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Abstract Offshore platforms are widely used to
explore, drill, produce, storage, and transport ocean
resources and are usually subject to environmental
loading, such as waves, winds, ice, and currents, which
may lead to failure of deck facilities, fatigue failure
of platforms, inefficiency of operation, and even dis-
comfort of crews. In order to ensure reliability and
safety of offshore platforms, it is of great significance
to explore a proper way of suppressing vibration of
offshore platforms. There are mainly three types of
control schemes, i.e., passive control schemes, semi-
active control schemes, and active control schemes,
to deal with vibration of offshore platforms. This
paper provides an overview of these schemes. Firstly,
passive control schemes and several semi-active con-
trol schemes are briefly summarized. Secondly, some
classical active control approaches, such as optimal
control, robust control, and intelligent control, are
briefly reviewed. Thirdly, recent advances of active
control schemes with delayed feedback control, slid-
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ing model control, sampled-data control, and network-
based control are deeply analyzed. Finally, some chal-
lenging issues are provided to guide future research
directions.
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1 Introduction

Offshore platforms are extensively used to explore,
drill, produce, storage, and transport ocean oil and/or
gas resources in different depths. There are several
types of offshore platforms, such as self-elevating
platforms, gravity platforms, steel jacket platforms,
tension-leg platforms (TLPs), articulated leg platforms,
guyed tower platforms, spar platforms, floating produc-
tion systems, and very large floating structures. These
platforms can be divided into fixed-bottom platforms
and buoyant platforms, which have their own particu-
lar purposes and different configurations. To meet an
increasing demand for marine sources of energy and
minerals, in the past several decades, a lot of research
effort has been made on offshore platforms. The related
investigations are mainly focused on structure design
and monitoring, damage detection, fatigue analysis
and reliability assessment, mathematical modeling, and
analysis of structures. Specifically, offshore platforms,
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which are located in a very tough ocean environment
over a long period of time, are inevitably affected by
environmental loading, such as waves, winds, ice, cur-
rents, flow, and earthquakes [1,2]. The environmen-
tal loading may lead to excessive vibration of off-
shore platforms, thereby causing failure of deck facili-
ties, fatigue failure of structures, inefficiency of opera-
tion, and even discomfort of crews. Note that reduc-
tion of vibration amplitude of an offshore platform
by 15 percent can extend service life over two times
and can result in decreasing expenditure on mainte-
nance and inspection of structures [3]. Therefore, it is
of great significance to explore proper ways to reduce
different types of vibrations of offshore platforms
[4].

Notice that a direct and simple way to mitigate vibra-
tion of offshore platforms is to increase the stiffness of
the platforms. As a result, natural frequencies can be
shifted away from resonating frequencies [5]. How-
ever, such schemes generally require extra construc-
tion material, which unavoidably leads to increasing
costs. Thus, an alternative way is to choose a proper
structural control method to reduce structural vibra-
tion to an acceptable level [6,7]. In the past several
decades, structural control schemes, such as passive
control schemes [8], semi-active control schemes [9],
and active control schemes [10], are widely utilized to
reduce vibration of offshore platforms.

This paper provides an overview of recent advances
in vibration control of offshore platforms. Firstly, some
passive control schemes including hysteretic mech-
anisms, viscoelastic mechanisms, damping isolation
mechanisms, and dynamic vibration absorbers uti-
lized in vibration control are briefly outlined. Sec-
ondly, semi-active control schemes are briefly sur-
veyed. Thirdly, active control schemes are reviewed
in detail. Several active control schemes with optimal
control, robust control, intelligent control, sliding mode
control, sampled-data control are presented. In partic-
ular, effectiveness and superiority of delayed feedback
control and network-based control, which are most
recently developed active control schemes, are deeply
discussed. By purposely introducing time delays into
control channel of offshore platforms, delayed feed-
back control schemes focus on the controller design
and investigate the effects of time delays on active con-
trol for the platforms. Network-based control schemes
are concerned with networked dynamic modeling and
controller design of offshore platforms in network set-
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tings. Finally, several challenging issues and research
directions are provided.

The rest of this paper is organized as follows. In
Sect. 2, several passive control schemes including hys-
teretic and/or viscoelastic mechanisms, damping isola-
tion mechanisms, and dynamic vibration absorbers are
outlined. Section 3 presents semi-active control strate-
gies of offshore platforms. Section 4 surveys active
control schemes for offshore platforms in recent two
decades. Several challenging issues and some research
directions are provided in Sect. 5. Section 6 concludes
the paper.

2 Passive control

Passive control does not require any other external
energy, and control force is generally derived from
deformation of devices themselves, such as different
passive energy dissipation mechanisms, damping iso-
lation mechanisms, and dynamic vibration absorbers
[5]. Due to easiness and lower cost to implement and
retrofit, effectiveness to mitigate vibration and to main-
tain stability and reliability of offshore platforms, pas-
sive control has been implemented for offshore plat-
forms extensively and successfully in the last two
decades. This section gives a brief review of passive
control for offshore platforms.

