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(ABSTRACT)

The main focus of this study is on the active and semi-active control of civil engineering
structures subjected to seismic excitations. Among different candidate control strategies,
the sliding mode control approach emerges as a convenient alternative, because of its superb
robustness under parametric and input uncertainties. The analytical developments and
numerical results presented in this dissertation are directed to investigate the feasibility of
application of the sliding mode control approach to civil structures.

In the first part of this study, a unified treatment of active and semi-active sliding mode
controllers for civil structures is presented. A systematic procedure, based on a special state
transformation, is also presented to obtain the regular form of the state equations which
facilitates the design of the control system. The conditions under which this can be achieved
in the general case of control redundancy are also defined. The importance of the regular
form resides in the fact that it allows to separate the design process in two basic steps:
(a) selection of a target sliding surface and (b) determination of the corresponding control
actions. Several controllers are proposed and extensive numerical results are presented to

investigate the performance of both active and semi-active schemes, examining in particular



the feasibility of application to real size civil structures.

These numerical studies show that the selection of the sliding surface constitutes a
crucial step in the implementation of an efficient control design. To improve this design
process, a generalized sliding surface definition is used which is based on the incorpora-
tion of two auxiliary dynamical systems. Numerical simulations show that this definition
renders a controller design which is more flexible, facilitating its tuning to meet different
performance specifications. This study also considers the situation in which not all the
state information is available for control purposes. In practical situations, only a subset of
the physical variables, such as displacements and velocities, can be directly measured. A
general approach is formulated to eliminate the explicit effect of the unmeasured states on
the design of the sliding surface and the associated controller. This approach, based on a
modified regular form transformation, permits the utilization of arbitrary combinations of
measured and unmeasured states. The resulting sliding surface design problem is discussed
within the framework of the classical optimal output feedback theory, and an efficient al-
gorithm is proposed to solve the corresponding matrix nonlinear equations. A continuous
active controller is proposed based only on bounding values of the unmeasured states and
the input ground motion. Both active and semi-active schemes are evaluated by numerical

simulations, which show the applicability and performance of the proposed approach.
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Chapter 1

Introduction

1.1 Control of Civil Structures

The central problem of earthquake engineering is the design of civil engineering structures
such that they can withstand the forces and accommodate the deformations that are in-
duced during a seismic event. Obviously, the response of the system can always be limited
by providing stronger structural members but in general the system is not designed to
fully resist the design forces because this would be uneconomical. Therefore, it has been a
common practice to generate more ductile designs, providing the means for adequate en-
ergy dissipation through the yielding of individual members and the generation of localized
plastic hinges. Therefore, the occurrence of damage during a seismic event is unavoidable
in the context of this design philosophy. The problem with this approach is that the per-
manent deformations in the structure surviving the seismic event may seriously affect its
service life, leading to the need for expensive repairs. Therefore, alternative approaches are
constantly investigated to produce structural designs that satisfy both safety and economic
requirements.

Recently, the attention of the civil engineering community has focused on reducing

forces and deformations in structures, through the methods of structural control, to realize



not only safer but also more economical structural designs. Structural control strategies
are materialized by special devices which are added to the system to reduce the structural
response in order to fulfill multiple objectives. These methods of response reduction can
address not only the prevention of total failure or the limitation of damage but also they
can be designed to provide comfort to the occupants of the structure. Depending on the
mode of operation of these special devices, the structural response control methods can be
broadly classified as passive, active and semi-active control approaches.

In the passive control methods, the idea is to deflect the seismic input energy from reach-
ing the dominant modes of the structure by using base isolation or tuned mass dampers
and/or to dissipate the vibration energy in localized elements called energy-absorbing de-
vices. Passive control schemes have the advantage of requiring little maintenance. Also,
they do not depend on an external power supply to operate. The only problem with passive
control methods is their inherent limitations to be fine-tuned for efficient designs against
excitations of different characteristics.

The active control methods, on the other hand, reduce the structural response by ap-
plying counteracting control forces externally. In active control schemes, sensing devices
are used to measure the external disturbance and/or the structural response. This infor-
mation is fed into the controller which synthesizes the measured quantities and structural
parameter information to generate the corresponding control signal. This signal is then
input to the actuators which, if driven by an adequate power source, are able to produce
the desired control action. The high control authority characteristic of the active control
approaches can provide important response reductions even under severe dynamic loads.
However, when compared to passive control systems, the complexities and uncertainties

associated with active control schemes are much greater. Also, an important issue is the



magnitude of the control forces required to achieve meaningful levels of response reduction,
especially in the case of civil structures.

In the semi-active control methods, the counteractive control forces are created by
reactive forces in special dampers and/or stiffeners added to the structure. The temporal
regulation of the resulting reactive force can be done, for example, by simple opening and
closing of fluid passages or by changes in magnetic flux or electrical current, depending on
the principle governing the behavior of the device. Semi-active control approaches have
the advantage that this force regulation operations usually require a small power source.
These methods represent a compromise between fully active control and passive control

approaches.

1.2 Literature Survey

In the sequel, a brief description of developments and related works in the areas of passive,

active and semi-active control of civil engineering structures is presented.

1.2.1 Passive Control

The most relevant applications of passive control schemes to civil engineering structures
are base isolation systems, tuned mass dampers and added energy-absorbing devices. The
principle behind base isolation is the increase of the fundamental period of the structure,
moving it away from the high energy content region of the seismic input and thus reducing
the transmission of energy to the first vibration mode. Base isolation systems generally are
constituted by elastomeric bearings or sliding bearings, which are stiff and strong enough
to support the vertical loads but quite flexible in the horizontal direction [63]. Besides
flexibility, these systems also have important energy absorbing capabilities provided by the

high damping of the elastomeric bearings or the frictional behavior of the sliding bearings.
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This added damping becomes important to reduce the response in the case of excitations
with significative energy in lower frequency ranges [12].

Tuned mass dampers or vibration absorbers basically consist of a moving auxiliary mass
attached to the primary structure. The seismic input energy is transformed into kinetic
energy of the moving mass, which is properly designed to induce dynamic forces opposing
the motion of the primary system. The advantage of this behavior is clearly seen from the
frequency response function of the resulting system: an antiresonance effect is generated
at the frequency at which the device is tuned and two new smaller resonance peaks appear
surrounding this frequency. To further reduce these peaks, the connection of the moving
mass to the primary structure is usually provided with energy dissipation characteristics
[91]. These devices have found wide application in mechanical engineering for systems
subject to narrow band excitations and extensive research has been done to determine the
frequency tuning and damping characteristics providing optimum performance [93, 94]. In
civil engineering applications, tuned mass dampers are usually tuned to the first natural
period of the structural system. Therefore, they are most effective in those situations
where the first mode contribution to the response is dominant [75]. This is generally the
case for tall and slender structural systems. In the case of earthquake excitations, due to
the broader frequency content of the input, the moving-mass effect has been reported not to
be very effective; the role played by the damping characteristics of the tuned mass damper
then becomes important [92]. Alternative solutions based on the use of multiple tuned
mass dampers has been proposed to improve the performance under wide band excitations
[30].

Finally, the third form of passive protection is given by added energy-absorbing devices.

They are used to induce localized energy dissipation. Some of the most common energy-



absorbing devices are friction dampers, fluid viscous dampers, metallic yielding elements
and viscoelastic dampers [63]. Passive approaches have found applications in engineering
practice, not only in structural retrofitting but also in new designs. Several examples can
be cited illustrating the application of passive protective systems in buildings and bridges

12, 63].
1.2.2 Active Control

As mentioned before, active control schemes reduce structural response by direct applica-
tion of external counteracting forces. Among the different alternatives suggested to apply
the forces required by the control law, the most common ones are the active tuned mass
damper, the active mass driver, the hybrid mass damper and the active tendon system.
The active tuned mass damper is basically a passive tuned mass damper equipped with hy-
draulic actuators acting between the tuned mass and the primary system [102]. The active
operation of the tuned mass damper increases its effectiveness in response reduction with
respect to the corresponding passive operation, which is generally tuned to the first struc-
tural period. The active mass driver (or proof-mass actuator) consists only of the auxiliary
mass connected to the reaction wall of the building only by the actuation system, with
no significant passive tuning effect. A hybrid mass damper is a general definition which
includes any form of moving-mass-based device that combines active and passive actuation
modes. In this sense, the active tuned mass damper could be considered a hybrid device
[44]. An interesting hybrid device was proposed by Sakamoto and Kobori [70], consisting
of a small active mass driver acting on top of a passive tuned mass damper. In general,
the active mass driver is more effective in reducing the contributions to the response of all
vibration modes, whereas the hybrid devices are more efficient in neutralizing the partic-

ipation of those modes at which the passive component is tuned [44]. Finally, the active



tendon system or active bracing system consists of prestressed tendons or structural braces
whose tensions are controlled by hydraulic actuators [76].

In general, the development of algorithms for active control has been done quite inde-
pendently of the characteristics of the actuation devices. In many cases, the algorithms are
developed under the assumption of unconstrained availability of the required control ac-
tions. Obviously, the dynamic characteristics and limitations of the actuators will influence
the performance of the resulting system and some studies have included these effects in the
design of the control law. But in general, it is fair to say that in active control strategies
the actuation device does not condition or determine the selected algorithm. This fact
can be thought, in part, as inherited from other engineering disciplines, such as electrical,
mechanical or aerospace engineering, where the practical feasibility of the required control
actions may have not been a critical issue. In the case of control of civil structures, however,
the practical feasibility is a paramount issue.

As mentioned by Yang and Soong [102], the response control of civil engineering struc-
tures is a problem with exceptional characteristics. This is due to the size of the object
to be controlled and the uncertain nature of the excitations, which differentiate it from
the control problems arising in aerospace, mechanical and electrical engineering. The idea
of using some form of control actions to limit the response of civil engineering structures
started to emerge back in the early 1960s [41]. But it is in the pioneer paper by Yao [119]
in 1972 where the concept of active structural control is clearly formulated. Since at the
design stage it is impossible to exactly predict the dynamic disturbances such as ground
motion or wind forces, the structure itself must react during to resist these environmental
forces. This concept constituted the foundation for the subsequent research developments.

In the sequel, the most relevant contributions in the area of active structural control are



classified and briefly reviewed.

Linear Optimal Control: Many of the first control algorithms proposed to be used
in civil engineering applications were based on classical results of optimal control theory
[10, 52, 67, 98, 99, 120]. In the optimal control problem, the control actions are calculated
by minimizing a specified cost or performance index. The performance index is a functional
usually expressed in the form of an integral over a given time interval. When the system is
linear and the cost is quadratic in the system states and the control signals, the problem
is referred to as the linear quadratic regulator (LQR) problem. The determination of the
optimal control law can be done using either a variational approach or the method of
dynamic programming [40]. The variational technique will lead to a two point boundary
value problem whose solution determines the optimal control. On the other hand, dynamic
programming will lead to a partial differential equation that must be satisfied by the optimal
control, known as the Hamilton-Jacobi-Bellman equation. In both cases, when the system is
affected by an external disturbance, the optimal solution is given by a control law in the form
of time-varying state feedback and feedforward components. The time-varying feedback
must be determined by solving a nonlinear matrix differential equation, known as the
Riccati equation. The feedforward component must be obtained by solving a system of first
order differential equations with time-varying coefficients and whose forcing term depends
on the external excitation. The problem is that the resulting feedforward component of the
control is not causal. This differential system must be solved backwards in time, requiring
the future knowledge of the disturbance, which is not feasible in the case of an seismic
event. As a result of this, the application of optimal control to the problem of control of
civil structures subjected to seismic excitation is done suboptimally, without consideration

of the external excitation.



