those that consist of a set of mechanical elements such
as springs, friction, and viscous dampers with various configurations. Therefore, the parameters of this
category of models have the physical meaning which makes these types of models more desirable [103].
Brief information on some of the parametric models is presented as follows, including the formulations
that are commonly used with these models.

5.1 Bingham Model

A simplified mechanical scheme of this model is shown in Figure 10-(a). A viscous damper is set
parallel to a Coulomb friction element and the control force is given as follows:

Fyr = fesgn(x) + coX + fo (14)
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(a) (b)

— —

Bouc-Wen

(o)l

Figure 10 Mechanical modeling of the MR damper: (a) Bingham model, (b) Bouc-Wen model,
and (c) modified Bouc-Wen model [109].

where, ¢y, fo, and f. are damping coefficient, force offset, and frictional force related to the fluid yield
stress a detailed information can be found in [109, 110].

5.2 Bouc-Wen Model

As one of the earliest models, the Bouc-Wen model is used widely to model the dynamic behavior
of MR dampers. A schematic simplified mechanical representation of this model is shown in Figure 10-
(b). The control force of the MR damper according to this model can be calculated from the following
equation:

FMR = Cox + ko(x - xo) + az (15)

here, z is defined as:

z = —ylx|z|z|*™t — Bx|z|" + Ax (16)

To account for the unloading linearity and pre-yield to post-yield transmission, one can adjust the
parameters y, 6, and A [8, 109, 111].

5.3 Modified Bouc-Wen Model

In both Bingham and Bouc-Wen models, the force-velocity response does not roll-off when the
velocity has a small magnitude and the acceleration and velocity have opposite signs [109]. The
modified version of the Bouc-Wen model can better predict the damper force in the region of small
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velocity with the opposite sign of acceleration and velocity. The mechanical scheme of the model is
shown in Figure 10-(c), and the force can be calculated using the following formulations.

Fyr = c1y + k1(x — %) 17)
:)./ = m{a’Z + COQ.C + ko(x - y)} (18)
z=—ylx —ylzlz|"* = p(x = Pz|" + A(x — ¥) (19)

To find the parameters in this model for a 20 ton MR damper refer to [100] and for a 1.5 ton MR
damper refer to [37]. There are some other models such as the Dahl model, Kwok model, and Gamota
and Filisko (1991) that for more information you can refer to [103, 109].

5.4 Control Algorithms

During the past decade, significant development has been achieved in the field of active and semi-
active controllers in civil engineering structures and various control algorithms are developed. Some of
these control algorithms and strategies are based on applying direct velocity feedback (DVFB) control,
H.. feedback control, wavelet function, fuzzy logic, genetic algorithms (GA), neural networks (NN),
linear quadratic regulator (LQR), and linear Gaussian regulator (LGR) [94, 112-115].

One challenge in the use of semi-active technology is the nonlinear nature of these systems. The
nonlinearity requires control algorithms that are appropriate for implementation in full-scale structures.
Various control algorithms are presented for the semi-active systems, including the skyhook damper
control algorithm [116], the bang-bang controller [98], Lyapunov stability theory [117], modulated
homogeneous friction algorithm [118], and clipped-optimal controllers [36, 38, 39].

The clipped-optimal controller is known as one of the most common algorithms. According to this
algorithm, the linear optimal controller gains, K.(s), should be designed to calculate the desired
control force, f. according to the measured structural responses, y, and the measured force, f applied
to the system [119]:

fo=L7 {—Kc(s)ﬁ {;'}} (20)
and the control law is:

v = VmaxH({fc - f}f) (21)

A comparison study on the performance of different control algorithms for a three-story building
excited with the south-north direction of the El-Centro earthquake showed that the largest reduction
in inter-story displacement and the third-floor displacement was achieved with the clipped-optimal
algorithm [119]. However, the study shows that the maximum reduction in peak acceleration was
obtained by applying the bang-bang approach [119]. The same comparison has been done in a three-
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story building excited with El-Centro earthquake and controlled by various controller strategies,
including Passive-off and on, Lyapunov, Decentralized bang-bang, Quasi-bang-bang, Maximum energy
dissipation, Modulated homogenous friction, Clipped-optimal, and new quasi-bang-bang controller
gives weight to the output in a way that is similar to a fuzzy logic controller [102]. The results revealed
that the Lyapunov controller, quasi-bang-bang controller, and clipped-optimal control algorithm
provided significant maximum displacement. Also, the clipped-optimal control algorithm gave a good
reduction in the maximum absolute accelerations [102]. More information on the control algorithms is
provided in the literature [101, 119, 120].