2.1 Hysteretic and/or viscoelastic mechanisms

Hysteretic devices include metallic dampers and fric-
tion dampers, which dissipate energy with no signifi-
cant rate dependence. Viscoelastic devices are depen-
dent on frequency. The main types of viscoelastic
devices are viscoelastic solid dampers and viscoelastic
fluid dampers. To mitigate vibration of offshore plat-
forms and to avoid damage of the offshore platforms,
hysteretic and/or viscoelastic systems are applied to
the offshore platforms extensively. To mention a few,
seismic response of an offshore platform with shape
memory alloy dampers is investigated in [11], where
influence of the number, location and property of the
shape memory alloy dampers on vibration amplitudes
of the offshore platform is discussed. It should be spec-
ified that as an intelligent material, the shape mem-
ory alloy is of advantages of preferable endurance and
erosion resistance, good fatigue resistance, long-term
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reliability, large elastic deformation, steady mechani-
cal properties in temperature and frequency. Therefore,
using the shape memory alloy as a damper is suitable
for offshore platforms. In [8], viscoelastic dampers are
adopted to reduce wave-induced vibration of an off-
shore steel jacket. It is observed that vibration ampli-
tudes of the platform can be reduced dramatically. By
modeling an offshore platform as a multi-degrees-of-
freedom system subject to wave forces, vibrations of
the offshore platform with friction, viscoelastic, and
viscous dampers are investigated, respectively [12].
It is found that added viscoelastic dampers increase
viscous damping as well as lateral stiffness, and vis-
coelastic dampers are more effective to reduce wave-
induced vibration of the offshore platform than vis-
cous and friction dampers. By using a stochastic lin-
earization technique, nonlinear behavior of friction
dampers installed in an offshore platform is discussed
in [13]. The results show that optimally regulating fric-
tion dampers leads to considerable reduction of topside
displacement and velocity variances for deepwater plat-
forms, while efficiency of such devices decreases for
shallow water platforms. Note that an energy dissipa-
tion rate in friction dampers is displacement depen-
dent, and damping force is independent of velocity
response of the structure and frequency of excitations.
Consequently, friction dampers are specifically suit-
able for low-frequency excitations. In [14], by using
a hydrodynamic buoyant mass damper, which uti-
lizes damper buoyancy and inertia forces, and hydro-
dynamic damping effects, displacement responses of
an offshore platform subject to waves are investi-
gated.

2.2 Damping isolation mechanisms

To dissipate unwanted vibration of offshore platforms,
designing an isolation mechanism placed between the
bottom of deck and above the structure is also one
of simple and effective ways. For example, a damp-
ing isolation mechanism composing of rubber bear-
ings and viscous dampers is developed to suppress
vibration of offshore platforms subject to earthquake
excitations and ice loads [3]. Both experimental and
numerical studies are carried out to validate effective-
ness in suppressing vibration of the platforms. In [15],
by using eight lead rubber bearings as isolators, a lead
rubber isolation mechanism is developed to mitigate

earthquake-induced vibration of a steel jacket offshore
platform. Based on a platform in the Persian Gulf,
numerical studies are made to show effectiveness of the
proposed isolation mechanism. Note that the vibration
acceleration of deck is an important factor influenc-
ing human comfort and fatigue life of tubular joints
[16]. Experiments on steel rubber vibration isolator
are carried out to investigate the performance of off-
shore steel jacket platforms in different low temper-
ature conditions [17]. In [18], to reduce ice-induced
vibration acceleration and avoid non-structure failure
of jacket platforms, an isolation cone mechanism com-
posing of cones, springs, and dampers is developed and
installed between ice sheets and piles of jacket plat-
forms.

It is demonstrated from experimental and compu-
tational results that the proposed damping isolation
strategies are very effective to reduce vibration of off-
shore platforms. However, due to the fact that damp-
ing isolation strategies are generally utilized on newly
built offshore platforms, to maintain and retrofit such
mechanisms are not always economical and conve-
nient.

2.3 Dynamic vibration absorbers

Note that using damping dissipation devices to dis-
sipate vibration energy generally requires large rel-
ative deformation of the devices. However, relative
deformation of damping devices is not always large
enough, which makes vibration reduction unsatisfac-
tory. In this case, dynamic vibration absorbers are fea-
sible options. By transferring some vibration energy to
absorbers, an energy dissipation demand on dominant
vibration modes of offshore platforms is accomplished.
The basic two types of dynamic vibration absorbers are
tuned mass dampers (TMDs) and tuned liquid dampers
(TLDs). In the past decades, TMD and TLD mecha-
nisms have been extensively implemented to mitigate
vibration of offshore platforms.

2.3.1 TMD mechanisms

A TMD device is composed of a mass, a spring, and
a viscous damper mechanism. It is generally installed
in primary vibrating structures to suppress vibration of
the structures [19]. Due to remarkable advantages, such
as effectiveness of refraining vibration and easiness
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of implementation, TMD mechanisms are extensively
used for suppressing vibration of offshore platforms. In
[10], a TMD is used to reduce vibration of an offshore
steel jacket platform subject to self-excited hydrody-
namic forces. In [20], a TMD device is installed inside
columns of a TLP hull to attenuate amplitudes of heave
motion. In [21], based on a simplified single-degree-
of-freedom system of an offshore steel jacket platform
witha TMD, energy dissipation and transmission issues
of the offshore platform are investigated, and an opti-
mized TMD design for the system is presented. In [22],
a TMD is installed at the bottom of deck plate of a
multi-legged articulated tower to decrease its bending
moment. The feasibility of using a TMD device to mit-
igate ice-induced vibration of offshore platforms in the
Bohai Bay is studied experimentally [23]. The results
show that an optimally tuned TMD can attenuate ice-
induced vibration of offshore platforms favorably.

Note that a single TMD is generally effective to
attenuate a single vibration mode of structural sys-
tems. To guarantee that more than one distinct vibra-
tion modes can be influenced, multiple TMDs are then
introduced [24,25]. In [26], the effectiveness of mul-
tiple TMDs on suppressing wave-induced vibration of
an offshore platform is studied. The multiple TMDs are
also used to mitigate the vibration of a TLP under ran-
dom wave forces. The vibration amplitudes of heave
and pitch motion [27] as well as surge motion [28]
are investigated, respectively. It is shown that multiple
TMDs outperform a single TMD in terms of reducing
oscillation amplitudes of offshore platforms.

