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Abstract: Adaptive control algorithms are widely used in many technical fields like aeronautics and robotics for controlling systems
whose  characteristics  vary  with  time  or  are  uncertain.  In  the  last  decades,  with  the  diffusion  of  active  and  semiactive  control
applications in civil engineering, adaptive methods started to be adopted for structural control. This paper provides an up-to-date
survey on strategies currently available for adaptive control and a literature overview of solutions examined until today for structural
applications.
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1. INTRODUCTION

In the last decades, a large effort has been made to develop innovative methods for vibration mitigation in civil
engineering structures, like buildings, long-span bridges and slender towers that may experience significant dynamic
response under wind and seismic loads [1 - 3]. Among innovative solutions for vibration mitigation, active control has
gained an increasing interest,  mainly due to technological  developments  which have made feasible  the adoption of
active control solutions in real structures. Full-scale applications of active control are essentially dominated by the use
of active mass driver (AMD) systems [4 - 6], that are composed by a servo-actuator moving a mass in order to generate
an  inertial  force  that  is  used  for  active  damping.  More  recently,  semiactive  devices,  like  megnetorheological  and
electrorheological dampers, started to become widespread in structural applications [7 - 9]. They associate the reliability
of passive devices to the versatility and effectiveness of active devices and cannot produce instability as they do not
inject energy to the structure [10]. Viable alternatives are also active and semiactive tendon systems [11, 12] and active
and semiactive base isolation [13, 14].

The effectiveness of active control depends on the selected control algorithm. Linear control algorithms, like Linear
Quadratic Regulator (LQR) and Direct Velocity Feedback (DVF) perform well when the structural parameters are well
known [15 - 17]. Linear methods such as H2, H∞ try to minimize proper norms of the transfer function of the system
providing robust control with respect to the frequency of excitation [18 - 21].

When structural properties vary with time, the effectiveness of linear controllers is reduced and it is advisable to use
control  algorithms  capable  of  adapting  themselves  [22  -  24].  In  particular,  the  use  of  nonlinear/adaptive  control
strategies is recommended when uncertainty in structural parameters is involved, when the structure has a non-linear
behaviour and when physical limits of devices must be managed.

Early research on adaptive control was motivated by the need of designing autopilots for aircrafts operating over a
wide range of conditions and having nonlinear and time varying behavior [25]. Then, tracking control was adopted in
the field of industrial automation for designing robots with unknown kinematic and dynamic properties [26]. Finally
adaptive control was introduced also in the field of civil engineering [27] where it is particularly useful for managing
nonlinear structural behavior and model uncertainties.
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Recently, several reviews have been published on advances in structural control, each one focusing on a specific
aspect of the general topic. Fisco and Adeli report the main studies and developments on active, semi-active and hybrid
control since 1997 to 2011 [28, 29]. Korkmaz describes an overview of advances in active structural control adopting an
interdisciplinary approach [30]. Amezquita-Sanchez et al. focus on reviewing the main control techniques applied to
suppress  vibrations  in  civil  structures  using  smart  actuators  and  sensors  with  special  attention  to  technological
innovations [31]. A very interesting review on structural control was published by a team of researchers members of the
European Association for the Control of Structures [32]. The review reports the latest developments on each branch on
the structural control, starting from passive methods to the most challenging new tendencies of adaptive control. Saaed
et  al.  describe  the  state-of-the-art  on  structural  control  presenting  advantages  and  disadvantages  of  each  kind  of
approach for vibration mitigation in civil structures [33]. Although very useful to provide an overview on structural
application  of  active  control,  none  of  the  previously  mentioned  reviews  is  specifically  devoted  to  adaptive  control
techniques.