6. Controller Design

In passive dampers, the system tuning includes setting the damping ratio and the frequency ratio
once, without further adjustment during the operation. There are some studies on optimized passive
damper parameters for wind and earthquake [21, 121-124]. The design procedure for semi-active
controllers is more complicated. The performance of the controller depends on the selected algorithm
that commands the damper. Moreover, the success of the controller to suppress excessive vibrations
effectively depends on the desired control force as well as the control algorithm. Available methods to
set the desired control force, and therefore design the optimal controller are based on the simulation.
This makes existing methods to be very time-consuming and requires significant computational
resources. An alternative to the common simulation-based methods is an energy-based probabilistic
approach [125] for SDOF systems. In this approach, the probability of dissipativity of the controller is
calculated by solving the Lyapunov function and substituting the results into a stochastic dissipativity
index presented by [112]. Then the probability of dissipativity can be applied in an energy-based
method to obtain the desired control force without the simulation [112].

Although there are several studies on the control of wind turbines for structural performance
improvement, there are just limited studies on the evaluation of the performance of wind turbines for
multihazard loads and mitigation of excessive vibrations. Looking into the responses of the structure
for various loading scenarios and control approaches is an important task because various excitation
sources (e.g. wind, wave, earthquake, rotor imbalance, etc.) affect the structure differently and the
controllers might improve a specific response by scarifying the other. To prevent that we need to
investigate the performance of the system for multihazard.

In the literature, various control methods, including passive, semi-active and active dampers
installed in the nacelle, tower, or the foundation of the turbine are proposed and compared for wind
and wave, or wind, and earthquake. For instance, the idea of installing vibration isolators for wind
turbines is suggested in different studies. It is proposed to install vibration isolators at the top of the
turbine’s tower, or at the foundation using semi-active MR dampers to reduce the challenges regards
the conventional base isolators for wind turbines [18, 19]. Both wind and seismic loads are placed on
the structure as disturbance forces and the responses are quantified. The results showed that
implementing an isolation system was beneficial for reducing certain key parameters of the turbine’s
structural response, particularly for the wind turbines in seismically active regions.
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Offshore and coastal wind turbines’ vibration mitigation is also investigated through different
numerical studies considering different types of floating and fixed foundations under the action of wind
and wave. In a study that aimed to compare the effects of passive and active tuned mass dampers on
a floating wind turbine, a reduction in fatigue loads of the tower base was compared [66]. However,
the stroke of the active damper was much greater than the passive damper. This can be a limitation as
the available space in the nacelle or at the top of the wind turbine is limited and it is mainly occupied
by mechanical parts.

The impacts of pendulum-type passive and semi-active dampers at the top of both floating and fixed
offshore wind turbines are also investigated for parked and operating wind turbines [48]. The TMD’s
oscillations absorbed the energy of tower fore-aft and side-to-side motion, simultaneously. However,
since the semi-active TMD (SATMD) was activated around 32% of the time in the fore-aft direction and
31% in the side-to-side direction, the power source of the system was increased meaningfully [48]. The
performance of TLCD for wind and wave loading on an offshore wind turbine was modeled [62]. The
results showed that, while there was a significant reduction in displacement and acceleration at the top
of the tower and base shear stress for parked and operating conditions, the reductions meaningfully
depended on the wind-wave loads' properties, and in some of the cases, the TLCD even increased the
responses.

In a recent study on the control of fixed offshore wind turbines, multihazard loading on wind
turbines including wind, wave, and earthquake is evaluated [35]. A SATMD is installed in the nacelle of
a wind turbine to control the along-wind displacement of the nacelle/tower and it is shown that the
SATMD was more effective than a passive damper to reduce the resonance responses. However, it is
not shown that the controller was designed effectively for multihazard.