As aforesaid that TMD mechanisms have good con-
trol effect. However, such methods generally add addi-
tional loads to offshore platforms. Therefore, applying
such schemes to deepwater platforms and flexible plat-
forms is not always feasible. To overcome disadvantage
of TMDs, where an additional mass is required to be
the mass body of a damper, an extend TMD and multi-
ple extended TMD mechanisms are proposed to reduce
vibration of offshore platforms subject to earthquake
and wave loads, respectively [29,30].

In [31], a TMD mechanism and a friction damper
are applied to reduce wave-induced vibration of an
offshore platform, respectively. It is indicated that the
TMD and friction damper are both efficient in miti-
gating fatigue damage of the offshore platform. It is
also found that the former is more dependent on the
dynamic characteristics of the platform, and the latter
is more efficient for fixed steel jacket platforms. In [32],
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by combining a TMD with a friction damper device, a
hybrid damping system is developed to control wave-
induced and seismic vibrations and fatigue damage of
offshore platforms. In [33], based on the principle of
TMD mechanisms, an anti-vibration device is designed
and installed on a similar model of a jacket platform to
control vertical and horizontal vibrations, respectively.

2.3.2 TLD mechanisms

Due to effectiveness of vibration mitigation, low cost of
manufacturing, convenience of installation and main-
tenance, availability of liquid, TLD devices are intro-
duced to control vibration of offshore platforms. In
this control mechanism, liquid, preferably water, is
used as a damping mass, and liquid motion inside the
damper leads to oscillations in counter phase to struc-
tures and corresponding damping effects [34], i.e., the
system generally utilizes water sloshing force to atten-
uate vibration of the structures. Specifically, such a sys-
tem can be used as an additional water reserve for build-
ing water supply and fire fighting.

The earliest TLD device used in vibration control
of offshore platforms can be found in [35], where a
liquid storage tank is placed on an offshore platform to
reduce wind-induced vibration. In [36], a liquid storage
container is mounted on the top of a fixed offshore plat-
form and is used as a TLD device to suppress vibration
induced by earthquakes. Based on theoretical analysis,
scale model test, and full-scale field experiment, TLD
containers are designed to reduce ice-induced vibra-
tion of a Bohai production jacket platform, i.e., JZ20-2
MUQ platform [37]. In [38], a cylinder TLD is applied
to reduce vibration of a jacket platform subject to earth-
quakes. Itis found that the ratio of fundamental sloshing
frequency of liquid to natural frequency of the structure
is a key factor to control seismic vibration. In [39-41],
by using air springs and water columns, tuned oscil-
lators are presented to suppress vertical motion of a
deepwater TLP. The oscillators, which are mounted on
the exterior of the TLP columns, consist of several ver-
tical caissons, which are open at bottom of the sea and
closed on top of a dual chamber. It is shown theoreti-
cally and experimentally that the oscillators can obtain
considerable reduction of vibration, while the mass of
platform does not increase.

By adopting shape of water tanks, the properties of
TLDs can be changed easily [34]. For instance, a tra-
ditional TLD device can be extended as a tuned liquid
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column damper, which is a U-shape tubelike device
and dissipates energy by liquid flow between two lig-
uid columns [42,43]. The tuned liquid column damper
requires no mechanical components. Therefore, it is
easy to retrofit the damper without providing additional
mass and to modify its natural frequency and damp-
ing characteristics. Such a mechanism attracts exten-
sive attention in vibration control of structures [43].
In [44], active control of a tension-leg type of platform
incorporated with a tuned liquid column damper is stud-
ied both analytically and experimentally. The effective-
ness of reducing surge wave motion of the platform in
terms of vibration amplitudes and resonant frequencies
is demonstrated.

In [45], a circular tuned liquid column damper is
installed on an offshore platform to mitigate structure
vibration excited by ground motions. In [46], by replac-
ing an orifice in the tuned liquid column damper with
a coated steel ball, which is immersed inside a hori-
zontal column of the damper, a tuned liquid column
ball damper is presented. Such a device is also used
to mitigate wave-induced vibration of an offshore plat-
form [47]. It is shown through simulation results that
the ball damper performs better than the tuned liquid
column damper. In [48], by replacing an orifice tube
with a smaller horizontal tube and combing a tuned lig-
uid column damper with buoyant members of a TLP, a
water tuned liquid column damper system is developed.
Experimental results show that wave-induced vibra-
tion and measured tension forces of TLP tethers can
be reduced significantly. In addition, structural safety
can be ensured for the TLP with water tuned liquid
column damper mechanisms. In [49,50], a tuned lig-
uid column-gas damper presented by [51,52] is intro-
duced to control vibration of offshore jacket platforms
under seismic excitation. To mention a few, tuned lig-
uid column dampers adjust frequency by only tun-
ing length of the columns, while liquid column vibra-
tion absorbers adjust frequency by tuning columns
cross section. However, column-gas dampers adjust
frequency by tuning gas pressure in vertical columns
as well as column length and cross section. It is found
that column-gas dampers can reduce root-mean- square
(RMS) values of vibration amplitudes significantly. To
deal with restriction of a large horizontal length using
conventional tuned liquid column dampers, in [53], an
S-shaped tuned liquid column damper is proposed to
suppress horizontal motion and vertical in-plane rota-
tion of a deep-sea floating platforms.

3 Semi-active control

Note that semi-active control is a characteristic of con-
trollable damping over continuous range, fast response,
and potentially low power requirements [4]. Combin-
ing reliability of passive control and several advantages
of active control, semi-active control is widely used
in engineering vibration areas. Specifically, it requires
less energy to obtain better control effect [54]. Because
of high reliability, inherent stability, insensitivity to
temperature, small power requirement, magnetorheo-
logical (MR) dampers receive considerable attraction
in vibration control of offshore platforms. Generally,
an MR damper is composed of a hydraulic cylinder,
which contains micro-sized particles suspended with
a fluid. The damper characteristics of the MR can be
generated by adjusting the strength of magnetic field
[55].