Neglecting the external excitation, the optimal control is given only by the feedback
component. Note also that even for a time-invariant system, the optimal control law is
time-varying, increasing the complexity of the resulting control system. Usually, a time
invariant feedback control law is generated by assuming an infinite horizon of the optimiza-
tion problem. In this case, the determination of a constant feedback gain must be done by
solving the steady-state version of the matrix differential Riccati equation, known as the
algebraic Riccati equation. The use of an infinite time interval brings into consideration
the stability of the resulting controlled system. A solution of the Riccati equation gener-
ating an asymptotically stable closed-loop system is guaranteed to exist only if the system
satisfies stabilizability and detectability conditions [2]. As mentioned before, in the case of
structures subjected to seismic disturbances, the solution provided by the infinite horizon
LQR formulation is not a truly optimal approach as it ignores the input excitation terms
in the optimization process. Nevertheless this approach has been repeatedly used in the
structural control community as a convenient and useful tool to generate stable controllers

in both analytical and experimental research.

Observers and Output Feedback: A major drawback of the optimum control law is
that it was obtained under the assumptions that all the states are available to generate
the control actions. It is, however, unreasonable to expect that the state vector can be
measured in their entirety. Usually the available information is arranged in the form of
an output vector whose dimension is smaller than the number of states. Therefore, some
form of state estimation must be implemented. In general, a full-order observer consists of
a model of the original system, excited by the difference between the actual measurements
and the estimated measurements. The structure of the observer is defined by a gain matrix

which acts as a design parameter and it has to be selected appropriately to achieve some



desired estimation performance. The control law is then based on the estimated states
and the resulting closed-loop system has a dimension twice the dimension of the original
system. The closed-loop dynamics depends on the selection of the gain matrices defining
the control law and the observer. Based on the so-called separation principle, the design
of the controller and the observer can be carried out independently of each other [25].

The design of the observer can be performed in some optimal manner, provided that
the problem is reformulated in a stochastic setting. In this case, random disturbances
and measurement errors are incorporated into the formulation in the form of white noise
processes. The resulting stochastic regulator problem is known as the linear quadratic
Gaussian (LQG) problem [16]. Under these conditions, the optimal gain matrix for the
observer is obtained as the solution of the so-called filter algebraic Ricatti equation. The
incorporation of the observer, however, reduces the stability margins considerably when
compared to the full state feedback LQR solution. Supposedly optimal estimated-feedback
controllers, were often found to give poor performance, or even unstable behavior, in real-
world applications because of high sensitivity to modeling errors. Therefore, LQG-based
designs could easily fail to work in environments with model uncertainties because of this
lack of robustness.

An alternative to the observer-based design for the case of limited measurements is the
direct (or static) output feedback approach. In this case, the control actions are directly
generated by multiplying the sensor outputs by an appropriately selected gain matrix [4].
The design of this matrix can be performed in some optimal sense by neglecting the external
disturbance and minimizing an integral performance index with respect to the initial state
of the system. In this case, it was shown by Levine and Athans [48] that the design

problem reduces to the solution of a static constrained optimization problem. A special



case of output feedback is represented by direct velocity feedback with collocated sensors
and actuators [5]. This means that the measurements are obtained using velocity sensors,
whose number is equal to the number of actuators. Under these conditions, it can be shown
that a positive semi-definite gain matrix will render a closed-loop system unconditionally

stable in the absence of sensor and actuator dynamics.

Modal Control: The large number of degrees of freedom needed to obtain realistic
models of engineering structures motivated the so-called modal control approach [3, 55].
This control strategy is concerned with the control of a critical subset of modes of vibration
of the structural system, while leaving the remaining (or residual) modes uncontrolled [11].
The critical modes can be regarded as defining a reduced-order subsystem for which an
appropriate controller is to be designed [3]. If the equations of motion can be decoupled
using the corresponding modal matrix, then the dynamics of the system can be described
in terms of two subsystems corresponding to the controlled and residual modes. In this
context, the residual subsystem could also be interpreted as representing any unmodeled
dynamics with linear characteristics.

As mentioned before, the objective of the modal control strategy is to shape the dynam-
ics of the controlled subsystem. In the so-called coupled modal control approach, this is
achieved by directly designing a control vector which is a function of the modal coordinates
and/or the modal velocities corresponding to the controlled modes. Another alternative is
to further exploit the diagonal structure of the controlled subsystem by defining a decen-
tralized control input such that each component of the control is designed independently to
achieve some desirable objective for each corresponding modal coordinate. This approach
is called independent modal control or control by modal synthesis [54]. The effectiveness

of this last alternative depends on the number of modes to be controlled and the number
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of actuators. In most cases, the number of control devices is usually limited by practical
and economic reasons. If the number of actuators is smaller than the number of controlled
modes, then this approach can not generate a genuine independent modal control scheme,
because the control actions recouple the otherwise independent equations of the controlled
subsystem. As a consequence of this, the closed-loop system will show some degradation in
performance, this effect becoming more pronounced as the number of controllers decreases
with respect to the number of controlled modes [55].

In general, the control signal will have the form of a feedback law in terms of the
modal coordinates and/or the modal velocities corresponding to the controlled modes. In
practical implementations, these modal coordinates usually will be estimated from available
measurements but the sensor outputs will be contaminated with information of the residual
subsystem. This effect is known as observation spillover. Additionally, once the controller
is implemented in the real system, it will not only affect the controlled subsystem but also
excites any unmodeled dynamics, represented by residual subsystem. This effect is known
as control spillover. These effects, representing interactions with the residual subsystem,
may produce serious degradation of performance. The observation spillover effect may even

lead to an unstable closed-loop system [4].

Instantaneous Optimal Control: In the control of structures subjected to seismic
disturbances, the standard linear optimal control solution is obtained by neglecting the
input excitation terms in the optimization process. An approximated approach proposed
by Yang and co-workers [100] and known as instantaneous optimal control, attempts to
include the effect of the nonstationary disturbance. In this approach, past information
regarding the input disturbance is included in the calculation of the control actions. This

control method is based on a discrete-time approximation of the system dynamics. This
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can be easily done using the transition matrix approach for the case of linear systems, but it
can be also extended to nonlinear systems by employing numerical integration techniques.
The method is based on the search for a control minimizing an instantaneous performance
measure, but this formulation does not seem to render a consistently posed problem. The
response of the system is expressed as an approximation for an interval A¢. The optimal
control action is obtained using this approximated dynamics as constraint equations. But
when At — 0 and the dynamics of the system is described exactly in terms of differential
equations, the solution of the problem becomes trivial because the minimizing control
is equal to zero. Therefore, the only way to obtain a nonzero solution is by arbitrarily
enforcing At # 0 while imposing the dynamic constraints in the form of approximated
evolution equations instead of differential state equations.

In Ref. [101] this technique is applied to nonlinear structures by solving the equations
of motion by using the Wilson-6 method. The effectiveness of the proposed approach
was numerically evaluated for several example structures. The effects of localized inelastic
behavior induced by rubber bearings and distributed nonlinearity generated by elastoplastic
story stiffness characteristics were investigated. Later, a parametric sensitivity study was
conducted to investigate the effect of uncertainties in the efficiency of the control algorithm
[103]. The effectiveness of optimal control and instantaneous optimal control was evaluated
with respect to changes in the stiffness and damping characteristics of a nominal linear
structure subjected to seismic excitation.

Motivated by the fact that these instantaneous optimal control algorithms did not guar-
antee the stability of the closed-loop system, an improved procedure based on Lyapunov’s
direct method was proposed by Yang et al. [104] for the determination of the feedback gain

matrix . A condition for stability is satisfied if the symmetric feedback gain matrix defining
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the control law is obtained as the solution of an associated algebraic Riccati equation. In
a follow-up work [105], this formulation is extended to control hysteretic systems with ve-
locity and acceleration feedback. The hysteretic behavior is modeled using the Bouc-Wen
model. Assuming that the uncontrolled structure is stable around the zero initial condi-
tions, the nonlinear dynamics is linearized with respect to the initial equilibrium state to

obtain a time invariant feedback law.

Predictive Control: Another approach to formulate an optimal control problem is given
by the so-called predictive control or receding-horizon control [16]. The basic idea is to
consider a continuously moving performance index in which the final time moves along
with the evolution of the system. In this approach, at any given time ¢, one optimizes for
a future interval of duration At. This types of solutions are very useful when the evolution
of the external disturbance can be identified or predicted for a finite future interval At.
Rodellar and co-workers [65, 66] presented a digital control scheme based on these ideas.
In their approach, an optimization horizon is defined for each sampling instant. A discrete-
time model is used to predict the response of the system and a sequence of control actions is
obtained such that some performance index is minimized. The effectiveness of this approach

was evaluated by numerical simulations and experimental verifications.

Nonlinear Optimal Control: An interesting extension of the LQR-based approach
is based on the use of a nonlinear performance index [35]. This approach aims to an
improved control of the peak responses which usually occur in the initial stages of the
seismic motions. The classical LQR approach is effective in controlling the time-averaged
norms of the response, but not very effective in controlling the peak response. In this

form of nonlinear optimal control, a higher order performance function with higher order
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state vector terms more sensitive to higher response values, is used. Several forms of this
nonlinear control law have been proposed in the literature. Tomasula et al. [84] used
a performance index which is quartic in the states and quadratic in the control actions.
The solution is obtained in form of a series expansion and achieves a polynomial feedback
form. Numerical simulations using a SDOF system showed that the nonlinear control
attains better reduction of peak responses but at the expense of higher control actions,
when compared with the linear optimal solution. Soong and his co-workers [96] adopted an
heuristic choice of the cost function such that the feedback gain matrix can still be obtained
in terms of the solution of a standard Riccati equation. Their effectiveness is demonstrated
with analytical and scaled experimental tests on a three story structural model.

In the previous discussions, it has been assumed that there were no bounds on the admis-
sible control values (unconstrained control problem). When the admissible control actions
are subject to constraints, the optimal control must be obtained through the application of
Pontryagin’s minimum principle [40]. This principle states that the optimal control must
minimize a scalar function known as the Hamiltonian with respect to any other admissible
control action. The application of Pontryagin’s minimum principle to the minimization of
a quadratic performance index under admissible control constraints will render a nonlinear
control law. The optimal solution is obtained in the form of a discontinuous or switching
control law, known as bang-bang control [55], and it is characterized by the fact that the
control signal stays always on the boundary of the admissible set, taking only the limit
prescribed values. Since the presence of the excitation is neglected, the resulting control

law is not optimal with respect to the corresponding disturbance rejection problem.

Lyapunov Control: A more convenient way to design a not-necessarily optimal con-

troller in the presence of control constraints is provided by Lyapunov’s direct method. In
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this approach, the idea is to find a suitable controller that guarantees the stability of the
closed-loop system by forcing the time derivative of a proposed positive definite scalar func-
tion to be negative definite. The existence of such a function, referred to as a Lyapunov
function, is sufficient to guarantee the asymptotic stability of the controlled system. In gen-
eral, a Lyapunov function is not unique for a given system, and indeed many different such
functions can be found for a stable system [7]. An application of these ideas is presented
by Wu and Soong [97]. The discontinuous control law is approximated with a continuous
function to avoid high-speed switching requirements on the force delivery systems. Experi-
mental tests were conducted on a three story structural model and the results demonstrated

again the effectiveness of nonlinear control schemes in reducing peak responses.

Pulse Control: Another approach based on not-necessarily optimal discontinuous con-
trol actions is the so-called pulse control approach. Several alternative schemes have been
proposed [53, 85, 86] consisting essentially of impulsive actions which are applied to the
structure when a specified treshold response is exceeded. These pulse actions are generally
applied separated by time intervals which are similar to the fundamental period of the
structure. The idea is to break the continuous buildup of kinetic energy mostly associated
with the lower modes of vibration of the system. An application to inelastic structures
was presented by Reinhorn and co-workers [64]. The structural response is estimated at
each time step using the Newmark-( integration algorithm. If the response is forecasted
to exceed a given limit, a correcting force is applied. A combined algorithm was proposed
by Pantelides and Nelson [60] for control of nonlinear systems. In this approach, both an
instantaneous optimal control law and a pulse control scheme are developed by approxi-
mating the nonlinear equations of motion in terms of difference equations. When a given

structural response quantity surpasses a prescribed limit, the pulses are activated. Below
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the treshold level, the control actions are governed by the instantaneous control algorithm.