7. Advanced Control Theory to Accelerate the Optimal Tuning of Smart Structures

The Windstorm Impact, Science and Engineering (WISE) research team at Louisiana State University
(LSU) devoted efforts to developing advanced control theory to accelerate the optimal tuning of smart
structures, to develop novel probabilistic analytical methods to address the complex behavior and
inherent nonlinearity in semi-active control, for multiple hazards. The LSU WISE research group
developed novel control methods that enabled semi-active controller tuning under complex behavior
and inherent nonlinearity, without simulations [50]. The recently developed control theory enables the
evaluation of semi-active controllers’ performance of multi-degrees-of-freedom systems, without
significant computational effort [126]. With this analytical probabilistic control theory, a wide range of
controllers can be evaluated in a fraction of a second while optimum control parameters can be tuned
to achieve different control objectives. The potential applications include semi-active vibration control
in flexible structures under multiple hazard loads brought by wind, wave, and earthquakes.

In the dynamics of structures under multiple hazards, vibration control offers attractive means for
protecting structures and inhabitants, as well as balancing between resilience and sustainability. A
fundamental task related to the design of semi-active controllers to attenuate structural vibrations is
the tuning of the parameters based on the physical properties (mass, stiffness, and damping),
mitigation objectives, nature of excitation, etc. Besides, in smart damping, the performance of the
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system to mitigate excessive vibrations is governed by the corresponding ideal active control force, and
the algorithm alerting the damping characteristics of the device.

While there are several studies on the advantages of employing semi-active dampers to attenuate
vibrations in flexible structures, the controller tuning process is mainly based on numerical simulations,
hindering the consideration of different families of controllers, to achieve controller tuning-based
performance under varying loading patterns, for instance, excitation due to multiple hazards. To
address this challenge, the LSU WISE research team developed a novel control theory that enables the
semi-active controller tuning, of multi-degrees-of-freedom systems, under complex behavior and
inherent nonlinearity, without simulations [50]. According to the dissipative probability of the
corresponding active control forces, a new concept of semi-active control gains was developed:

1

ks; = 561,1'{1 + sin?[r(P - 0.5)]} and i = 1,2,...,m (22)
k, = diag(ks;) (23)
Wy = \[eig (M*‘l(Km,a)); Kina =K + diag(® G,) (24)
wg = \[eig(M*‘l(K* + ks)) (25)

G -
Cori =7|n:'l|, {1+sin?[r(P—05)]} and i = 1,2,....m (26)

S,l

_ Gyiwg;
Csz,i - T[ws,i

™ _ ~ — — . sin[r(P — 0.5)] )l}
{2 + Ism[rt(P 0.5)] x \/1 sin2[m(P — 0.5)] + tan <\/1 e (27)

¢, = diag(cs1;+ ;) and i = 1,2,...,m (28)

where P is the dissipative probability of the corresponding optimal active control forces, Gi1 and G; are
the active gains, and K" is the generalized stiffness of the primary structure [50].

With this new theory, a family of controllers can be studied, and their performance can be evaluated
in a fraction of a second. This enables controller tuning to achieve optimum parameters for different
design objectives. The potential applications of this control theory include vibration control in flexible
structures under multiple hazard loads brought by, for example, wind, wave, and seismic loadings. To
show the potentiality of the new theory, we considered semi-active controller design in both onshore
and offshore wind turbines, in parked and operating positions, under wind, wave, and earthquake
external forces, in addition to mechanical unbalance [50].
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8. Application Example

A 5-MW NREL wind turbine is excited by multi-hazard loads (wind and earthquake). The Lagrangian
approach was employed to model the wind turbine considering the blade/tower coupling. A control
system was investigated: an outer bracing with magnetorheological (MR) dampers (Figure 11) [50, 10].
The outer bracing system benefits a lever mechanism (Figure 11). The lever mechanism magnifies the
control force transferred to the structure, which also compensates for the control force reduction due
to its connection to the lower part of the tower, instead of the nacelle. The magnification factor is
considered as 3.0, and the angle of attachment of the bracing member to the support is chosen as 8 =
45 degrees [41].