The  aim  of  the  present  paper  is  to  fill  this  gap  and  present  an  up-to-date  literature  review  on  adaptive  control
approaches adopted for structural applications. In particular, the paper is devoted to provide an extensive description of
the applications of adaptive control methods in the field of civil engineering. The paper is organized as follows: after an
introduction provided in Section 1, a classification of adaptive methods available for structural control is provided in
Section 2. Following an original approach proposed by the author, the available methods are classified on the basis of
the goal they are intended to pursue in civil engineering applications. In particular, Section 3 reports control approaches
handling systems with uncertain parameters, Section 4 illustrates adaptive control strategies for structures with time-
varying parameters and Section 5 provides a survey on nonlinear controllers for managing physical limits of actuators.
Finally, recent perspectives are briefly discussed in Section 6 and conclusions are drawn in Section 7.

2. CLASSIFICATION OF ADAPTIVE CONTROL METHODS

In adaptive control the controller's parameters adapt themselves to the controlled system, whose characteristics vary
with time or are initially uncertain. Fig. (1) shows a schematic representation of the adaptive control.  The adaptive
algorithm provides direct estimates of the controllers parameters at each time t  by processing the plant input u  and
output y.

Fig. (1). Schematic of the adaptive control.

A general characterization of the adaptive control parameters θ is the following:

(1)

The adaptive control algorithms differ for the strategy used for the parameters' adjustment.
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knowledge of model parameters, and non model-based algorithms, exploiting fuzzy logic or neural networks [34, 35].
The main advantage of model-based strategies is that they allow the physical interpretation of the system behaviour and
in some cases they can identify system's parameters variations. The main advantage of non model-based methods is that
they can handle nonlinearity, accommodate a high degree of parallel implementation, and tolerate uncertainty in the
system [36, 37].

Another separation is made between feedforward and feedback adaptive control methods. In a feedback system, the
control  input  is  computed  using  the  error  between  the  measured  output  and  a  reference  output  [38]  while  in  a
feedforward system the regulation is based on knowledge of the process or measurements of the process disturbances
[39, 40].

A further common distinction is between direct and indirect adaptive control methods. Direct methods are those in
which the estimated parameters are directly used in the adaptive controller. In contrast, indirect methods are those in
which the estimated parameters are used to calculate required controller parameters.  The estimate of the controlled
parameter is treated as the true parameters (certainty equivalence).

Hereinafter,  in  order  to  give  a  clear  presentation  of  the  literature  survey,  a  different  classification  is  proposed.
Adaptive methods for structural control are here classified on the basis of the main goal each strategy is intended to
pursue. In particular, three categories can be identified:

Control strategies managing structural parameters' uncertainty;1.
Control strategies managing system's nonlinear (time-variant) behaviour;2.
Control strategies managing actuators' stroke and force limitations.3.

Fig. (2) shows the proposed classification of adaptive control methods, based on their main objective. The figure
reports the three categories and for each one summarizes the most well-known approaches, presented in the following
Sections  3  to  5.  It  is  worth  noticing  that  the  adaptive  control  strategies  usually  adopted  for  managing  structural
nonlinearity can also manage model uncertainties. Moreover, in some cases there is not a sharp separation between the
second and the third goals as adaptive control techniques usually used for nonlinear systems can be modified to copy
with physical limits of actuators.

It  must  be  underlined  that  also  some fault  tolerant  control  schemes  could  in  principle  be  classified  as  adaptive
methods. Nevertheless the treatment of this further topic is beyond the scope of the paper [41, 42].

3. CONTROL STRATEGIES COPYING WITH UNCERTAINTIES

Most civil engineering problems involve uncertainties in parameters characterizing the structure and the loads. The
aim of  the  adoption  of  control  systems  in  structural  applications  is  to  have  a  system behaving  in  the  desired  way,
satisfying limit states requirements.

Although  active  control  has  an  inherent  robustness  as  it  modulates  the  control  force  based  on  the  states  of  the
system,  the gap between nominal  and actual  system's  parameters  may give rise  to  suboptimal  solutions.  Hence the
necessity of control strategies capable of copying with parameters uncertainties.

A  robust  controller  is  a  constant  gain  feedback  algorithm that  may  be  designed  to  manage  parameter  changes,
provided that such changes are within certain bounds [43 - 45]. Adaptive control differs from robust control as it does
not need information about the bounds of the uncertain parameters [46]. While robust control guarantees that the control
strategy  is  effective  if  the  parameters  are  within  given  bounds,  in  adaptive  control  the  control  law  is  changed  for
adapting to system's modifications [47]. Differently from adaptive control, in robust control also linear algorithms can
be used.