In [9], an MR damper is applied to suppress wave-
induced vibration of an offshore platform. Simula-
tion results indicate that semi-active control with the
MR damper can reduce the maximum and the RMS
values of vibration amplitude of the platform effec-
tively. To attenuate wave-induced vibration of an off-
shore platform subject to hydrodynamic forces, semi-
active control strategy using MR dampers is verified for
the offshore platform experimentally and numerically
[56,57]. In [58,59], a fuzzy MR controller is designed
to control an offshore platform subject to wave forces,
and the effectiveness of the semi-active controller is
investigated numerically and experimentally. Located
in Bohai Gulf of China, a JZ20-2NW offshore plat-
form is the first platform structure with an MR damper.
By using signals of main deck acceleration and iso-
lation layer deformation, a Kalman filter is designed
to estimate system states of the platform first; then,
ice- and seismic-induced vibration responses of the off-
shore platform are investigated [60]. A linear quadratic
Gaussian method only using structural acceleration sig-
nal is developed to reduce vibration of a steel jacket
platform with an MR damper [61]. Simulation results
show that such a semi-active control strategy can atten-
uate vibration of the offshore platform under random
wave excitation. By combining feedforward neural net-
works and fuzzy control methods, a neuro-fuzzy con-
troller is proposed to control wave-induced vibration
of an offshore platform equipped with an MR damper
[62], where a neural network is used to approximate the
nonlinear dynamic system, and a fuzzy logic controller
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is adopted to determine control force of the MR damper.
It is demonstrated that an intelligent semi-active con-
troller is more effective than a linear quadratic Gaussian
optimal controller with an MR damper. In [63], a com-
bination of four MR dampers and six friction pendulum
isolators on the joints of a cellar deck is developed to
control seismic vibration of a jacket offshore platform.

4 Active control

In practical applications, a passive control device
usually exhibits its limitations, such as aging and
endurance, long-term working reliability, and renova-
tion or substitution after strong shocks [11]. In addi-
tion, the control force is not adjustable in real time
[4]. Consequently, passive control should give way to
active control, which can achieve better control per-
formance due to an introduction of external control
energy. Also, compared with passive control, active
control has lower weight and volume, wider band-
width, and even potential to perform self-diagnosis
[4]. Generally, an active control device consists of
an actuator unit, a sensor unit, and a control unit. In
the past several decades, active control has gained
increasing attention both in theory and in practice,
and various active control mechanisms are proposed
for offshore platforms, to mention a few, active mass
damper (AMD) mechanisms, active tendon mecha-
nisms [10,64], active tuned mass damper (TMD) mech-
anisms [65,66], propeller thruster mechanisms [64,67—
69], and even their combinations [70]. Based on these
mechanisms, a number of efficient active schemes are
reported in the literature, which are given in detail as
follows.

4.1 Optimal control

As an advanced control technology, optimal control
aims at optimizing a certain objective function which
is related to performance of a control system. In the
last two decades, optimal control is widely applied
to active control of offshore platforms. For example,
in [71], a linear quadratic optimal control scheme is
used to suppress wave-induced vibration of an offshore
steel jacket platform with an active TMD mechanism,
where a hydraulic servomechanism is designed to reg-
ulate motion of the damper by designed an optimal
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Fig. 1 An offshore steel jacket structure with a TMD [72]

controller. By taking into consideration the first and
second vibration modes of an offshore platform with
an active TMD mechanism shown in Fig. 1, a two-loop
feedback design scheme with linear quadratic control
theory is proposed for an offshore platform subject to
hydrodynamic forces [72]. In this control framework,
an inner loop is designed to regulate linear part of
the platform dynamics, while an outer loop is devel-
oped to accommodate nonlinearities and maintain sta-
bility of the overall system. In [73], a classical lin-
ear optimal controller in the frequency domain is pre-
sented. It is observed that an active TMD is capable
of reducing vibration of an offshore platform signif-
icantly. By treating wave forces as output signals of
a linear filter, a nonlinear stochastic optimal control
strategy for a wave-excited jacket platform is devel-
oped [74].

For an articulated leg platform under random sea
state, a linear quadratic optimal controller is designed
to reduce vibration of an offshore platform [75].
Compared with existing optimal control methods, an
involved performance function depends on displace-
ment, velocity, as well as acceleration of the platform.
Moreover, by using an iterative frequency domain tech-
nique, system nonlinearities are also considered. In
[76], an optimal control method is applied to a TLP
to control coupled dynamic responses of the low-
frequency hull motion and the bending strain of the sys-
tem tendons. The effectiveness of the control scheme is
verified experimentally based on a 1/100 scale model
of a Japan Ocean Industries Association TLP. In [77],
an optimal controller is designed to control nonlin-
early coupled responses of a TLP subject to random
sea wave forces and wind loads. By treating a TLP as a
tridimensional rigid body with six degrees of freedom
and regarding the tendons as elastic springs, an opti-
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Fig. 2 An offshore steel jacket structure with an AMD [80]

mal controller is proposed to reduce heave displace-
ment amplitudes [78]. In [79], linear quadratic Gaus-
sian controllers are designed to reduce axial dynamic
stress response of deepwater risers by using a winch.

For jacket-type offshore platforms subject to wave
forces, dynamic responses are primarily dependent on
the dominant frequency of exciting wave forces and
the first natural frequency of offshore platforms [10].
Based on a single-degree-of-freedom model with an
AMD mechanism shown in Fig. 2 [80], where only the
first vibration mode of an offshore steel jacket plat-
form is considered, a feedforward and feedback opti-
mal control (FFOC) scheme is presented to attenuate
vibration of the platform subject to regular wave forces
[81]. Further, by modeling irregular wave forces act-
ing on an offshore platform as output signals of a lin-
ear exogenous system, a discrete-time FFOC scheme
is developed [82]. Taking actuator time delays into
account, a discrete FFOC controller with memory is
designed for an offshore platform [83], where the plat-
form system with control delays is transformed into a
non-delay linear system. It is found from [81,82] and
[83] that the designed FFOCs are effective to reduce
wave-induced vibration of the platform. In [84] and
[85], optimal tracking control strategies are introduced,
both continuous feedforward and feedback optimal
tracking controllers and discrete-time feedforward and
feedback optimal tracking controllers are developed,
respectively. In [86], by modeling dynamic character-
istics of actuator faults as an output of a linear exoge-
nous system, an observer-based optimal fault-tolerant
controller for an offshore platform is designed such that
reliability of the offshore platform with actuator faults
can be ensured.