/ \
. \
/ bracing support |
/ P ‘ \
| lever mechanism >
@
-

Figure 11 Modeling and control of a 5MW wind turbine: external bracing with
magnetorheological (MR) dampers benefiting a lever mechanism to enhance the
performance, and lumped mass model [127].

Since the probability of occurrence of both storm and earthquake events at the same time is too
low, the occurrence of both was not considered. Instead, earthquake effects are evaluated for the
structure equipped with the controller in operating conditions, which is more probable. Hence, the
wind speed has a velocity of 25 m/s and 12% turbulence intensity, the seismic excitation was simulated
according to the El Centro 1940 earthquake. The outer bracing-damper system was designed and tuned
based on the new analytical method (proposed control theory).

8.1 Controller Tuning

The new control theory was employed to accelerate the tuning of the semi-active controllers
subjected to multiple hazards (Figure 12). A set of two large-scale MR dampers are employed and the
force-time history, force-displacement, and force-velocity relationships for the MR damper in two
extreme cases of passive-on and passive-off were obtained [50]. The simulated excitation to verify the
model was a 1.0 Hz sinusoidal displacement with an amplitude of 1.27 cm. Simulated control force-
time, force-displacement, and force-velocity are similar to those obtained experimentally in [37].
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Figure 12 Results obtained by the proposed semi-active controller tuning theory: effect of
weighting the Q and R matrices to achieve desired control forces for certain optimization
objectives — minimizing normalized root-mean-square (RMS) displacement (Quispi.) and
acceleration (Qaccel.), as well as displacement and acceleration, simultaneously (Qal).

Again, three control strategies of passive-on, passive-off, and clipped-optimal were considered. To
achieve the optimum Q and R matrices in the LQR method, which yields the desired control force, the
analytical method was applied for various controllers to control the first mode of the structure. Thus,
four different approaches were defined for the weighting of the Q matrix. The normalized RMS of the
responses for all the controller scenarios plotted versus R (Figure 12). The normalization for the
displacement and acceleration is done by dividing the controlled responses by the corresponding
uncontrolled responses.

The control force normalized over the weight of the lumped mass at the top of the tower. As was
expected, the results obtained by the proposed semi-active controller tuning theory show that although
weighting displacement, decreased the displacement, however, for more aggressive controllers the
damper that was designed based on weighting displacement made the system stiffer, and therefore
the acceleration responses increased.

The same issue was observed for weighting velocity. On the other hand, weighting acceleration
provided appropriate responses for both acceleration and displacement for log(R) = -11. Also,
comparing the performance of Qai and Qacc shows that to achieve a specific reduction in the
acceleration, both scenarios required almost the same control force.

8.2 Parked Onshore Wind Turbine

Passive-on and passive-off controllers also were examined and compared with the clipped-optimal
strategy. The results are presented in Table 1. It is shown that the clipped-optimal controller exhibits
the best performance in reducing both acceleration and displacement peaks. Passive-off is slightly
better than clipped-optimal just in RMS of the acceleration. For the passive-on case, the MR damper’s
current is always at its maximum value, and for the passive-off case, it is always zero. The lever
mechanism helps improve the performance of the dampers, leading to lower damping capacity or
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reduced number of devices. Nevertheless, the control force in the bracing system will be increased that
yields the need for a stronger bracing link [42].

Table 1 Reduction in responses of the nacelle for a parked onshore wind turbine controlled
with an outer bracing system.

percentage of reduction (controlled/uncontrolled)

peak to peak peak to peak peak displ. peak acc. RMS displ. RMS acc.

control strategy  displ. (%) accel. (%) (%) (%) (%) (%)

passive-off 92.14 93.05 82.43 80.54 62.68 89.56
passive-on 96.70 98.23 93.56 92.10 58.20 79.64
clipped-optimal  98.18 97.80 95.49 93.13 63.52 86.03

8.3 Operating Onshore Wind Turbine

The performance of the MR damper to control the wind turbine undergoes operational and seismic
loads were evaluated. The time history of the nacelle’s responses is shown in Figure 13. It can be seen
that the effect of the first shock of the ground acceleration was removed very fast (in less than 30 sec.).
Also, the vibrations produced by the operational load were almost disappeared. A notable point is that
the controller was available from the first seconds of the shock, which is an important aspect of the
controller system particularly when the disturbance is the ground acceleration. Because, if there would
be a delay in responding to the vibration, the structure may fail even before the controller start to react
and reduce the responses. The comparison between applying controller with passive-on, passive-off,
and clipped-optimal controller is presented in Table 2. It is shown that applying a clipped-optimal

strategy reduced the peaks greater than other controllers did, but the RMS was slightly better for the
passive-on controller.