Neural Network Control: A totally different framework for the formulation of a control
algorithm is provided by the so-called learning control methods, which are not based on an
explicit mathematical representation of the structural system [36]. In this context, the use of
controllers based on neural networks have been proposed by several researchers 23, 36, 95].
Basically, a neural network consists of a large number of interconnected processing units.
Each unit receives the information transmitted by connecting units, and these inputs are
assigned with different weights. Depending on the summation of the weighted signals
being above or below some specified level, an output signal is forwarded to other units
in the architecture [95]. In the so-called back-propagation neural networks the processing
units are arranged in layers, with no sharing of information within a given layer. For a given
pattern of processing units, the final output of the neural network is determined by the
weights assigned to the interconnecting pathways. These weights represent the “knowledge”
of the neural network and they are assigned through a adaptive process known as learning.
The learning process is usually done by repetitive training procedures in which the errors
between the target and the network outputs are minimized by regression fitting techniques.
A neural control scheme to reduce the response of a nonlinear hysteretic structure was
proposed by Faravelli and Venini [23]. The control system is based on two different neural
networks that are conveniently trained to learn the forward and the inverse dynamics of
the system, such that the appropriate control action can be determined to counteract the

effect of the external disturbance.

Hy/H,, Control: The control system should be able to perform well under modeling

and measurement uncertainties which are inevitable in real life practical implementations.
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In the case of linear structures, the modeling of the dynamic behavior of the system is
frequently done in terms of transfer functions which are obtained as the result of an iden-
tification process. Also, external disturbances are often modeled as stochastic processes
with a frequency domain description. These representations naturally encourage the def-
inition of performance specifications in the frequency domain [77]. A typical example of
these specifications is the requirement of reduction of control authority in high frequency
regions where the system’s model is usually most uncertain. In this context, frequency do-
main optimal control techniques such as Hy/LQG and H., approaches constitute a natural
framework for the controller synthesis problem. In the Hy/LQG control approach, a vector
of controlled or regulated outputs is defined as a linear combination of the system states and
the control components. Frequency domain weighting functions can be easily incorporated
in the definition of these outputs. The 2-norm of the transfer function between the external
disturbance and the regulated output is minimized by selecting an appropriate stabilizing
controller. Since it is based on the 2-norm, the resulting solution will provide optimal
disturbance attenuation in an averaged frequency sense. An extensive study regarding the
application of this approach for civil engineering structures was carried out by Spencer
and co-workers. A control strategy based only on absolute acceleration measurements was
proposed, and both numerical and experimental verifications were performed to investigate
the effectiveness of this frequency domain optimal control technique [21, 77, 78, 79].

In the H, control approach, the transfer function between the disturbance and the
regulated output is minimized with respect to the co-norm. In this case, the corresponding
optimal design represents the best attenuation with respect to the worst case disturbance
[79]. This approach based on the oco-norm minimization provides a guarantee of robust

stability, and hence it is also referred to as robust control. The application of this strategy
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to building systems was considered by Schmitendorf and Jabbari. Full state feedback and
observer based controllers were numerically investigated in [34, 71, 72]. To avoid the time
delay associated with on-line computations in the observer based scheme, a direct output
feedback strategy was proposed in [73]. Necessary and sufficient conditions for the existence
of a stabilizing direct output feedback controller were presented, leading to a controller
design scheme in terms of a nonconvex optimization problem. This control strategy was

verified experimentally using a three-story reduced scale model [113, 117].

Sliding Mode Control: A quite different type of control strategy is represented by the
sliding mode control approach. In this case, an inherently robust controller is designed
such that some specified dynamic constraints are introduced in the system. The evolu-
tion of the controlled system is characterized by the existence of sliding motions, which
can be described as the resulting motion when the system states are constrained to a tar-
get manifold in the state space, known as the sliding surface. In general, sliding motions
are generated by means of discontinuous control actions. The application of sliding mode
control strategies for active control of civil structures has been considered by Yang and
co-workers. In Refs. [108, 109, 111, 116] the selection of linear sliding surfaces was carried
out using standard design techniques [89]. Several discontinuous controllers were proposed
using Lyapunov’s direct method. These controllers are based on full state information and
they also include a feedforward term to compensate the effect of the external disturbance
on the resulting sliding motion. Additionally, an alternative scheme was proposed based
only on direct output feedback. In this case, it is considered that only a limited number
of measurements is available, with the restriction that collocated velocity sensors are re-
quired as a minimum. A continuous controller was also proposed to avoid the undesirable

chattering effects induced by discontinuous control actions. The proposed control schemes
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were experimentally verified using a reduced scale model [113, 117]. The presence of non-
linearities in the structural model can be considered by imposing the restriction that there
is an active device installed in correspondence with each nonlinear story [111]. Because
of this assumption of “collocated nonlinearities”, the design of the sliding surface can still
be carried out by using standard methods. For the controller design, the nonlinearity
is considered as a disturbance and its effect is compensated by incorporating the model
of the nonlinearity in the control signal. Numerical simulations showed the effectiveness
of this approach in achieving seismic response reduction for nonlinear structural systems.
Also, the robustness of sliding mode controllers was confirmed by introducing structured
perturbations in the system matrices, with no significant performance degradation. The
assumption regarding the location of the active devices and the nonlinear structural ele-
ments is naturally satisfied in the case of hybrid base-isolation systems equipped with an
actuator at base level. Base-isolation schemes consisting of rubber bearings and sliding
bearings were numerically and experimentally investigated in [109, 118]. A extension of
the standard sliding mode approach was proposed in [113], where a dynamic compensator
is added to the control system and the sliding surface is defined in the reduced state space
corresponding only to the compensator variables. The motivation behind the inclusion of
a compensator was to increase the design flexibility but the numerical simulations did not
show any significant advantage of this approach when compared with the standard sliding

mode controller.

1.2.3 Semi-Active Control

As mentioned before, in these schemes the counteractive control actions are generated from
the motion of the structure as reactive forces. These counteractive reactions are created

by proper adjustment of localized stiffness and/or damping characteristics. The main
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advantage of these approaches, which makes them specially attractive for application to
civil structures, is that the external power required to operate the devices is nominal. No
external energy is input into the structure to regulate its motion. Although these methods
are called semi-active, the regulation of the reactive control forces is as actively done in
these methods as in the active control schemes. Among the different alternative ways
proposed to achieve the regulation of mechanical parameters, the most relevant are semi-
active hydraulic dampers, variable stiffness devices, electro- or magneto-rheological dampers
and semi-active friction devices. The semi-active hydraulic dampers essentially consist of
a hydraulic piston-cylinder arrangement with a control valve mechanism. By opening or
closing the valve, different levels of damping forces can be generated. The variable stiffness
devices can be idealized as supplementary bracings connected to the primary structure by
a locking mechanism. When the connection is locked, the brace becomes effective in adding
stiffness to the system, and when the connection is released, this stiffness contribution is
suppressed. Electro- and magneto-rheological dampers are devices based on controllable
fluids, consisting of suspensions of micron-sized polarizable particles in oil. The material
properties of these special fluids can be controlled by applying an electric or magnetic field.
Finally, semi-active friction devices are based on sliding surfaces which are subjected to a
controllable contact force.

Semi-active control is also referred to as parametric control, as the structural parame-
ters are altered temporally as motion proceeds. Because of these parametric changes the
problem is essentially nonlinear, requiring special methods to design the control system.
In this case, due to the special features and limitations of semi-active actuation, the devel-
opment of control algorithms have been essentially device-oriented. In the sequel, a brief

description of some semi-active control schemes is presented.
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Hrovat and co-workers [29] pioneered the idea of using semi-active devices for control
of wind induced vibrations. Based on the concepts developed for semi-active suspension
systems, they proposed a semi-active scheme which consisted of a passive tuned mass
damper connected to the structure through a variable damper. The proposed algorithm
was based on the calculation of the control force as the solution of the associated steady
state regulator problem with no excitation. If the so-called passivity constraint is fulfilled,
that is the device is not required to give power to the system, then the required force can be
generated by the damper. Numerical simulations showed the potential of this semi-active
approach for reduction of wind excited structural vibrations.

An extensive experimental research was conducted by Patten and Sack [61, 62, 69] to
investigate the application of semi-active dampers to extend the fatigue life of highway
bridges. These studies ended successfully with a full scale implementation. The model
describing the behavior of the semi-active damper is nonlinear and a heuristic control
algorithm is formulated based on the methodology proposed previously by Hrovat [29].
The value of the required optimal control force is calculated using a reduced model of the
system. If the passivity condition is satisfied, then the device is commanded to generate the
control action. A feedback linearization scheme is proposed in the form of a prefilter. With
this prefilter, the behavior of the device approaches a linear viscous dashpot, characterized
by a linear relation between the velocity across the actuator and the resulting force output.

Another analytical and experimental investigation leading to the design of an imple-
mentable semi-active fluid damper was carried out by Symans and Constantinou [82, 83].
The semi-active device was developed by introducing some modifications on a fluid damper
previously designed for passive seismic protection [12]. This damper has the advantage of

being specifically designed to act as a linear viscous damper. Two different alternatives
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were considered: 1) a bi-state damper controlled by a solenoid valve, able to deliver two
extreme damping values and 2) a variable damper controlled by a direct-drive servovalve,
able to produce a continuous range of damping values. These studies focused on the iden-
tification of the mechanical parameters of the devices. Some experimental tests indicated
that it was very difficult to improve the performance obtained with the dampers operating
in a fully passive mode.

The formulation of sliding mode control algorithms for semi-active dampers was pro-
posed by Yang and co-workers [108, 111]. Control algorithms are designed for bi-state and
continuously variable dampers. Numerical simulations using a three-story scaled building
model showed that one active variable damper installed in the first story was effective in
reducing the response, but no further comparisons were provided to establish the efficiency
of the semi-active operation compared with the corresponding fully passive mode. A hybrid
system for seismic protection of bridge structures is proposed in Refs. [108] and [115]. The
system consists of rubber bearings and variable dampers which can operate either in a two
stage mode or under a continuous damping regulation. In this special cases, in which the
semi-active damper must operate with additional passive dissipation devices, the regula-
tion of damping may provide some advantages with respect to a damper with a constant
damping coefficient set to its maximum value. This was considered also by Kawashima
and Unjoh [39] for the same type of structures, who proposed a heuristic control algorithm
to regulate the damping coefficient of a variable damper installed with elastic bearings. In
their approach, the semi-active damper operation is a function of the relative displacement
between the bridge deck and the supporting piers. At small displacement levels, the damp-
ing coefficient is set to large values to reduce the displacement. The same happens for large

displacement levels, when the variable damper acts as a stopper. At intermediate levels,
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the damping is reduced to facilitate the dissipation of energy in the passive devices.

Kobori and co-workers [43] proposed a control algorithm for application with variable
stiffness devices referred to as non-resonant control approach. The idea is to appropriately
modify the stiffness characteristics of the building based on the nature of the earthquake.
The ground acceleration is processed through several band-pass filters. Each filter approx-
imates the uncontrolled response corresponding to each possible stiffness configuration.
Based on the filtered outputs, the algorithm selects a stiffness distribution by evaluat-
ing an averaged index. The approach was subjected to experimental verification using a
three-story building with variable stiffness devices installed in all floors. This approach, in
general, will not lead to a fast switching operation of the semi-active devices because it is
based on the change in time of the excitation frequency content. Usually, the system un-
der this type of controlled operation will adopt only one stiffness configuration during the
seismic event. This means that the variable stiffness devices are not exploited for energy
dissipation and they are only used to reduce the seismic energy input. A similar algorithm
based on a moving window analysis of the ground excitation was proposed in Ref. [39] for
application in bridge structures. In this approach, the fundamental period of the bridge is
changed between two limiting values according to the predominant period of the ground
motion.