Remark 1 From the above analysis, it is clear that opti-
mal control paves an effective way to attenuate vibra-
tion of offshore platforms to a safe level. However,
some existing results on optimal control usually require
that models of offshore platforms are exactly known,
which is not the situation in reality due to the fact that
uncertain external loading is frequently imposed on the
platforms. It is still challenging to extend those results
to uncertain and general dynamic models of offshore
platforms, which is a significant research topic in the
future.

4.2 Robust control

Robust control is to design proper state/output feed-
back controllers against uncertainties and external dis-
turbance such that the worst-case value of some cost
criteria related to offshore platforms can be minimized.
In [67] and [70], optimal frequency domain approaches
are developed to suppress wave-excited vibration of an
offshore platform with AMD mechanisms, where the
Hj norm of transfer function from wave forces to reg-
ulated outputs is minimized. It is shown that control
devices are useful in reducing amplitudes of displace-
ment response of the platforms. For a simplified off-
shore steel jacket platform with AMD mechanisms,
Hj control schemes are proposed to suppress wave-
induced vibration of the system [80,87,88]. In [89],
a robust mixed H»/Hy control method is presented
to attenuate wave-excited vibration of the platform.
A pure delayed state feedback Hy, control scheme is
introduced to control an offshore platform [90], where
the required control force and the vibration ampli-
tudes of the offshore platform with a traditional Hy,
controller, a discrete FFOC [82] as well as a delayed
Hy, controller are investigated. In [91], a robust slid-
ing mode Hy, controller is designed for an offshore
platform with an active TMD mechanism to reduce
vibration excited by hydrodynamic forces and external
disturbance. Recently, by considering controller per-
turbations caused by physical limitations, component
aging or failure, a delayed non-fragile H, controller is
developed to improve the performance of an offshore
platform [92].

Remark 2 Notice that offshore platforms are a class of

highly coupled nonlinear uncertain systems subject to
external disturbance. It is of importance to guarantee
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the stability and reliability of offshore platforms from
the practical point of view. A remarkable advantage
of robust control is robustness against discrepancies
between a developed model and a real system, para-
metric perturbations, and external disturbance. Based
on an ideal and simplified model, some nice results are
reported in the literature using robust H> and/or Hy,
control schemes. However, most of them are mainly
based on steel jacket platforms subject to external wave
forces and/or nonlinear hydrodynamic forces, while
few of them are based on TLPs, self-elevating plat-
forms, gravity platforms, spar platforms, or very large
floating structures.

4.3 Intelligent control

In recent years, applications of soft computing, such
as artificial neural networks and fuzzy logics, attract
increasing attention in the field of structural vibration
control. Due to several advantages including the ability
to handle nonlinear behaviors, the inherent robustness,
fault tolerance, and generalized capability, neural net-
works and fuzzy logics are introduced to active control
for offshore platforms. In [93], back propagation neural
network-based active control is proposed to suppress
vibration of an offshore platform subject to random
waves. In such a control framework, a neural network is
trained off-line with data from numerical results, which
are based on a classical linear quadratic optimal con-
trol method. A robust control method using a modi-
fied probabilistic neural network is applied to attenu-
ate vibration of a fixed offshore platform under random
waves [94]. Recently, neural network-based controllers
are designed to moderate vibration of an offshore plat-
form under earthquakes [95] and wind-induced random
ocean waves [96], respectively. In [97], based on com-
bination of gray prediction, support vector machines,
a dynamic stiffness matrix method, and an adoptive
inverse control method, an adaptive inverse controller
is developed to decrease vibration of offshore platforms
subject to wave and wind loads.

It is observed that network control and fuzzy
control strategies are practical and efficient to deal
with an active control problem of offshore platforms.
However, except for the aforesaid intelligent control
schemes, few results are reported for offshore plat-
forms. Thus, further research exploring new intelligent
control schemes for different types of offshore plat-
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forms subject to complicated ocean environment load-
ing is expected in the near future.

4.4 Sliding mode control

It is well known that offshore platforms involve some
uncertainties such as unknown system parameters and
structure flexibility. Most importantly, offshore plat-
forms are usually affected by various disturbance, such
as waves, currents, winds, ice, and earthquakes. As an
efficient method to cope with parameter uncertainties
and unmodeled dynamics, sliding mode control strate-
gies [98] are recently introduced to control vibration
of offshore platforms. In [99], an optimal sliding mode
controller with a specified decay rate is proposed to
control wave-induced vibration of an offshore platform
with an AMD mechanism. Based on a linear transfor-
mation, an offshore platform system is decomposed
into two subsystems. The velocity of an AMD is con-
sidered as a virtual control for the first subsystem, and
an optimal virtual controller is derived. Then, an opti-
mal sliding mode controller with a specified decay rate
is proposed for the original system. It is found that
response amplitudes of displacement and velocity of
the offshore platform with an optimal sliding mode
controller are smaller than those with a discrete FFOC
[82]. Moreover, control force required by the former is
smaller than that by the latter.