1
«—— excessive vibration due to ground acceleration
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Figure 13 Displacement and acceleration time histories of the nacelle of an operating wind
turbine coincident with seismic load: uncontrolled and controlled with the outer bracing
system. Results obtained by the proposed semi-active controller tuning theory: time
histories of uncontrolled and controlled (employing MR dampers with an outer bracing
system) displacement and acceleration responses of the nacelle of an operating wind
turbine under earthquake loading (El Centro horizontal component of ground acceleration).
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Table 2 Reduction in responses of the nacelle for an operating onshore wind turbine
controlled with the outer bracing system, coincident with an earthquake event.

percentage of reduction (controlled/uncontrolled)

peak to peak peak to peak peak displ. peak acc. RMS displ. RMS acc.

control strategy displ. (%) acc. (%) (%) (%) (%) (%)

passive-off 81.69 81.02 40.97 2.09 61.80 39.82
passive-on 96.91 93.49 64.78 1.79 79.22 49.82
clipped-optimal 95.00 92.78 68.14 3.48 73.73 47.08

The results show that for the operating wind turbine, earthquake excitations lead to excessive
vibrations for a long period. However, the properly tuned semiactive damping system improved the
performance of the wind turbine by reducing the magnitude and duration of excessive vibrations. For
vibration control under multiple hazards, including wind and earthquake, the control system is
immediately available, compared to, for instance, the classical slow responding tuned mass damper
(Figure 13).

This new control theory reduced the design and performance evaluation time significantly. For
instance, the CPU-time required for a single performance evaluation case considering specific weighting
matrices, using a 2.5 GHz Intel Core i5-2400S processor PC, was about 3 hrs. This amount of time
increases significantly for aggressive primary active controllers, which means that several days/weeks
are needed to evaluate the performance of a family of controllers under certain loading excisions. This
amount of simulation time can increase exponentially when the objective is to design semi-active
controllers for multiple hazards, for different optimization objectives — e.g. minimizing displacement,
velocity, acceleration, or all responses. The new analytical control theory reduced the total time to a
few seconds for a wide range of controllers and optimization objectives.

9. Summary

Structural design for multiple hazards is a challenge that requires the adoption and consideration of
new control methods, theory, devices, and implementation techniques. Advanced control methods can
yield more resilient and sustainable infrastructure, such as wind turbines, as well as other flexible
structures, such as high-rise buildings, towers, and long-span bridges under the impact of wind, wave,
and seismic excitations. The recently developed semi-active gain theory can be a benchmark for further
investigations on structural control in wind turbines and other structures. A vibration mitigation
technique with outer bracing using MR dampers is presented. To select the semi-active controller, the
generic energy-based probabilistic approach was employed. This analytical approach reduced the time
significantly. For an operating wind turbine, an earthquake event caused excessive vibrations for a
period much longer than the event itself. The implementation of external dampers not only improved
the performance of the system by reducing excessive vibrations but also reduced the duration of
excessive vibrations. For vibration control under earthquakes, it is shown that the outer bracing system
is immediately available to reduce the response. The time window required to eliminate the effect of
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the earthquake ground acceleration on the operating wind turbine for the outer bracing system was
short. Besides, the analytical approach has potential applications in various mechanical systems. The
goal is to build new structures and retrofit existing ones in ways that can balance resilience with
sustainability, enhance safety, and reduce the huge cost of rebuilding due to multiple hazards. This will
broadly impact the wind/structural engineering research field and facilitate effective investments in
the infrastructure industry that will result in more resilient and sustainable communities, improve the
quality of life, and contribute to economic growth.
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