The most widespread robust control strategy in structural applications is the H∞ approach, capable of dealing with
the  problem  of  robust  stabilization  and  disturbance  attenuation  of  uncertain  systems.  The  method  is  based  on  the
assumption of norm-bounded perturbations of the structure about a nominal configuration. It minimizes the H∞ norm of
the transfer function of the system adopting a worst-case approach, thus leading to over-conservative results. The H2

controller analogously, minimizes the H∞ norm of the system's transfer function which represents the root mean square
of the structural response to white noise excitation [48]. Among the robust control strategies, the μ-synthesis searches
for a controller minimizing the Linear Fractional Transformation of the system's transfer function through a double
sequential  optimization [49].  New tendencies  are  probabilistic  approaches for  handling parameters'  uncertainties  in
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structural  control.  Guo  developed  an  efficient  reliability  method  for  robust  control  of  dynamic  systems  with
probabilistic parametric uncertainties. Robust control design is carried out by solving a reliability-based optimization
problem  where  the  disturbance  attenuation  and  control  cost  are  minimized  under  the  condition  that  reliability
requirement  is  satisfied  [50].

Fig. (2). Classification of adaptive control methods.

4. ADAPTIVE CONTROLLERS FOR NONLINEAR STRUCTURES

Most civil structures are considered having a linear behaviour in normal operating conditions. However it is well
known that flexible structures like long span bridges, tall buildings, towers and cables, can experience under severe
loading a significant nonlinear behaviour. Nonlinear response can also be due to damage or to deterioration with time.

For  structures  with  nonlinear  behaviour,  the  adoption  of  linear  active  control  strategies  leads  to  unsatisfactory
results. In this case it is necessary to recur to adaptive methods that can manage the changing of structural properties
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The following subsections are devoted to present an overview of the main adaptive methods adopted for structural
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over the set of gains covering the operating points [54 - 56].

As rapid changes of the controller gains may lead to instability, the gain variation speed must be limited. Moreover,
as the adjustment mechanism of the controller gains is computed off-line, variations in the structure dynamics may lead
to deterioration of performance.
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Most model based adaptive algorithms are based on the concept that the system, although its parameters vary with
time,  should exhibit  a  desired response.  The controller  is  designed in order  to lead the structure close to the target
behaviour. When designing adaptive control systems, special consideration is necessary on convergence and robustness
issues. Lyapunov stability is typically used to derive control adaptation laws and show convergence.

The Sliding mode control belongs to this class of algorithms [57]. A sliding surface is generated consisting of a
linear combination of state variables and controllers, designed to drive the response trajectory on to the sliding surface
based on the Lyapunov stability criterion [58, 59]. The algorithm provides discontinuous control forces, forcing the
closed-loop system to evolve in a sliding mode along a sliding or switching surface, chosen in the state-space. This can
yield insensitivity to plant parameters variations.  Drawbacks are the choice of the switching surface, the chattering
associated to the sliding modes and the required measurement of all the state variables.

Backstepping is a recursive control algorithm for stabilizing highly nonlinear dynamic systems [60]. In order to have
the output following a certain reference signal, the error signal is used to rewrite the equation of motion and a control
Lyapunov function is used to derive the virtual control. The adaptive backstepping control has been mostly used in
structural applications for active base isolation [61 - 64] and for regulating semi-active devices [65 - 67]. Just a few
applications have been developed for active mass dampers [68].

The  Model  reference  adaptive  control  is  based  on  the  definition  of  a  reference  model  of  the  structure  and  the
performance requirements, describing the desired I/O properties of the closed-loop system [69]. Usually, the Lyapunov
equation  is  used  to  define  the  adaptation  law,  based  on  a  quadratic  Lyapunov  function  candidate.  The  controller
guarantees that for any given reference input, the tracking error which represents the deviation of the response from the
desired target, converges to zero with time. A few example of structural applications for structures under earthquakes
are available in literature [70 - 73].