For an offshore steel jacket platform with an active
TMD mechanism [65,72], robust integral sliding mode
control schemes for the offshore platform subject to
hydrodynamic forces and parameter perturbations are
developed [100]. Simulation results show that the per-
formance of the offshore platform with integral slid-
ing mode controllers is better than the one with a non-
linear controller [65] and a dynamic output feedback
controller [101]. In [102], by taking into account the
uncertainties not only on the natural frequency and
the damping ratio of the offshore platform and the
TMD, but also on the damping and stiffness of the
TMD, a new uncertain dynamic model for the off-
shore platform is established. Based on the proposed
dynamic model, sliding mode controllers with mixed
current and delayed states are presented. In [103], by
combining sliding mode control with an adaptive con-
trol algorithm and a wavelet support vector machine
method, an adaptive integral sliding mode controller is
developed to improve the control performance of the
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offshore platform. In [104], an adaptive output feed-
back integral sliding mode control schemes are investi-
gated. Note that in [65,72,100,102-104], only hydro-
dynamic forces and parametric uncertainties are con-
sidered, while external loading is ignored. Fortunately,
in [91], by taking into account external disturbance
acting on the first two vibration modes and paramet-
ric uncertainties, robust sliding mode H, controller is
designed to reduce oscillation amplitudes of the off-
shore platform. It is found through simulation results
that compared with a traditional Hy, controller and a
sliding mode controller, a sliding mode H, controller
requires much less control force; oscillation amplitudes
of the offshore platform with a sliding mode Hy, con-
troller are less than those with a sliding mode controller.
The sliding mode control schemes aforementioned
are mainly based on two simplified dynamic models
[65,72,80] of offshore steel jacket platforms, and the
effectiveness of the designed controllers is demon-
strated only by simulation results. From the control
implementation point of view, vibration experiments
even field tests for offshore platforms are necessary. It
should be mentioned that, because of high efficiency,
simplicity, and robustness, sliding mode control is also
a potential alternative to vibration reduction for other
offshore platforms except for steel jacket platforms.

4.5 Sampled-data control

Under the above control schemes, state/output feed-
back controllers are designed in the continuous-time
domain. When a continuous-time controller for an
offshore platform is implemented in practice, con-
trol signals are usually transmitted in a digital form,
which results in a sampled-data system [105,106].
Hence, some sampled-data control schemes are intro-
duced to control of offshore platforms. By taking input
time-varying delays, actuator faults, and linear frac-
tional uncertainties into account, a robust fault-tolerant
sampled-data Hy, controller is developed to suppress
wave-induced vibration of an offshore steel jacket plat-
form [107]. For an offshore steel jacket platform sub-
ject to hydrodynamic forces, robust sampled-data con-
trol schemes are presented to attenuate vibration of
the platform with actuator faults and parametric per-
turbations [108—-110]. Simulation results indicate that
the sampled-data control schemes can significantly
reduce wave-induced vibration and thereby improve

the control performance of the offshore platforms. Fur-
thermore, it is found that, compared with continuous-
time controllers, sampled-data controllers may take
less control cost, while vibration amplitudes of offshore
platforms can be reduced to the similar level.

4.6 Delayed feedback control

Under some circumstances, by properly introducing
time delays into control channel, control performance
of some practical systems can be improved [111-114].
Bearing that into mind, several delayed feedback con-
trol strategies are introduced to mitigate vibration and
improve the performance of offshore platforms. In the
following, a brief review is presented on this issue.

In [101], by artificially introducing a constant time
delay into the control channel, a delayed dynamic out-
put feedback controller (DOFC) is designed for an off-
shore steel jacket platform with an active TMD mech-
anism, and the effect of the introduced time delay on
dynamic output feedback control is investigated. It is
shown through simulation results that the gain of the
delayed DOFC is smaller than the one of a conven-
tional DOFC in the sense of Euclidean norm, while
internal oscillation amplitudes of the offshore platform
can be significantly reduced by a delayed DOFC. Thus,
it is clear that properly introduced a time delay can
improve control performance of the offshore platform.
However, some limitation still remains in [101]. In fact,
the designed controller requires a large control force.
In addition, the controller is effective only if the intro-
duced time delay is less than 0.11 seconds, which is
quite small from an implementation point of view. To
solve this problem, in [102], a sliding mode controller
using mixed current and delayed states (SMC-MCDS)
is developed and the effects of time delays on slid-
ing mode control for an offshore steel jacket platform
are investigated. It is observed that the proposed con-
troller is more effective in both improving the control
performance and reducing control force of the offshore
platform than some existing ones, such as the delay-free
sliding mode controller (SMC) [100], the DOFC [101],
and the nonlinear controller (NLC)[65]. The detailed
results are given in Table 1, where x1, x» and x3 rep-
resent peak-to-peak oscillation amplitudes of the first,
second, and third floors of the offshore platform, and u
denotes the range of the required control force peak to
peak. Furthermore, it is found that the introduced time
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Table 1 Oscillation

. 5

amplitudes of three floors of Controllers 1 (m) *2 (m) X3 (m) u (10°N)

the platform and the ranges No control 13738 1.4489 1.5634 -

of the control force under

different controllers [102] NLC [65] 0.3050 0.3050 0.3050 2.0
DOFC [101] 0.2329 0.2543 0.2705 4.0
SMC [100] 0.2192 0.2301 0.2383 2.2
SMC-MCDS [102] 0.1868 0.2041 0.2182 1.4

delay in this scheme can take values in different ranges,
while the corresponding control performance of the off-
shore platform is almost at the same level. Specifically,
the introduced time delay for the SMC-MCDS is in the
range from 0.43 s to 0.56 s [102], while the feasible
time delay for the delayed DOFC is only less than 0.11
s [101].