Another type of control law was proposed by Kamagata and Kobori [37] for bi-state
operation of variable stiffness devices. The algorithm consisted of locking the device every
time the corresponding deformation crosses zero and unlocking it when this deformation
reaches a local peak. An interesting analysis of systems with bi-state stiffness control
devices was also presented in Refs. [31, 32]. These studies focused on the dynamic behavior

of systems whose mechanical parameters have different values in different conical regions
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of the state space. These nonlinear systems are identified as homogeneous systems of order
one, which show the input/output scaling property characteristic of linear systems.

Another interesting semi-active control scheme based on variable stiffness devices was
proposed by Nemir and co-workers [59]. The algorithm proposed to control these devices
aims to redistribute the modal energies within the structural system. In general, it is desir-
able to extract the energy from the lower modes of vibration and transfer it to higher modes,
since these higher modes have better energy dissipation characteristics. At each sampling
time, the algorithm determines the stiffness configuration by minimizing a weighted com-
bination of modal kinetic and potential energies. The computation of these modal energies
requires knowledge of the full state vector or the implementation of an observer. The sim-
ulation studies demonstrated the feasibility of the switching stiffness concept in reducing
the structural response.

Active stiffness control was also studied by Yang [106, 108, 110]. A bi-state control al-
gorithm was developed based on the sliding mode control approach. Numerical simulations
were carried out to investigate the effectiveness of the approach. A three-story model with
a variable stiffness device in the first story was considered and the device was modeled as a
switchable supplementary bracing. The stiffness of the added bracing is assumed equal to
the first floor stiffness, value probably too high to be considered feasible for practical imple-
mentation. The proposed variable stiffness control is able to reduce the displacement-based
response quantities, but it is not as efficient in reducing absolute acceleration responses.
In particular, the absolute acceleration of the lowest floor seems to be adversely affected
by the impulsive effect induced by the release of stiffness during the switching operation
demanded by the control law.

The application of electro-rheological dampers for structural control was investigated by
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McClamroch and Gavin [50, 51]. These dampers are based on the change of the mechanical
properties of the electro-rheological fluid. This special fluid consists of oil-based suspensions
of polarizable particles. When subjected to electric fields, the behavior can change from
viscous fluid (zero electric field) to semi-solid (maximum electric field). A control law was
proposed based on the minimization of the mechanical energy in the structure. Because of
the control constraints due to the limited dielectric strength of the suspension, the control
law is of the bang-bang type. The resulting control algorithm indicates that those dampers
not connected to the ground must operate continuously at maximum electric field. The
only possibility of switching behavior is then restricted to any damper installed at the first
story. The implementation of this algorithm requires the measurements of only collocated
relative and absolute velocities. A three-story small scale model with a ER damper in-
stalled at first floor level was experimentally tested to investigate the proposed approach
[26]. The behavior of the system with the damper operated passively at minimum (zero)
and maximum electric field was compared with the behavior resulting from the switching
control law. Under zero electric field, the large damping introduced by the inherent viscous
damping characteristics of the device induced a significant reduction of the response, with
no substantial modification of the natural frequencies with respect to the original system.
The ER damper operated under maximum field originated a stiffening effect, as revealed
by an increase of the structural natural frequencies with smaller reduction of acceleration
responses. The switching operation induced some improvement in the response reduction,
specially in the low frequency region corresponding with the first structural frequency.
Higher modes seemed to be affected by the impulsive nature of the control forces produced
by the switching algorithm.

The use of magneto-rheological dampers for seismic response reduction was studied by
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Dyke and co-workers [22]. The principle behind these devices is similar to the ER dampers,
but they show some advantageous characteristics, such as higher yield strengths and less
sensitivity to temperature than their ER counterparts. The control law proposed in this
study is similar to the suboptimal strategy first proposed in [29] but the optimal control
law for this case is obtained in terms of acceleration feedback using a Hy/LQG formulation.
Numerical simulations show the effectiveness of the semi-active MR damper in reducing
the structural responses.

Semi-active friction devices in the form of controllable sliding bearings were studied for
application in hybrid base-isolation systems by Feng and co-workers [24, 58]. The level
of friction at the sliding interface is controlled by proper adjustment of the pressure in
the fluid chamber of the bearing. Based on the instantaneous optimal control approach,
a control algorithm was developed assuming that there is always sliding motion at the
frictional interface [24]. The controller dynamics was incorporated by assuming a first
order time delay model between the control signal and the fluid pressure. The proposed
system was experimentally tested on a reduced scale model. In a follow-up work [58], the
effects of sticking/sliding phases in the interface motion are accounted for. In this case, the
Bouc-Wen hysteretic model is used to model the behavior of the sliding interface. With
this model, the frictional effect is no longer proportional to the sign of the sliding velocity,
but it becomes directly proportional to the hysteretic state variable.

The application of the sliding mode control approach to friction controllable sliding bear-
ings was studied by Yang and co-workers [114]. As proposed in [58], a hysteretic model is
introduced to model the behavior of the sliding bearings. A continuous sliding mode con-
troller is proposed to avoid undesirable chattering effects. A static output feedback version

of the controller was also developed. A 4-story reduced scale building model was used in the
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numerical simulations. Both full state feedback and output feedback schemes performed
very satisfactorily in reducing the structural responses, in particular for strong earthquakes,

when the displacements of the sliding bearings acting passively could be excessive.

1.3 Motivation and Scope

The development of a control law in the form of an effective algorithm is one of the critical
factors for the successful implementation of any control system. The effect of the con-
trol action must be to improve, and not degrade, the performance of the system being
controlled. Additionally, the controller should be robust enough to handle modeling and
measurement uncertainties, especially in applications to civil structures as their properties
can change with time and their precise quantitative description may not be possible. Also
the control scheme should be able to withstand the incomplete and inexact description of
the mathematical model of the structure which is caused by the simplifying assumptions
that are made in formulating the problem. Such modeling error can be caused by unknown
or improperly modeled nonlinearities. Linearization techniques, which are often used to
analyze nonlinear systems, are a direct source of modeling errors. As a result, the model
used in the design of a control algorithm may be quite different from the real system. All
this means that the controller must be able to accommodate not only the differences be-
tween the actual and assumed mass, stiffness and damping parameter values but also be
able to handle the unmodeled characteristics of the system.

The aforementioned requirements makes the consideration of the sliding mode control
approach very attractive for application in civil engineering structures. The central idea
of this approach is to enforce a set of linear or nonlinear pre-defined constraints in the

state space, referred to as the sliding surface. This is achieved by appropriate control
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actions, which in general show some form of discontinuity with respect to the sliding surface.
These control actions are designed such that they drive the system toward the sliding
surface and then keep it there. The sliding surface is chosen in such a way that the
constrained motion, called sliding motion, is stable and has desirable features. It can
be shown that sliding motions are not affected by external disturbances, provided that
some special conditions regarding the structure of the system (referred to as the invariance
conditions ) are satisfied [19]. In this case, the behavior of the system under sliding motion
corresponds to an unforced reduced order system. Also, it is known that sliding motions
show performances that are very robust with respect to structured uncertainties in form of
parametric variations [14, 33, 88, 90].

The main purpose of the proposed study is to investigate the application of the sliding
mode control approach for the active and semi-active control of civil engineering structures.
As mentioned before, the application of this approach to the problem of seismic response
control was first proposed by Yang and co-workers very recently in quite a number of
publications ([106]-[118]). However, there are some important issues regarding the practical
feasibility and design flexibility of the approach that have been not fully investigated. This
research will focus on the study of some of these issues, which are crucial for the successful
application of the sliding mode approach to massive civil structures. A brief discussion of

these points is presented in the sequel.

Feedback Structure: The incentive for the use of a sliding mode controller is to ob-
tain a system whose performance is robust with respect to parametric uncertainties and
unknown disturbances. Hence, to be consistent with this philosophy, the controller should
have a closed-loop structure, avoiding explicit feedforward components proportional to the

external excitation. These types of components may induce drastic degradations in per-
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formance in practical situations with time delays. Therefore, the proposed research will
investigate the design of controllers with strictly feedback configuration. The only draw-
back of such configuration is that if the invariance conditions are not satisfied, then the
sliding motion will be affected by the external disturbance. Therefore, the reduced-order
system representing the system under sliding motion will not behave as a system in free
vibration. However, this is not the goal driving the installation of control systems for civil
engineering structures. Because of the massive characteristics of the structural system and
the limitation of the actuation devices, we must accept the fact that it is not feasible to
modify arbitrarily the evolution of the system under ground excitation. The idea is to use
the control system just to shape appropriately the resulting dynamics, not to annihilate

completely the effects of any external disturbance to achieve complete compensation.

Continuous Controller: The materialization of sliding motions demands the implemen-
tation of (classical) sliding mode controllers, whose structure is variable and characterized
by some form of discontinuity with respect to the target sliding surface. To eliminate
the high frequency demands on the actuation system which are common for this type of
switching controllers, a continuous approximation can be introduced for the design of ac-
tive controllers. The proposed research will explore the design of continuous sliding mode
controllers and it will investigate their performance. The disadvantage of such an approxi-
mation is that the system will not be able to substantiate an ideal sliding regime, because
of the smoothness of the control law. But this is not crucial if the realization of sliding
motions is not the ultimate goal for the control system. In this context, the target sliding
surface can be used as a design tool. The controller acts in such a way that it encourages
the system to reach and stay on the sliding, and we judge the resulting performance as the

system constantly tries to reach this target.
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Controller Redundancy: Traditionally, it has been considered that the number of con-
trollers should be identical to the number of sliding constraints, to obtain an unambiguous
description of the resulting sliding regime. In the context of a design philosophy not cen-
tered on the realization of a particular sliding regime, but on the behavior of the system
constantly trying to reach the sliding surface (reaching phase), it is interesting to explore
the use of redundant controllers. The proposed research will investigate the conditions to

obtain a description of sliding motions for cases with control redundancy.

Generalized Sliding Surface: The selection of the sliding surface is, perhaps, the most
crucial step in the development of an effective sliding mode controller. Usually, the sliding
surface is defined in static form as a set of linear equations in terms of the state variables.
This study will explore the use of more general definitions using auxiliary dynamical sys-
tems. This type of dynamic sliding surface has been proposed to eliminate chattering in
sliding mode controllers for robot manipulators [121]. In the context of control of civil
structures, the frequency domain interpretation that can be associated with this dynamic
or generalized definition of the sliding surface will add flexibility to the control design

problem.

Output Feedback Structure: For practical implementations it may not be feasible to
install as many sensors as to measure all the system states. On the other hand, the esti-
mation of unmeasured states through observers may add significant on-line computations
resulting in time delays detrimental for the performance of the control system. Therefore,
it is always desirable to design a controller which uses directly the information provided by
a limited number of sensors. The proposed research will investigate the design of sliding

mode controllers with an output feedback structure.
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1.4 Research Goals

Based on the preceding section, the following research goals are proposed for this study:

1. Evaluation of the feasibility and effectiveness of active and semi-active control strate-

gies based on the sliding mode control approach. This will be done through numerical

simulations using building models corresponding to real size structures, with partic-

ular attention devoted to the following points:

(a)

Active control: In this case, the magnitudes of the required control force and as-
sociated mechanical power become critical factors for practical implementation.
Several sliding mode controllers will be designed and their performance will be
evaluated, considering the effectiveness in response reduction and the control

demand.

Semi-active control: Since the control system is designed assuming full control
authority, the effect of limited control actions will be evaluated. The influence
of the type of device on the resulting performance will be analyzed using two

simple models for generation of reactive forces.

The effect of the following parameters on the effectiveness of the controlled
system will be investigated: (1) selection of sliding surface and the parameters
which determine this selection, (2) structural characteristics such as predominant
frequencies and damping factors, (3) input disturbance frequency and intensity,

(4) method of applying control actions.