Adaptive pole placement control originates from the pole placement control used in the case of LTI systems with
known parameters, that tries to place the poles of the closed-loop transfer function at the desired positions. In case of
unknown parameters, certainty equivalence approach is used to replace the unknown vector with its estimate. The linear
quadratic design technique or frequency domain design techniques can be used to design the control. Adaptive pole
placement controllers are often referred to as self-tuning regulators. A recent structural application of adaptive pole
placement control was developed for beams equipped with piezoelectric actuators [74]. A wavelet-based adaptive pole
placement was recently proposed in which the optimum values of the closed-loop poles of the structural system are
changed adaptively, based on the energy content over frequency evaluated with the discrete wavelet transform [75].
Another variation of a linear strategy is the adaptive H∞ algorithm that manages not only disturbances but also system's
faults [76]. With this aim an adaptive stabilizing term is added, based on Lyapunov theory.

Time delay control algorithm calculates the control input by estimating approximately uncertain parameters from
the information in a few previous time steps [77, 78]. A reference model is adopted to define the desired trajectory.
TDC has the features of being simple and having excellent robustness to unknown system dynamics and disturbances. It
is particularly useful for systems with dynamics slowly changing, like structures subjected to time degradation.

4.2. Non Model-based Adaptive Controllers

In recent years, non model-based techniques have gained large attention as they do not require knowledge of the
structural  system and therefore can handle nonlinearity and system's uncertainty.  Compared to the classical  control
theories, they are more versatile and flexible although they do not provide optimal control.

Among non model-based control strategies, methods based on fuzzy logic are the most diffused. They are based on
fuzzy logic, in which logic variables vary continuously between 0 and 1, in contrast to the classic digital logic. In fuzzy
logic control the control signal is regulated by a collection of if-then rules. The main advantage of fuzzy control is that
it can be expressed in terms that human operators can understand. The typical fuzzy logic control scheme is comprised
of  a  fuzzifier  (transforming  signals  to  fuzzy  variables),  a  reasoning  module  (generating  fuzzy  inferences)  and  a
defuzzifier (converting fuzzy outcomes into proper signals). Many recent structural applications of fuzzy logic control
can be found in literature. Al-Dawod et al. adopted fuzzy controllers for the mitigation of the vibrations of benchmark
buildings equipped with AMD, showing numerically and experimentally the good performance of the controller [35, 79,
80]. Faravelli et al. discussed how to build an adaptive fuzzy controller capable of detecting system modifications and
react  properly,  also in case of systems fault  [81].  Other authors proposed the application of fuzzy logic control  for
ATMD on tall buildings [82 - 85]. Many authors investigated the adoption of fuzzy control for structures subjected to
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earthquake [86 - 89].

Another kind of non-model based controllers are neural networks controllers exploiting artificial neural networks.
Their main advantage is the ability to learn on-line with no a priori training. Neural networks are composed of simple
elements inspired by biological nervous systems. The neural network can be trained to perform a particular task, so that
a  particular  input  leads  to  a  specific  target  output.  Most  of  the  existing  studies  in  structural  control  using  neural
networks require computationally intensive off-line training. The advantages of on-line adaptation are demonstrated
using the controller's capability to handle actuator failures and system uncertainties [41]. Many structural applications
exists in which conventional controllers are trained by neural networks in order to reduce the response of buildings
under earthquake excitations [90 - 93].

Some  applications  of  neuro-fuzzy  control  for  semi-active  devices  have  been  developed,  in  which  the  neural
networks are adopted to compensate for time-delay and the fuzzy controller is used to determine the control current to
be applied to MR dampers [94 - 96]. Other learning systems, like brain emotional learning control have been recently
proposed. The BELC is a strategy which imitates judgment and emotion of a brain. It contains two neural networks
(sensory and emotional) that affect each other thus improving the approximation ability for nonlinear systems [97].