Recently, by using both the current and delayed
signals [102], delayed non-fragile Hy, control [92],
delayed adaptive sliding mode control [103], and
delayed adaptive output feedback sliding mode control
[104] are designed and the performance of the proposed
controllers is analyzed based on simulation results. In
[115], a time-varying delay is intensionally introduced
into the control channel, and a delayed robust sliding
mode Hy, controller is developed to reduce internal
oscillations of an offshore platform. The positive effect
of the introduced time-varying delay on robust slid-
ing mode Hy, control for the system is investigated.
It is found that control force required by the proposed
controller is smaller than the one by a robust sliding
mode controller and a robust sliding mode Hy, con-
troller [91].

On the other hand, by only using delayed signals,
pure delayed feedback control schemes are developed
for offshore platforms. For example, for an offshore
steel jacket platform with an AMD mechanism, a pure
delayed H, controller is developed to attenuate wave-
induced vibration [90]. It is found that, compared with
the FFOC [82], both vibration amplitudes of the off-
shore platform and required control force with the pure
delayed Hy, controller are smaller than those with an
FFOC. It should be mentioned that vibration ampli-
tudes of the offshore steel jacket platform with the pure
delayed Ho, controller are at the same level as the one
with a delay-free Hy, controller, while required con-
trol force by the former is much smaller than the one
by the latter. Similar results can also be found in [116],
where a pure delayed state feedback non-fragile con-
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trol scheme is investigated for offshore platforms with
a TMD mechanism and controller perturbations. It is
observed that by choosing proper time delays, vibra-
tion amplitudes of the offshore platforms with a pure
delayed control scheme are the same as or smaller
than the ones with a delay-free control scheme, while
required control force by the delayed control scheme
is smaller than that by the delay-free control scheme.

Remark 3 1t is true that intensionally introducing
proper time delays can reduce vibration amplitudes and
required control force of an offshore platform. How-
ever, some challenging issues need to be addressed. For
instance, delayed feedback control schemes are mainly
based on simplified dynamic models of offshore steel
jacket platforms. As a result, only the first vibration
mode or the first two vibration modes are considered,
while other higher vibration modes are ignored. More-
over, how to choose a proper time delay with positive
effects on offshore platforms is still challenging.

4.7 Network-based control

Network-based control provides an advanced remote
control strategy, where control components, i.e., phys-
ical plants, sensors, controllers, and actuators, are con-
nected through a communication network. Network-
based control has several advantages including low
control costs, ease of installation and maintenance,
and high reliability and thus has gained much atten-
tion [117-123]. On the other hand, offshore platforms
are generally located far away from land and always
affected by complicated and harsh ocean environmental
loads. Thus, network-based control paves an effective
way to lower control costs and simplify installation and
maintenance of an offshore platform, while the safety
of staff on the platform can be ensured. In the recent
years, several networked dynamic models and active
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network-based control schemes for offshore platforms
are developed.

Based on an offshore platform with an active
TMD mechanism [65,72] or an AMD mechanism
[80], network-based dynamic modeling and controller
design are presented in [124] and [127], respectively.
As shown in Fig. 3, by inserting a communication
network over the offshore platform, a network-based
model of the offshore platform is established. In this
network-based model, an actuator is placed on the top
of the offshore platform and connected to the TMD
to regulate the motion of the damper; several sensors
are placed on the TMD, the first floor and the second
floors to measure their displacements and velocities;
and a network-based controller is located in a land con-
trol station. Then, a network-based state feedback con-

Sensor  Actuator
T S \é

i W W

Sensor-controller Delay

1
i Communication Network

Controller
(Control Station)

Controller-actuator Delay | .

L

Fig. 3 A network-based offshore platform with a TMD [124]

troller is designed to suppress the amplitudes of the
offshore platform [124]. Under this scheme, the corre-
sponding closed-loop system of the offshore platform
is modeled as a system with an interval time-varying
delay [125,126]. Simulation results show that both the
oscillation amplitudes of the offshore platform and the
required control force with the network-based state
feedback controllers (NSFCs) are smaller than those
with the NLC [65] and the DOFC [101]. Moreover,
oscillation amplitudes of the offshore platform with a
network-based feedback controller are almost the same
as those with the integral SMC [100], while the required
control force is smaller than that required by an integral
sliding mode controller, which is given in Table 2.

In [127], a network-based control model is intro-
duced for an offshore platform with an AMD mech-
anism in the presence of actuator faults, where an
event-triggered mechanism is utilized to save the lim-
ited resources of the communication networks [128—
131]. The network-based control diagram is illustrated
in Fig. 4. Based on this network-based model, an
event-triggering Hy, reliable controller is designed
by employing the Lyapunov—Krasovskii functional
approach. It is found that for possible actuator fail-
ures, a network-based controller is capable of guaran-
teeing the stability of the offshore platform. Compared
with a traditional H, controller, a network-based con-
troller can suppress vibration of the offshore platform
to almost the same level, while requiring less control
costs. Furthermore, with the event-triggered Hy, con-
troller, limited network resources can be saved signifi-
cantly.

Remark 4 As mentioned above, network-based con-
trol can improve the control performance of offshore
platforms. However, using communication networks
unavoidably leads to some unfavorable factors, such as

Table 2 Oscillation
amplitudes of three floors of
the platform and the ranges
of the control force without
and with network settings

[124]

Controllers x1 (m) X2 (m) x3 (m) u (10°N)
NLC [65] 0.3050 0.3050 0.3050 2.0
DOFC [101] 0.2329 0.2543 0.2705 4.0
SMC [100] 0.2192 0.2301 0.2383 2.2
NSFCI1 [124] 0.1784 0.1969 0.2120 0.77
NSFC2 [124] 0.1862 0.2053 0.2209 0.73
NSFC3 [124] 0.1928 0.2124 0.2284 0.69
NSFC4 [124] 0.2176 0.2391 0.2562 0.64
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Fig. 4 A control diagram of a network-based offshore platform
with an AMD [127]

network-induced delays, packet dropouts, quantization
errors, and network congestion. By taking network-
induced delays into account, network-based control
for offshore platforms is studied in [124] and [127].
However, sustained attention to network-based con-
trol for offshore platforms is still worthy to be paid.
Specifically, by taking one or more factors aforemen-
tioned into consideration, it is an interesting research
topic to explore a network-based dynamic model and
develop effective network-based controllers for float-
ing offshore platforms in ocean environments.