2. Improvement of design procedures for active and semi-active control strategies based

on the sliding mode control approach. Particular emphasis will be given to the fol-

lowing aspects:

31



(a) Generalized sliding surface: The design flexibility provided by a dynamic defin-
ition of the sliding surface will be exploited to enhance the performance of the

control system.

(b) Nonlinear control law: The incorporation of nonlinear terms in the control law
will be considered to increase the control authority when the system moves away

from the sliding surface.

(c) Output feedback: Several design alternatives will be considered and the influence
of limited state information will be evaluated by comparing the performance

obtained with the corresponding full-state feedback design.

1.5 Organization of Work

Chapter 1: An overview of the different contributions in the area of active and semi-
active structural control is presented. The advantages and limitations are briefly discussed,
and the motivation behind the proposed application of sliding mode control schemes for

seismic response control of civil structures is presented.

Chapter 2: The formulation of the sliding mode control approach is discussed in this
chapter, with an unified treatment of both active and semi-active control strategies. A
systematic procedure to transform the system equations into their regular form is pre-
sented. The description of the sliding motion is investigated considering the possibility
of control redundancy. Several alternative active and semi-active controller designs are
presented. The controller performances are numerically evaluated using a shear building

model corresponding to a realistic structure.
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Chapter 3: The formulation presented in the previous chapter is extended to the case
in which the sliding surface is defined using auxiliary dynamical systems. An alternative
procedure is introduced to obtain the corresponding regular form of the state equations.
The sliding surface design problem corresponding to this generalized definition is discussed
and its frequency domain interpretation is also examined. A continuous active controller
is presented and some special characteristics of the resulting closed loop system are dis-
cussed. The performance of linear and nonlinear versions of this controller are evaluated

by numerical simulations

Chapter 4: The practical situation of partial state information is incorporated in the
generalized sliding surface formulation developed in the previous chapter. The transforma-
tion to regular form is modified to incorporate the constraints represented by the presence
of unmeasured variables in the model. The special characteristics of the corresponding slid-
ing surface design problem are examined. This design problem can be interpreted in the
context of optimal output feedback theory, and an efficient algorithm is presented to solve
the resulting system of nonlinear matrix equations. This algorithm, based on a damped
successive substitution scheme, is discussed in detail in Appendix A. The performance of ac-
tive and semi-active controllers with an output feedback structure is evaluated by extensive

numerical simulations.

Chapter 5: The main conclusions of this study are summarized in this final chapter,

with some recommendations for future research on this topic.
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Chapter 2

Sliding Mode Control Formulation

2.1 Introduction

This chapter deals with the formulation of sliding mode controllers for active and semi-
active control of civil structures using full state feedback. The mathematical foundation
of the sliding mode control is now documented in several books [33, 88, 90]. The initial
mathematical complexities of this approach have, however, been somewhat responsible for
cramping the adoption of this powerful concept by practice oriented groups such as the civil
engineering community. It is now expected that more and more researchers will explore
its application to civil structures because of its robustness and versatility of application to
linear as well as nonlinear systems.

In this chapter, the general formulation of this control approach is presented with some
new perspectives. The mathematical steps associated with the development are presented
in such a manner that a person with some background in matrix theory can follow the
formulation. As mentioned in Chapter 1, the development of a sliding mode controller
consists basically of the design of a set of constraints between the state variables and the
determination of appropriate control actions enforcing those constraints. To facilitate the

implementation of this approach to the problem of seismic response control of civil struc-
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tures, here some new analytical developments are presented. In particular, a systematic
procedure is presented to transform the system equations into a special form, called as the
regular form, so that the processes of defining the sliding surface and the calculation of
control actions can be decoupled as two separate design steps. The formulation presented
here also includes the case of control redundancy (that is, when the number of control ac-
tions exceeds the number of sliding constraints). Several new full state-feedback controllers
based on an upper bound for the ground excitation are presented and the corresponding re-
gion of attractions are also investigated. A full-state semi-active controller is also developed
assuming a bi-state regime for the semi-active devices. Several sets of numerical results
are obtained to examine the special characteristics and to evaluate the feasibility of imple-
mentation of sliding mode controllers to civil structures subjected to earthquake-induced

ground motions.

2.2 System Equations

2.2.1 Equations of Motion

The equations of motion of a linear building system with n; degrees of freedom under

seismic excitation can be written as follows:
Mz +[C+Cy| 2+ [K+K, z=-Mri,+Du, (2.1)

The ns-dimensional vector z represents the relative displacements of the system, i.e. the
displacements with respect to a reference frame fixed to the ground. The vector r represents
the influence of the ground excitation #,(¢) on each degree of freedom. The ns x ny matrices
M, C and K represent the mass, damping and stiffness matrices, respectively. It is assumed
that the mass and stiffness matrices are positive definite whereas the damping matrix is

positive semi-definite.
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The vector u, contains the m, active control actions whose locations are identified
through the n s x m, location matrix D. As it was mentioned in the previous chapter, active
control actions are caused by external forces which are directly applied to the system, e.g.
through hydraulic actuators. It is assumed that the position of these actuation devices is

such that the columns of the location matrix D are linearly independent, i.e.

rank(D) = m, (2:2)

It is also assumed that the system is equipped with mg, semi-active devices. They
provide the mechanism to exert control actions in the form of time-varying parametric
perturbations of the damping and stiffness characteristics of the system. The semi-active
devices are modelled as variable stiffness and damping mechanisms installed in parallel
along diagonal braces. These braces are hinged at their ends to the main structure. The
devices, therefore, induce forces only along the brace to which they are attached. The model
also assumes that the semi-active devices can provide additional stiffness and/or damping
working under either compression or tension. Each one of these devices can be characterized
by a pair of variable damping and stiffness coefficients, c,, and k,,, respectively. The
ns x ny matrices Cy and Ky in (2.1) are positive semi-definite matrices that represent the
contribution of these my, variable damping and stiffness parameters, respectively, to the
corresponding structural matrices.

It is assumed that the number of active and semi-active devices acting on the system

is at most equal to the number of degrees of freedom of the model, i.e.
me <ny and mg, < ny (2.3)

In general, the matrices C, and K, will have a banded structure similar to that of

standard damping and stiffness matrices. It will prove convenient to introduce a coordinate
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transformation that reduces the variable contribution matrices C, and K, to a special
diagonal representation.
It is assumed that there exists a nonsingular ny X ny matrix Ty such that

Ct 0

o (2.4)

C, = T;C,Tq = [ o o

} and K, = TdTKde = [ K, 0 }

in which both Cf, and I_{f, are mg, X My, diagonal matrices containing only the coefficients
of the semi-active devices, i.e. C% = diag(c,,) and K% = diag(k,,). Using this matrix T4,

a coordinate transformation is defined as

Substituting (2.5) into the equations of motion (2.1), and pre-multiplying by the transpose
of the matrix T4, the equations of motion can be written in terms of the new coordinates

d as follows:

Md+ [C+Cy] d+ [K+K,] d=-Ti{Mri, + T{Du, (2.6)

where

M =T MTq4, C = T,CTq and K = T; KTy (2.7)

A very common model used in the analysis and design of building structures is the
so-called shear building or shear frame. In this model, it is assumed that the total mass
of the structure is lumped at the floor levels and the floor beams are infinitely rigid as
compared to the columns. The columns are assumed infinitely rigid with respect to axial
deformations and the damping characteristics of the system are modelled by interstory
dashpots. Under these assumptions, the deformed configuration can be described only in
terms of the horizontal displacements at the floor levels. Therefore, a plane (2D) shear

building model will have as many degrees of freedom as floor levels. For a plane shear
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building model in which the semi-active devices are installed between adjacent stories,
the diagonal representation indicated in (2.4) can be easily achieved if the coordinates d

represent the interstory deformations.

2.2.2 State Equations

The following state vector ) of dimension n = 2n; is defined:

1={§] 23)

According to this definition and considering (2.5), the first ny components of the state
vector represent linear combinations of relative displacements, whereas the remaining n;
state variables denote linear combinations of velocity coordinates.

With this definition, the equations of motion (2.6) can be written in state space form
as

n=An+A,n+B,u,tei, (2.9)

where the state matrix A and the variable state matrix A, are given, respectively, by

0 L, 0 0
A = |: —M_]'I_{ _1\—/‘[[1(—: ] and AV = l —M_lKv _M_lcv ] (210)

and the active control input matrix B, and disturbance input vector e are given, respec-

0 0
B, - | _ . de—=| 2.11
{ M-1T; D ] ane e { M T Mr } (2.11)

tively, by

Note that, since M and Tq are nonsingular matrices, the rank of B, is the same as the
rank of the location matrix D, that is, rank(Ba.) = ma.
Considering the structure of the matrices K, and Cy, it can be shown that the contri-

bution of the semi-active devices to the state equations can be written as follows:
Ayn = Bgalga (2.12)
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where the control vector ug, is defined as

ua=—[ Ky Cy ] { ﬁ } (2.13)

in which the vector & denotes the m,, components of the vector d associated with semi-
active actions, given by

¢=L"d with L" = [ L, O] (2.14)

The n X my, input matrix Bg, is given by

Ba= { 1\7191L } (2.15)

Note that based on the definition of the matrix L and the fact that the mass matrix is
nonsingular, we have that rank(Bga) = mg,.

Substituting (2.12) into (2.9), the state equations can be written more compactly in the
following form:

n=An+Bia+ei, (2.16)

where the n x (m, + ms,) input matrix B is defined as

_ 0 0
—[B, Ba.l=1| N 2.1
5= } l M-'Ty4D M-'L } (217)

and the (m, + ms,)-dimensional control vector u is given by

i= { 11112 } (2.18)

Here we note that the possibility of active and semi-active devices co-acting at the same
location has not been ruled out, because the only assumption made about the location of

the actuation devices was related to the active controllers. Therefore,

rank ([ TID L |) = me < mq + ms, (2.19)
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Considering the fact that M is nonsingular, it is easy to see from (2.17) that the rank of
the input matrix B is also equal to m. and therefore not necessarily equal to the number
of control components. Since it is desired to express the input term of the state equations
in terms of a set of independent control actions, we take into account the fact that it is

always possible to construct the following factorization [81]:
[TTD L|=DY" (2.20)

where D and Y are ny x m, and m, X (m, + ms,) matrices whose rank is equal to m..

Using the factorization, it is possible to define the following input matrix B:

0
B= { M-1D ] (2.21)
and the m.-dimensional vector u
u=Y"a (2.22)
such that the state equations can be finally written as

n=An+Bu+ei, (2.23)

in which

rank (B) = m. < ny (2.24)

2.3 Sliding Surface

The main idea of the sliding mode control approach consists of enforcing a set of m, pre-

defined relationships or constraints between the state variables of the following form:

s1(m)

s(n) = 82(:77) —0 (2.25)

Sy (1)
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where it is assumed that the number of constraints does not exceed the number of inde-
pendent control actions, i.e.

My =mMe— Mg >0 (2.26)
where the parameter m, is referred to as the control redundancy index.

The set of equations (2.25) define a surface in the n-dimensional state space, referred
to as the sliding surface [87]. If the scalar functions s; take the form of linear algebraic
relations between the state variables, then the sliding surface can be regarded as the solution
subspace of a set of homogeneous linear equations and the definition (2.25) can be written
as

s(n)=Csn =0 (2.27)
where C, denotes a m, X n constant matrix. It is assumed that this definition has no

redundant information in the form of dependent equations, i.e.
rank (Cg) = m (2.28)

Since the sliding surface has now a direct interpretation as the null space of the matrix
Cs, it is easy to see that this surface defines a (n — m;)-dimensional subspace of the state
space.