5. CONTROLLERS FOR CONSTRAINED SYSTEMS

In  case  of  extreme loading conditions,  such as  wind storms and strong earthquakes,  the  control  devices  can be
forced to operate close to their physical limits, such as maximum stroke extension and force saturation of the actuator.
The  consequence  is  the  application  of  an  impulsive  force  that  can  provoke  damage  to  the  control  device  or  to  the
structure. Even when damage can be prevented by brake systems and buffers that soften the impulse loads, the overall
control effectiveness can be impaired or the system can operate in an anomalous way that might produce instability
[98].

A proper way to handle physical limits of active control devices providing acceptable solutions from an economic
viewpoint, is including them directly in the control law, allowing the system to reach its limits in a controlled way [98,
99], adopting nonlinear control strategies [100]. Nonlinear controllers proposed in the last years for constrained systems
can be classified in two main groups. The first group, collects linear control strategies whose gain is updated on-line,
depending on the states of the system. The second group gather together methods in which nonlinear terms are included
in the expression of the control law to modulate the control signal in proximity of the physical boundaries of the system.
In the following Sections 5.1 and 5.2, approaches belonging to the two categories are presented.

5.1. Control Strategies with State-dependent Variable Gain

5.1.1. Approaches Based on LQR Criterion

Many variable gain approaches are based on the Linear Quadratic Regulator criterion in which gain is updated on-
line, depending on the states of the system. Within this framework, Nagashima and Shinozaki [101, 102] proposed to
chose the gain among a set of feedback gains depending on an auxiliary variable that indicates a compromise between
reducing  the  building  response  and  reducing  the  stroke  of  the  auxiliary  mass.  The  set  of  gains  are  preliminarily
computed by LQR as a function of the auxiliary parameter, allowing to keep the mass stroke below its limit. Indrawan
et al. [103] developed the bounded-force control method which excludes the control-effort penalty from the perfor-
mance index of LQR control and searches for optimal control force at discrete time steps. Another modification of the
classical LQR method, adoptable in order to manage force and stroke limits, is the state-dependent Riccati equation
approach (SDRE), a very effective tool for designing nonlinear state controllers for constrained systems [104, 105].
Methods  based  on  the  SDRE  consist  of  solving  in  real-time  the  LQR  problem  with  adaptive  weights  and  system
matrices  [106].  This  class  of  methods  allows  to  fully  account  for  system nonlinearities  and  to  use  state-dependent
control weights to penalize the state variables when approaching their physical limits. Though very effective in theory,
the SDRE has the main issues of being computationally demanding and of requiring the use of a state observer [107,
108], which practically limit its applications. As a modification of SDRE technique, Basu and Nagarajaiah [109] used
wavelets  for  estimating  the  instantaneous  frequency  content  of  the  seismic  input  and  to  adapt  the  control  weights
consequently. Materazzi and Ubertini [110] applied SDRE to systems with both stroke limit and actuators saturation. In
order to fully exploit actuator's capacity, Kim and Jabbari proposed a state feedback control law using state observation
in which control performance depended on the actuator's capacity [111].
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5.1.2. Approaches Based on Bang-bang Control Law