5 Some challenging issues and research directions

Although a great number of research results on vibra-
tion control for offshore platforms are reported in the
literature, there are still some challenging issues to be
addressed. In what follows, some research directions
are suggested, especially on active control of offshore
platforms.

e A challenging problem is to establish a proper
mathematical model that can exactly reflect the
dynamics of an offshore platform. Most results
mentioned in this paper are based on a simpli-
fied dynamic model, where either only the most
dominant mode or the first and the second vibra-
tion modes of the offshore platform with a single
load are considered. However, offshore platforms
are of characteristics of combinations of multi-
vibration-modes. Moreover, offshore platforms are
usually subject to parametric perturbations, non-
linear dynamics, and mixed effects of external dis-
turbance, such as winds and waves, or earthquake,
and waves and flow. Therefore, it is significant to
develop a nonlinear model for an offshore platform
such that its overall performance can be improved;

e Based on a framework of multi-objective control,
a delayed feedback control scheme is one of an
interesting topics for active control of offshore plat-
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forms. From the mitigating vibration of offshore
platforms and saving the control cost point of view,
delayed feedback control strategies are effective
and have some distinct advantages. However, the
obtained results are mainly based on theoretical
analysis and simulations. From the implementa-
tion point of view, how to utilize these theoreti-
cal results in practical offshore platforms should
be re-evaluated. Specifically, for delayed control
schemes, it is a key point to choose proper time
delays intentionally introduced and thereby to guar-
antee the control performance of offshore plat-
forms. As a result, a critical value, an optimal
value, and/or interval of time delays with positive
effects on control performance of offshore plat-
forms should be further investigated. Another issue
of delayed feedback control strategies is that all the
current and delayed states are assumed to be avail-
able for controller implementation. If some states
and delayed states are not available, alternatives
deserves deeper investigation;

Networked dynamic modeling and control for off-
shore platforms are still attractive and challenging
though some results on these issues are available
in the literature [124,127], where the results are
based on an ideal dynamic model of offshore plat-
forms and only network-induced delays are con-
sidered. In fact, besides network-induced delays,
other network-induced factors including packet
dropouts, packet disorders, quantization errors, and
network congestion need to be considered for mod-
eling and control of offshore platforms in network
environments. Up to date, for offshore platforms,
especially for the floating type of structures, such
as TLPs, semi-submersible platforms, spar plat-
forms, floating production storage and offloading
systems, and very large floating structures, by tak-
ing into account one or more of network-induced
delays, packet dropouts, packet disorders, quanti-
zation errors, and network congestion, to establish
more general network-based dynamic models and
design effective network-based controllers is still a
challenging topic;

Note that neural networks are suitable for approxi-
mating nonlinear systems and fuzzy logics are effi-
cient to handle systematic nonlinearities and uncer-
tainties and easy to implement for structural sys-
tems. Offshore platforms are typical nonlinear sys-
tems. However, study on intelligent structure and/or



Recent advances in vibration control of offshore platforms

767

intelligent controllers, such as neural network con-
trollers, fuzzy logic controllers, and even hybrid
neuro-fuzzy controllers that possesses the capabil-
ities of adaptive regulation and intelligent informa-
tion processing simultaneously, has not been ade-
quately explored for offshore platforms. Specifi-
cally, since it is very complicated and impossible
for offshore platforms to establish exact dynamic
models. In this situation, based on a great num-
ber of experimental and field data, to explore data-
based dynamic models and to develop effective
data-based control schemes for offshore platforms
are of significance both in theory and in real imple-
mentations, which is well worth investigation in the
near future;

e Offshore platforms are inevitably affected by ocean
waves, ice, winds, flow, even earthquakes. The
external loading generally results in random fea-
tures of dynamics of offshore platforms. Applying
stochastic control theory to active control of off-
shore platform is a natural and feasible way [74].
However, few results about stochastic control for
offshore platforms are by far available in the litera-
ture. Therefore, some issues including system mod-
eling, filtering, and controller design in the stochas-
tic control theory framework deserve further explo-
ration;

e To prevent fatigue damage of offshore platforms
and to protect operation and staff on offshore plat-
forms subject to a wide range of environmen-
tal loading, it is very important for offshore plat-
forms to improve the ability to detect, diagnosis
and tolerant malfunctions of the control system. To
develop reliable fault diagnosis and fault-tolerant
controllers to cope with potential failures in actua-
tors and sensors is a significant issue; and

e Vibration control of offshore platforms lies at an
intersection of different research areas including
structure vibration theory, control theory, commu-
nication theory, civil engineering, mechanical engi-
neering, and ocean engineering. Consequently, col-
laborative research in vibration control of offshore
platforms is required from different engineering
and scientific fields.

e Compared with passive and semi-active control,
active control has several advantages. However, if
power supply cannot be guaranteed during the harsh
ocean environment, the active controller will not
work [4]. In this situation, semi-active and hybrid

control mechanisms with passive components are
still feasible options for the vibration control of
the offshore platforms. Therefore, to develop semi-
active and hybrid control mechanisms with high
reliability, desirable control effects and low control
cost require further study.

6 Conclusion

We have provided an overview of recent advances in
vibration control of offshore platforms. We have briefly
reviewed some results on passive control and semi-
active control of offshore platforms. We have paid
attention to active control of offshore platforms. In
particular, we have analyzed and discussed in detail
results on delayed feedback control, sliding model
control, sampled-data control, and network-based con-
trol of offshore platforms. We have also provided
some challenging issues to be addressed in the future
research.
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