The objective of the control system is to apply the appropriate control actions to drive
the system state m towards the sliding surface, and keep it there. The resulting motion of
the system, in which the state is forced to satisfy (2.25), is called sliding motion [87]. This
is represented in Figure (2.1). The sliding surface design problem, which in the case of a
linear definition reduces to the process of selecting an appropriate matrix Cs, is concerned
therefore with the specification of some desirable characteristics for the associated sliding
motion. Obviously, a fundamental requirement for any sliding surface candidate is the

stability of the corresponding sliding motion.
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2.4 Sliding Motion

In this section, the equations describing the sliding motion corresponding to a linear sliding
surface are obtained following the method proposed by Utkin [87]. In view of the constraints
on the state vector represented by the equations (2.27), it is clear that a reduced number
of variables will be needed to describe this motion. Assuming that the system reaches the
sliding manifold at some time ¢, and it is forced to stay there by some control action i,

the sliding motion conditions are given by
s(n)=Cm=0 (2.29)

5(n) lu—a= Csf =0 (2.30)

Since the mg x n matrix Cg has rank my, it includes at least one mg x m, submatrix Cgs
of rank my [81]. This allows one to express the m, components of the state vector associated
with the columns of any of these nonsingular submatrices in terms of the remaining n, =
n — my states. Therefore, by separating the state variables into the corresponding vectors

1, and 7, of dimensions m; and n,, respectively, we can write (2.29) and (2.30) as follows:
Ny =—Crmy (2.31)

Ny =—Cry (2.32)

in which C, is a ms X n, matrix that expresses the dependency of the variables 1, on the
variables 7.
The state equations (2.23) can be written in the following partitioned form which reflects

the arrangement of the state variables into the vectors n; and n,:

un Air Ay un B, er | .
| _ 2.33
{772} [Am Azz]{nz}—'_[Bz}UjL{ez}xg (2.33)
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The two expressions (2.31) and (2.32) make it possible to eliminate the variables 1,
from the description of the sliding motion. Under the control @ enforcing the dynamic
condition (2.32), the evolution of the system can be described by n, independent equations
of the form

’I"]l = A11n1 + A12’I’]2 + B1 i+ (S31 .’Eq (234)

and taking into account the relation (2.31), it follows that the sliding motion equations are
given by

M = [A11 — A12Cy] my +Biti+e & (2.35)

The sliding surface design process therefore consists of the specification of the mgyn,
coefficients of the matrix C, such that the reduced order dynamics described by (2.35) shows
some desirable characteristics. But this description has the disadvantage of depending
explicitly on the control @. This control action must be obtained from the condition (2.30),
and it will be also function of the matrix defining the sliding surface, thus complicating the
design procedure.

It is therefore convenient to investigate under which conditions the participation of
the control actions can be eliminated from the sliding motion equations (2.35). This would
allow one to separate the process of defining the sliding motion from the process of choosing
the control which ensures that motion. By considering (2.35), it is clear that this situation
will happen if the control @ enforcing the sliding motion belongs to the null space of the
matrix B;. Therefore, a necessary condition to achieve this convenient representation is the
existence of such null space. In the sequel, a special coordinate transformation is introduced

to guarantee this condition.
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2.5 Regular Form

2.5.1 Sliding Motion Description

Through an appropriate state transformation, we will seek a representation of the system
where the control action does not explicitly appear in the reduced order equations describing
the sliding motion. This special representation is called the regular form [87]. Obviously,
the transformation required to produce this decoupling depends on the control input matrix
B. A procedure to generate this transformation was proposed by Lukyanov and Utkin [49],
based on the work by Brandin and Razorenov [6]. A particular form of this procedure was
used by Yang and co-workers for the case of linear systems [108]. Also, Dorling and Zinober
[17] proposed a different approach to generate this transformation. In this work, yet another
convenient and systematic approach is proposed to construct such transformation.

Let N3 be a n x m, matrix whose columns constitute an orthonormal basis for R(B),
i.e. the column space of the matrix B; and let Ny be a n x (n —m,) matrix whose columns
constitute an orthonormal basis for the orthogonal complement of R(B). The following

state transformation is defined:

n=Ty (2.36)

in which

T=[N; Ny] (2.37)

Note that T is unitary by construction, and therefore
T ' =17 (2.38)

Substituting (2.36) in the state equations (2.23), premultiplying by T~' and considering
(2.38), we obtain

y=Ay+Bu+ei, (2.39)
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where

A=TTAT, B=T7B and e =T%e (2.40)

The linear definition of the sliding surface can also be written in terms of the new state
variables as follows:

s(y) =Csy =0 (2.41)

where

C, = C.T (2.42)

Since the matrix T is nonsingular, the resulting matrix Cs has the same rank as Cs, i.e.
rank(C;) = m,. It was mentioned before that this will allow one to describe the sliding
motion in terms of a reduced set of variables. In particular, and based on the definition

of the transformation T, a description of the sliding motion will be sought in terms of the

first n, components of the transformed state vector y. Let y be partitioned as follows:

y = { z: } (2.43)

with the first n, components arranged in the vector y; and the remaining m, variables

collected in the vector ys. The matrix Cg is partitioned accordingly in the following form:
Cs = [ Csl C82 :| (244)

where the submatrices Cq; and Cqo have dimensions m, x n, and m, x m, respectively. To
write the sliding equations in terms of yq, it is clearly necessary to assume that the sliding
surface matrix will be designed such that the submatrix Css is nonsingular.

The state equations (2.39) can also be written in partitioned form as follows:

Vi A11 A12 yi ]_31 €1 .
. =1 %X N = _ 2.45
{Y2} {Am Azz}{Yz}—F{Bz}u—i_{ez}xg ( )
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By considering (2.37), the transformed matrix B can be written as

_ [ NT 0

5= [ ]s-[2] i
in which B is a m. X m, nonsingular matrix. Therefore, it is easy to see that the n, x m,

submatrix By in (2.45) has the following structure:

B, = { B(ib } (2.47)
where the submatrix B1y,, with dimensions m,. x m,, denotes the top m, rows of the matrix
B. Hence, the partition By has rank m, < m, and it is clear that the state transformation
(2.36) achieves a representation that guarantees the existence of a nontrivial null space of
B; by minimizing its rank. Note that in the case my = m,, the matrix B; reduces to a
null matrix.

This transformation renders possible to obtain a description of the sliding motion in

terms of the variables y; with no participation of the control actions. The sliding motion

conditions (2.29) and (2.30) can be written in terms of the transformed variables as follows:
s(y) =Csy =0 (2.48)

5(¥) lu—a= Csy =0 (2.49)

and considering the partitioning defined in (2.45) and (2.44), it follows that the motion of
the system when constrained to satisfy the condition (2.49) can be described in terms of

the following n, equations:
y1= A1y +Appy: + Bra+& i, (2.50)
The control @ enforcing this condition must be obtained by considering
5(y) luea=Csy =Cs [Ay + B+ ei,| =0 (2.51)
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and therefore i must be a solution of
C.Bi=-C,Ay-C.i, (2.52)
Note that by construction
rank(C,B) = m, (2.53)

Hence, since the rank of the coefficient matrix is m, the solution space has dimension m,..
Therefore, the solution it is not unique for the cases with redundancy of control actions,
that is m, > 1.

If the m. X m, matrix [CSB] R denotes a right inverse of the matrix C¢B, that is
C.B [C.B]" =1, (2.54)
then the control actions @ that satisfy (2.52) can be written as
o= [C,B]"{CAy+Csi,} (2.55)

Now, if @ is additionally required to be contained in the null space of B, then the

following m,. conditions must be satisfied:
Bip,i=0 (2.56)
The control actions @ that satisfy (2.52) and (2.56) can be obtained as a solution of
B, | . 0
[ C.B } = { _C.Ay- Gei, } (2:57)
It will now be shown that the matrix on the left-hand side of (2.57) is nonsingular, thus
ensuring that a unique @ can be found. Considering the definitions (2.45), (2.46) and

(2.47), it is possible to write
B = l B } (2.58)



and taking into account (2.44), the product C;B can be written as

CB [ Car Caa ][ ] (259

in which the submatrix Cqg11, indicates the last m, columns of Cs;. Therefore, the coefficient

matrix of the system (2.57) can be factored as

Blb - ImT 0 Blb - ImT 0 >
B l-lan B -l cll® (260)
which clearly shows that it is nonsingular, based on the full rank of the matrices B and

C.2. Hence, there is a unique solution 1 that satisfies (2.57) and it is given by

P Im,, 0 0
ua=B [ _ngcslb C;zl ] { _C.Ay—C.s 3, } (2.61)
This can be written more compactly as follows:

0 =1us+ Ue (2.62)

where the components ug and u,., which depend respectively on the system states and the

external excitation, are defined as

U= — [CSBF C.,Ay and ue,=— [CSB} f Cse i, (2.63)

[C.B]'=B"' { (_3(:21 } (2.64)

and characterized by the fact that

Bu, [C.B]' =0 (2.65)

Finally, substituting (2.62) and (2.63) into the equations (2.50) and considering (2.65),
it follows that the evolution of the system subject to the dynamic condition (2.49) can be
described as follows:

¥1 = Any1 + Arays + & 4 (2.66)
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Considering (2.48), the sliding motion equations are given by
V1= [All - ARCS}ICSJ y1+ €, (2.67)

Equation (2.67) offers a very convenient framework to perform the design of the sliding
surface. The selection of the sliding surface must be performed by appropriately choosing a
constant matrix C, = Cs_z1 Cs1 such that the resulting reduced order dynamics shows some

desirable characteristics.

2.5.2 Transformation Matrix

A direct procedure to generate the transformation T introduced in (2.36) is obtained by

considering the singular value decomposition of the control input matrix B as follows:
B=V;RVY] (2.68)

in which V7 and V4 are n x n and m, X m, unitary matrices, respectively. The matrix R

has the following structure:

R = [ ? ] (2.69)

where 3 = diag(o;) with o; > 0, i = 1,2, ..., m.. By construction, the first m, columns of
the matrix V; constitute an orthonormal basis for the column space of B. This factorization

of B can be used to define a unitary transformation matrix T in the following form:
T =V4E, (2.70)

where E, is a n X n permutation matrix that conveniently interchanges the columns of V7.

This matrix can be defined, for example, as
0 I,
E, = [ L. 0 ] (2.71)
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Note that for this particular selection of E,, the transformed matrix B takes the form

D T~x7T 0
B=EIVIB = l SVT } (2.72)

and therefore, by considering (2.46), the nonsingular matrix B is given by
B=3xV] (2.73)

This expression for B provides a straightforward computation of its inverse, required in

equation (2.64), and given by B~! = VX!, where X! = diag(1/0;).

2.6 Sliding Surface Design

Several approaches have been proposed to appropriately design the sliding surface. Some
of the most commonly used procedures are based on eigenstructure assignment techniques.
In this case, the matrix C, = C;lesl is determined such that the eigenvalues of the sliding
motion matrix A1 — A12C, are located in some predetermined locations of the complex
plane [89]. It is also possible to assign, at least partially, the corresponding eigenvector
structure [17].

Another classical method for sliding surface design is based on the minimization of a

quadratic performance index of the form [18, 89]:

J = / Lqdt (2.74)
tp
in which £ represents a quadratic function of the form:
L1 =d"Q;d +d"Q.d (2.75)

where Q1 and Q2 are ny X ny positive definite weighting matrices. The lower limit of the

integral is explicitly denoted as ¢, to indicate that this performance index is evaluated for
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the system under sliding conditions. This time t;, referred to as the hitting time, is the
time for which the system reaches the sliding surface, which without any loss of generality
can be set ¢, = 0.