Another class of algorithms able to inherently embrace the problem of actuators saturation are those based on bang-
bang  control  law.  The  bang-bang  control,  which  minimizes  a  performance  index  subjected  to  the  control  force
constraint, has the main shortcoming of the undesirable chattering near the origin of the state space that is due to high
frequency switching of the control force [112]. In order to tackle this issue, Mongkol et al. [113] proposed the linear
saturation (LS) control approach that consisted of a low-gain linear control when the system was close to the zero state
and  a  bang-bang  control  elsewhere.  Wu and  Soong  [114]  introduced  the  suboptimal  bang-bang  control,  where  the
feedback control force was obtained by minimizing the time derivative of a quadratic Lyapunov function under the
saturation constraint.  This  method was found effective under  certain  conditions but  could become unstable  outside
eliminate of a certain range of values of the control force. To avoid this instability, Lim et al. [115 - 117] proposed an
adaptive  bang-bang  control  algorithm,  where  the  stability  is  guaranteed  by  changing  the  value  of  a  parameter
proportional to the term which determines the direction of control force. All the aforementioned algorithms based on
bang-bang control law guarantee only stability for nominal LTI systems and do not consider uncertainties in systems'
parameters. To overcome this problem, Cai et al. [118] proposed the modified sliding-mode bang-bang control method
based on a combination of the sliding-mode control (SMC) and the modified bang-bang control methods. Lee et al.
[119] presented the saturated SMC method based on SMC theory and proved it to be an effective method for vibration
control in civil building structures, although robustness of the SMC with respect to uncertainties in systems' parameters
was only guaranteed in the sliding mode. Park and Min [100] addressed the stochastic nature of the excitation proposing
a nonlinear control algorithm, called energy damping control, for SDOF systems subjected to random excitations. The
joint probability density function of the closed-loop system was derived and used to evaluate the bound of the control
force that limited the probability of limit crossing of the displacement to a prescribed value.

5.2. Approaches Based on Additive Terms

Another group of adaptive methods for managing physical limits of active control systems comprehends methods
based on modifying the control law with additive terms devoted to slow down the actuators in proximity of their limits.
In Chase et al. [120]. a modification of the H∞ control strategy is presented where a state-dependent non-linear term
depending on the state of the system is added, capable of modeling of actuators' saturation and dealing with parameters'
uncertainties. Diaz and Reynolds [121] proposed the on-off non linear velocity feedback control capable of dealing with
significant levels of vibration and force saturation. To feedback the acceleration, a first-order compensator is designed
in order to achieve stability and significant damping. The proposed control scheme is completed by a nonlinear element
to  account  for  actuator  overloading.  Yamamoto  e  Sone  [122]  proposed  to  modulate  the  feedback  obtained  by  pole
assignment method by a coefficient representing the activity of the AMD and depending on the stroke displacement and
the time derivative of the first modal displacement estimated by a Kalman filter. Venanzi et al.  [123, 124] recently
proposed an enhanced non-linear damping (ENLD) approach for AMDs, capable of solving the issue of a limited stroke
extension  and  force  saturation.  The  ENLD  method  is  a  skyhook  control  algorithm  complemented  by  a  non-linear
breaking term that becomes effective in the vicinity of the stroke limit and a modulation term that is activated close to
the control force limit. The main features of the ENLD strategy lie in its ease of implementation, owing to its collocated
nature, in its reduced computational time and in the unnecessity of state observers that may induce error and time delay.

6. RECENT PERSPECTIVES

Nowadays the concept of “smart structures”, is spreading in the scientific community to denote structures equipped
with active control systems and monitoring sensors. Actuators allow the reduction of structural vibrations while sensors
have the double function of providing feedback information to the control system and provide information useful for
structural identification and health monitoring. Vibration control and health monitoring have been actively investigated
in last decades but in most of the researches the two aspects have been treated separately. In recent years, some authors
proposed integrated procedures for identification, control and damage detection in structures. Gattulli and Romeo [125]
proposed an integrated procedure for adaptive vibration control and damage detection. The control algorithm is based
on  a  model  reference  and  sliding  mode  control  and  the  on-line  identification  is  based  on  tracking  error.  The
convergence  of  the  estimation  process  is  assured  by  modifying  the  estimated  parameters  by  a  Lyapunov-based
adaptation law. Adaptive control techniques are also exploited by Wrobleski and Yang [126] to identify the transfer
function of simplified models, knowing measurements of input forces and output displacements. In two companion
papers by Xu and Chen [127, 128] is presented a methodology for integrated vibration control and health monitoring of
building structures equipped with semi-active friction dampers. A model updating scheme based on adding a known
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stiffness by semi-active fiction dampers is  proposed and used for  damage detection.  The Model-reference adaptive
identification algorithm, proposed by Chu and Lo [129], exploits the scheme of MRAC based on the definition of an
actual target structure, whose response is known by measurement, and a numerical model, whose parameters must be
adapted  to  fit  experimental  data.  Chen et  al.  [130]  presented  a  general  approach  in  the  time domain  for  integrated
control and on-line damage detection adaptable to various types of control devices. A parameter identification scheme is
developed to identify structural stiffness parameters and update the model which is used to regulate the controllers. In
Yang et al. the health monitoring is based on substructuring the floor's response and estimating the stiffness change
while the vibration control is based on model reference adaptive control [131]. Xu et al. presented a real-time integrated
procedure to identify time-varying structural parameters and unknown excitation and to control building's vibration
[132]. The identification is based on the least-square estimation method and the measures input - output information and
the vibration control is based on the clipped optimal control and updated parameters.

Structural resilience is another emerging research field in civil engineering. In this context, adaptive control systems
can be very useful as they are able to adapt themselves to changing levels of loading and even to changing structural
configurations  (damaged,  undamaged)  becoming  a  proper  means  to  improve  structural  resilience.  Domaneschi  and
Martinelli  evaluated  resilience  of  seismic  control  solutions  for  cable-stayed  bridges  by  proposing  a  strategy  for
recovering the optimal configuration of the controlled bridge after a damaging event [133].

Another interesting potential development of adaptive control concerns the possibility of designing structures with
changing shape characteristics, like buildings with adaptive envelopes and bridges with adaptive cross section [134 -
136]. The adaptive façade of a tall building can potentially control the vortex shedding phenomenon and in addition
provide natural ventilation and energy efficiency to the structural system. Adaptive wind turbines could optimize at the
same time the structural performance and the energy transformation. A bridge deck adaptable to the external actions of
wind can ensure aerodynamic stability and reduce internal forces and vibration.

Although several potential applications of adaptive methods can be recognized in structural engineering, several
issues  still  discourage  the  practical  implementation  in  real  systems.  A  well-known  drawback  of  standard  adaptive
control techniques is the possible instability that could occur in case of non-perfect system-model error cancelation, due
to unmatched uncertainties, unmodelled actuator dynamics, high frequency neglected modes and time delays. These
problems can be mitigated through the adoption of robust adaptive control modifications of the basic approaches like σ-
modification, e-modification and parameter’s projection [24]. In these techniques specific modifications are applied to
the adaptation law in order to avoid the drift of the controller's parameters that could induce actuator saturation and
closed loop instability.

Moreover, the necessity of robustness in case of lack of power supply encourages the adoption of adaptive hybrid or
semiactive control devices instead of purely active systems [9, 65, 90]. For this reason, large effort was recently made
towards  the  improvement  of  semiactive  devices  and  towards  embedding  control  algorithms  in  their  analytical
formulation  [137,  138].

The opportunity currently offered by many research laboratories to physically test adaptive systems (in parallel to
numerical tests) [17, 66, 72] and the development of electric actuators capable of providing large control forces with
reduced delays [122], potentially will soon allow to bridge the gap between theory and practice and to increase practical
applications of adaptive structural control.

CONCLUSION

An up-to-date survey on adaptive methods for structural control is presented in this paper. While in the last decades
most  effort  was devoted to the development  and the application of  robust  control  methods capable of  dealing with
uncertainties, more recently adaptive control methods capable of self-modifications started to be investigated in civil
engineering. The main applications of adaptive control are for buildings subjected to seismic events that can experience
parameters variations due to damage, for structures subjected to multiple hazards, requiring different levels of damping
depending on loading conditions and for structures experiencing nonlinear behaviour like cables, slender towers and
bridges. Another important branch of the research was recently devoted to avoid actuators' saturation and stroke limits
crossing through modification of control strategies.

Future developments of adaptive control can address, among others, interdisciplinary applications like: i) integration
of  active  control  and  structural  health  monitoring  of  deteriorating  structures;  ii)  structural  shape  adaptation  for  the
double purpose of energetic efficiency improvement and vibration control. The spreading opportunity of physically
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testing adaptive control systems and the fast technological developments in the field of smart systems, will soon allow
the increase of real applications of adaptive systems for structural control.
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