Introducing the transformation of coordinates given by (2.36), the performance index

takes the following form:

J1= / (v1 Quiy1 +2y7 Quay2 + 3 Qaayz) di (2.76)
0

where the matrices Q11, Q12 and Qa2 are submatrices of the transformed weighting matrix

Q as follows:

A_mpT| Q 0 _@11 le
Q=T {0 QJT‘{Q& sz] (2.77)

Note that the resulting submatrix Qa2 is positive definite.
This cost function must be minimized subject to the constraints of the sliding motion
equations. Assuming that the system is acted upon by the control @ defined in (2.62) and

neglecting the effect of the external excitation, the resulting motion can be described by
y1=Au1y1 + Ay (2.78)

If the vector ya is regarded as a control term, then the problem of minimizing (2.76) subject
to (2.78) can be solved as a classical optimal control problem. This renders an optimal

solution in the form of a linear relation between y» and y, given by
— . — — _1 — — —
y2 = —Cry; with Cp = Qy, [Aipz P+ sz} (2.79)

where the matrix P is the solution of the following algebraic Ricatti equation:

PA +A{P+PA,QpuALP=—Q (2.80)
in which the matrix Q; is given by
Q1 = Qu1 — Q12Q5;, Q15 (2.81)
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Finally, taking (2.42) into account, the sliding surface matrix can be obtained as
Ci=T'Qqn [ ALP+Q; Q2] (2.82)
2.7 Control System Design

Having established the sliding surface, we must now define the control actions required to
force the system state to reach this sliding surface from any point in the state space, and
then maintain it there. In general, these control actions involve some form of discontinuity
with respect to this surface, needed to alter the structure of the system each time the state
71 tends to move away from s(n) = 0. By these discontinuities we are trying to modify the
trajectories in the phase space in such a way that they point towards the sliding surface.
A general approach based on Lyapunov’s direct method will be used for the design of the
controller. The idea is to guarantee that the origin is an asymptotically stable equilibrium
point for the motion in the space {s1, S, ..., Sm, }, as it is represented in Figure (2.2). Let

V be a Lyapunov function candidate of the form:

1
V= §STHS (2.83)

in which IT is denotes a ms X m, positive definite matrix to be defined later. The function
V' is positive definite, that is, V' > 0 whenever s # 0. The time derivative of this function

is given by
d

g (V)=s"TI5 (2.84)

Considering the state equations (2.23) and the definition of the sliding surface given by

(2.27), it follows that the dynamic evolution of the quantities s1, s, ..., S, is governed by

§=Cs{An+ei;} +CBu (2.85)
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Substituting (2.85) into (2.84), the time derivative of V' can be written as

d
o (V)=s"TIC.{An+ei,} +s'TICBu (2.86)
In order to assure the existence of sliding motion and to guarantee that any motion is
going to be attracted to the sliding surface, the purpose of the controller is to force (2.86)
to be a negative definite function (with exclusion of any discontinuity points as the time

derivative may not be defined there). In the following, several possible controller designs

are presented for both active and semi-active control strategies.

2.7.1 Active Control
Typically, a sliding mode controller has the following structure [14]:

u = uy(n, i) + uz(n) (2.87)

where the component u; involves, in general, some form of state feedback and disturbance
measurements. On the other hand, the component uy represents some linear or nonlinear,
continuous or discontinuous form of state feedback.

The aforementioned controller structure is based on the availability of information about
the external disturbance. This information is required to compensate the effect of the
disturbance in the equations (2.85). However, it is desirable to design an active controller
with no direct or static dependency on the external excitation. In the sequel, several
alternative controllers are formulated which do not require instantaneous information of
the ground motion, but only use a bounding value.

A possible family of designs with such characteristic can be generated by selecting the
component u; equal to the control ug defined in (2.63). Considering the definitions (2.36),
(2.40) and (2.42) one can write

U = Ug = — [CSB]iCSAn (2.88)

53



where [CSBF was defined in (2.64). Noting that
C.B =C.B (2.89)
it is immediate that this matrix is a right inverse for the product C¢B, i.e.
C.B [C,B]' =1, (2.90)

Substituting into (2.86), the time derivative of V' now takes the form

d
pm (V) =s"TICee i, +s TICBu, (2.91)

and depending on the choice of the component us several possible controllers can be for-

mulated.
Discontinuous Control

Let us be defined as follows:
us; = — [CSB}iAsign (Csm) (2.92)

in which A is a matrix of design parameters of the form A = diag(¢;) with ¢; > 0 for
1 =1,2,...,ms; and where [CSB]i has been defined in (2.64). The vector-valued function
sign represents a mg-dimensional vector whose components are given by the sign of the
corresponding entries of its argument.

Substituting uz into (2.91) and selecting IT = I,,,, for the definition of the function V/,

it follows that
d

7 (V) =s"Cqei, — s’ Asign (s) (2.93)

where the definition of the sliding surface (2.27) has been also taken into account.
To enforce the global asymptotic stability of the point s = 0 and therefore to guarantee

the attraction to the sliding surface, the control actions should force the time derivative of
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V' to be negative for any s # 0. Therefore, it is interesting to investigate the existence of

regions for which the attraction can be guaranteed.

Considering the first term of the right hand side of (2.93), one can write

s"C.e Z, <| s"C.e || &4 |

(2.94)

Let Z** be a bounding value for the ground acceleration to which the structure is likely to

be subjected. This value may be chosen as the maximum ground acceleration value that

can be expected at the site. That is,
| g |< @
and therefore it can be written
s"C.e Z, <| s"Cge | i
Additionally, by using the Cauchy-Schwartz inequality,
|s"Cse [<[| s [|2]| Cse ||z

and taking into account that

I's ll2<Il's lx

where || . ||,denotes the p-norm, one can write
sTCsejjg < a@™ | 's |1

where the parameter « has been defined as a =|| Cge ||2.

On the other hand, considering that

s” Asign (8) > Omins’ sign (s)
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in which 6,,;, denotes the smallest entry of the diagonal matrix A, and
s"sign (s) =| s |1 (2.101)

then it follows that

s” Asign (8) > 6min || S |1 (2.102)

By considering (2.99) and (2.102), one can write

d - max
d_t (V) S (aa:g — 6min) H S ||1 (2103)

and therefore a sufficient condition for the time derivative of V' to be negative definite is
given by
Omin > ™ (2.104)

Continuous Control

In general, discontinuous sliding mode controllers are characterized by a remarkable ro-
bustness with respect to parameter uncertainties and external disturbances. However, the
associated switching of the control actions can also lead to a phenomenon known as chat-
tering, characterized by a high frequency control activity which is in general undesirable.
To avoid this problem, one can use a continuous control law to approximate the behavior
of the classical sliding mode controller. Several such controllers have been proposed by
Ambrosino et al. [1], Burton and Zinober [9] and Slotine and Sastry [74], among others.
Excellent applications of continuous sliding mode controllers to civil structures are pre-
sented by Yang et al. [108]. Many of the aforementioned control laws are based on the
availability of information about the external disturbance. However, using the concepts
from the theory of control of uncertain systems developed by Leitmann and co-workers

[47, 13], it is still possible to develop controllers based only on bounds on the possible size
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of the disturbance, as shown in [13, 68, 122]. In the following, several possible continuous
controllers for the general case m. > m; are formulated based on a bounding value for the
ground acceleration.

Let us be defined as follows:
up = — [CSBF ACn (2.105)

in which A is a matrix of design parameters of the form A = diag(¢;) with ¢; > 0 for
i=1,2,...,ms and where [(_351_3}i has been defined in (2.64). Substituting us into (2.91)
and selecting again IT = I,,,, for the definition of the function V, it follows that

d
pr (V) =s"Ceei, —s"As (2.106)

where the definition of the sliding surface (2.27) has been also taken into account.
The existence of regions of attraction is investigated next. Considering the first term

of the right hand side of (2.106), one can write as before
s'Cseiiy <| s"Cqe | E0™ (2.107)

where #7** is a bounding value for the ground acceleration as defined in (2.95).

Next, by considering the Cauchy-Schwartz inequality (2.97) and the fact that

1
IsllzllCsell, < 5 (Isllz + ICeell3) (2.108)
it follows
s"Cee i, < 92 (Islz + o) (2.109)

where again the parameter o has been defined as a =|| Cge ||2.

On the other hand, it can be shown that

STAS > Spin |Is|/ (2.110)
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in which 6,,;, denotes as before the smallest entry of the diagonal matrix A.
Finally, by taking (2.109) and (2.110) into account, the time derivative of the Lyapunov

function can now be shown to satisfy to following inequality:

A-max

d x
(F1 — 26,01 I3 + 5 o? (2.111)

5(V)§

g

N | =

Therefore, it is possible to establish a region in the (s1,S2,. .. Sm,) space defined by the

following scalar function

g1(s) = —a1 5" + by <0 (2.112)

where s = ||s||, and
a1 = 20min — Ty (2.113)
by = i)™ o (2.114)

for which, provided that a; > 0, the attraction to the sliding surface is guaranteed. Note
that now the control cannot guarantee the global asymptotic stability of the point s = 0 but
instead it assures that all trajectories will ultimately lie within a bounded neighborhood
of that point. Notice also that this is a conservative bound and in practice the system will
stay in a region closer to the origin s = 0 than the lower bound defined by (2.112).

It is important to remark that the continuous control law defined by (2.88) and (2.105)
can not guarantee the existence of the ideal sliding conditions (2.29) and (2.30). Outside
the region defined by (2.112), the control actions are directing the system state toward the
sliding surface. But in general, this continuous controller will lack the authority to generate
a permanent sliding regime and therefore, the behavior of the controlled system will not
be described by the sliding motion equations. In this context, the sliding surface and the

associated sliding conditions can be regarded as auxiliary design tools.
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Another continuous controller can be constructed by considering the singular value

decomposition of the product matrix CsB as follows:
C,B=U;GU3 (2.115)

where U; and Us; are unitary matrices with dimensions mg x m, and m, x m,, respectively.

Considering that m,; < m,, the matrix G has the following structure:
G=[T 0] (2.116)

with T' = diag(,). Due to the fact that rank(C;B) = my, the diagonal entries of T are
strictly positive, i.e. 7, > 0,7 =1,2,...,ms.

Using the factorization (2.115), the component ug is defined as follows:
u; = —U, AU] C¢n (2.117)

in which the m, x mg matrix U, is constructed by considering the first m, columns of the
matrix Us. Therefore, the columns of U, define an orthonormal basis for the row space of
the product matrix CsB. The matrix A has the same meaning as before, i.e. A = diag(6;)
with 6, >0 fori=1,2,... ms.

The region of attraction is investigated by substituting the proposed ug into (2.91) as

follows:
d

dt

in which the definition of the sliding surface (2.27) was considered and the following result

(V)=s"TICsed, — s"TIU; T AUTs (2.118)

was used:
L.,

C:BU,=U,GU; U, = U, | T 0}[ 5

] = Uil (2.119)

Selecting IT = I,,,, for the definition of the function V, the time derivative of V' can be

written as

% (V) =s"Ceei, —s"Os (2.120)
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in which © denotes a ms X m, positive definite matrix defined as

®=UTAU] (2.121)

J-max

Akin to the previous case, if Z7** is a bounding value for the ground acceleration as

defined in (2.95), then one can obtain

SmImax

s"Cqe i, < 92 (Islz + o) (2.122)

where the parameter a has been defined before.

On the other hand, it can be shown that
sT@s > A |18l (2.123)

in which A\, denotes the smallest eigenvalue of the matrix ©.
Finally, by taking (2.122) and (2.123) into account, the time derivative of the Lyapunov

function can now be shown to satisfy to following inequality:

Smmax

x
(5™ = 2Amin) [Is]l5 + =50’ (2.124)

d
%(V) <

N =

Therefore, depending upon the choice of the design parameters in the matrix A and pro-
vided that 2\, > g, there exists a region in the (s1, So, ... Sn,,) space defined by the
following scalar function

g2(s) = —az s> + by <0 (2.125)
in which

a9 = 2>\min — i‘glax (2126)

where the attraction to the sliding surface, represented by the point s = 0, is guaranteed.
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Finally, it is noted that for the case m. = mg, C4B is a nonsingular matrix for which one
could avoid using its singular value decomposition and propose a controller of the following

form

u; = —A [C,B]"Cn (2.127)

in which A has the same meaning as before. The region of attraction in this case is also
defined by (2.125), but now A, denotes the smallest eigenvalue of the positive definite

matrix © redefined as follows:
® = C,BA [C,B]" (2.128)

2.7.2 Semi-Active Control

In the case of semi-active control, the control actions ug, cannot achieve any arbitrary
value. They are constrained by the fact that the semi-active devices can only provide
nonnegative stiffness and damping values k,, and c,,. Therefore, although these control
actions may succeed in bringing the system state towards the sliding surface, they may not
be able to force the system to stay there.

Ideally it is desired to force the system to stay on the sliding surface s = 0. However,
because of the limited control action available in the semi-active case, s may not be iden-
tically equal to zero. The magnitude of the nonzero entries of the vector s represents the
extent of separation of the system from the desired sliding surface. A nonnegative measure

of this separation can be represented by the following function
L p
V= 58S (2.129)

The objective of the semi-active control is to minimize the value of this function, in order

to reduce any tendency of the system state moving away from s = 0. That is, the control
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actions should be such that they make the time rate of change of the function (2.129) as
small as possible, preferably less than zero.

The time derivative of this function is given by

% (V) =s"Ce{An +eiy} +s" CBeasa (2.130)

The last term on the right hand of this equation can be expressed as
sTCB us = v Ug, (2.131)
where the m,,-dimensional vector v is defined as
v=BI CI'Cn (2.132)

and considering the definition of the semi-active control actions us, given in (2.13), it

follows that

v = — Z v, (52. ko, + € c) (2.133)
i=1
From this equation, it is immediately apparent that whenever the factors v;£; and szz are
negative, the smallest values should be adopted for the corresponding coefficients k,, and
cy;; and whenever these terms are positive, the largest values of the coefficients should be
selected.
This can be achieved by the following control law, assuming that the each semi-active
device can only provide two different values of stiffness (k‘;‘;i“ and k) and damping (cv“j_/in
and cj™):

koo () = 5 (5™ (1 + sign(vi€;)) + k3™ (1 — sign(vi;))) (2.134)

1
2

colm) = 5 (1 (1 sinud) + e (1~ sian(né,)) (2135)
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An obvious alternative to increase the efficiency of the proposed control action is to design

min
U4

the semi-active device such that /{:f}iﬁn and ™ are zero. In this case,

viug, <0 (2.136)
and the control law reduces to
ke )
o (1) = 2 (1 -+ sign(vié,) (2.137)
e .
n(m) = 2= (1+sign(vid))) (2.138)

This behavior can be achieved by simply disconnecting the corresponding devices which
for this case will act according to a on/off regime. It is important to mention that in
a vibrating structure, attaching and detaching a device by opening and closing of fluid

passages is perhaps one of the easiest practical approaches.

2.8 Numerical Results

The applicability of the full state feedback control algorithms developed in this chapter is
examined in this section. Since the primary focus of this work is on the control of (usually
massive) civil structures subjected to seismic motions, a 10-story shear building model
subjected to recorded earthquake induced ground motions, is considered as an example
problem. For the chosen building model to be a realistic representation of a typical civil
structure, the mass and frequency characteristics are chosen similar to those likely to be
encountered in a typical medium sized multi-story building, the floor weights of which
correspond to about 400 square meter of floor area on each floor. Each story has the same
mass, stiffness and damping parameters. These properties are indicated in Figure (2.3),

in which the natural frequencies of this example structure are also shown. The resulting
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proportional damping matrix for the structure provided a modal damping ratio of 3% of the
critical in the fundamental mode. The proposed full state feedback active and semi-active

controllers are examined in the following.

2.8.1 Active Control

To evaluate the performance of active control schemes and their effectiveness in reducing
structural responses, two different methods of force application were considered: Force
applied through (1) a system of active tendons (ATS) and (2) a tuned mass damper (TMD).
These two arrangements are indicated in Figure (2.3). Intuitively, it is perhaps most
effective to apply the controlling force on the top of the building. For this reason, the
tuned mass damper was situated on the building roof or the top floor. Depending on the
aspect ratio of the building, the application of the tendon force on the top may, however, be
associated with large vertical forces. To avoid this, therefore, the tendon force was applied
only at the level of the first floor, even though it is realized that the force at a lower level
may not be as effective as on the top.

The numerical results have also been obtained for different seismic events, to evaluate
the effectiveness of the control method for different disturbances. In particular, the ground
acceleration records obtained in (1) El Centro, 1941, (2) San Fernando, 1971, (3) Loma
Prieta, 1989, and (4) Kern County, 1952 (recorded at the Hollywood basement site), earth-
quake events have been considered. The first three acceleration records were normalized to
a maximum ground acceleration level of 0.3¢g, whereas the Hollywood record was normalized
to a peak acceleration value of 0.2g. The ground acceleration response spectra for three
percent damping ratio are shown in Figure (2.4) for the four inputs. Also shown, along
the frequency axis are the locations of the natural frequencies of the structure by small

circles. It is noted that the response spectra for the four motions have different frequency
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characteristic. This will have some bearing on the controlled and uncontrolled response
obtained for the structure.

In the case of the controlled force applied through a tuned mass damper, the TMD was
nearly tuned to the first modal frequency with a frequency ratio of 0.91. The mass of the
damper was about 30% of the top floor mass and about 3% of the total building mass. The
damping ratio of the TMD was chosen to be about 11% of the critical value. The control
force was provided between the damper mass and the reaction wall (or support) on the top
floor.

For the numerical applications involving active control presented here, the number of
sliding constraints is equal to the number of control actions and therefore m, = 0. The
design of the corresponding sliding surface was based on the minimization of a quadratic
criterion of the form indicated in (2.75). Two different sets of weighting matrices Q; and
Q- were used to achieve comparable results in terms of response reductions. For the case

of active tuned mass damper control, these matrices were selected as
Q; = 10° diag(1,1,1,1,1,1,1,1,1,1.50,0.05) (2.139)
Q2 = diag(1,1,1,1,1,1,1,1,1,1.50,0.10) (2.140)
whereas for the case of active tendon control they were chosen as
Q. = 10* diag(150,1,1,1,1,1,1,1,1,1) (2.141)

Q. = diag(60,1,1,1,1,1, 1,60, 300, 300) (2.142)

A continuous controller was used in the numerical simulations for both the active tuned
mass damper and the active tendon cases. The controller was selected to be of the form

indicated in equation (2.87), defined as the sum of two components u; and ug given by
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(2.88) and (2.127), respectively. Since mg; = 1, the matrix A appearing in the expression
for us reduces in this case to a single scalar parameter which is defined as § = 6/ HBHZ
The value of the normalized parameter § was selected as 6 = 7.84 and 6 = 78.10 for the
cases of active tuned mass damper and active tendon, respectively. To provide a basis
for comparison between the two systems of force application, the parameters defining the
control system (given by the matrices Q; and Q2 and the parameter §) were selected in
such a way the peak displacement of the top floor is equal to 40% of the corresponding
uncontrolled case, when the building is subjected to El Centro excitation.

Figure (2.5) shows the time histories of the top floor displacements for the controlled
and uncontrolled cases for both the active tendon and active tuned mass damper cases.
Similar results are shown in Figure (2.6) for the shear force in the first story. These results
are obtained for the El Centro ground motion. It is observed that the control actions do
modify the response and reduce the peak values.

Figure (2.7) shows the floor acceleration response spectra for the top floor for the two
cases, again compared with the response spectra for uncontrolled cases. It is noted that
active control does reduce the maximum floor acceleration (as represented by the response
spectrum value at the high frequencies) as well as the peak floor response spectrum value.

From a practical stand point, it is desirable to know what one can expect in terms of the
required actuator force and power and their maximum values to achieve such a response
control. The time histories of the actuator control forces for the tuned mass damper and
active tendon systems are shown in Figure (2.8). The magnitude of the actuator force
required in tendon control is much larger than the force required with the tuned mass
damper. The time histories of the corresponding mechanical power are shown in Figure

(2.9). The instantaneous power is determined as the product of control force and the
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velocity of the actuator in the direction of the force. The control force is assumed to be
positive when it opposes the velocity of the corresponding degree of freedom. That is, in
the case of the active tuned mass damper, the control force is assumed positive when it
opposes the drift velocity between the top floor and the moving mass. In the active tendon
case, the control force is assumed positive when it opposes the relative velocity of the first
floor mass. According to this sign convention, a positive value for the power indicates
that the actuation system is absorbing mechanical energy from the building system. As
it can be observed from the figure, the mechanical power fluctuates on the positive and
negative sides. By comparing the power for the two cases, it is observed that active tuned
mass damper actuation is characterized by higher rates of mechanical energy transfer with
respect to active tendon actuation.

In the previous set of results only the response of a single floor or a single story, obtained
only for a single seismic input were compared. In the following paragraphs, the controlled
response of all building floors is examined comparatively for different seismic inputs.

Table (2.1) shows the uncontrolled and controlled displacement response results for the
tuned mass damper and active tendon systems for each of the four seismic inputs. For each
seismic input, the results in the first column (that is, columns (2), (7), (13) and (18)) are
the uncontrolled response values of different floors with no control devices installed. The
results in the next three columns correspond to the tuned mass damper, whereas those in
the last column under each earthquake are for the active tendon system. The results are
presented normalized in the form of response reduction factors. The response reduction
factor is defined as the ratio between the controlled and uncontrolled maximum values of a
given response quantity. A response reduction factor value less than 1.0 indicates that the

control scheme is effective in reducing the response; the smaller the value, the more effective
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the control scheme. For the tuned mass damper, the results in columns (3), (8), (14) and
(19) are for only the tuned mass damper without any active control force. They indicate
the effectiveness of the TMD as a passive device. This effectiveness varies with the seismic
input. The tuned mass damper as a passive device, is seen to be most effective with El
Centro motion and the least the Loma Prieta motion. The results in the next column sets
(that is, columns (4), (9), (15), and (20) are for the active TMD (that is, with active control
force). These results, therefore, indicate the combined effect of active and passive control.
The ratio of the values in these columns to the ones in the preceding columns are shown
in the next set of columns (columns (5), (10), (16) and (21)). These values indicate that
application of control force through a tuned mass damper can be effectively used to control
the response. This effectiveness, is, however, seen to depend on the seismic input. For the
example problem considered, the device is most effective on the El Centro earthquake and
least effective on the Loma Prieta earthquake with regard to the response of the upper
floors and also in the San Fernando earthquake with regard to the displacement responses
of the lower floors. The results in the last column set (that is, columns (6), (11), (17), and
(22)) are for the active tendon system. It is noted that active tendon systems can also be
used for controlling the response.

The results presented in Table (2.2) are parallel to those in Table (2.1), but for the
acceleration response of various floors. It is noted that the control is not as effective in
reducing the acceleration response as it is in reducing the displacement response. In fact,
in some instances, especially with active tendon system, there is some increase in the
accelerations of especially the lower floors.

From the perspective of the practical implementation of any active structural control

scheme, the maximum values of the required control force and associated mechanical power
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are important operational parameters. These maximum values, in general, depend upon
several factors. Intuitively it seems reasonable to think that in a well designed control
algorithm, the control requirements are directly related to the reduction in the response
achieved. If a larger reduction is desired then a correspondingly larger level of control force
may be required. Unfortunately, in the sliding mode control approach this relationship
between the magnitude of control actions and the level of control achieved is not easy to
establish a priori. That is, it is not straightforward to regulate the amount of response
reduction to a desired predefined level. For a given controller design, the level of control
achieved and the corresponding control requirements are determined, to a large extent, by
the sliding surface used.

For example, if the sliding surface matrix is selected by the minimization of a quadratic
functional, then the choice of the corresponding weighting matrices determines the sliding
surface. A change in any element of these matrices will result into a different sliding surface.
For a given controller and for a given input ground motion, once a sliding surface is fixed,
it determines the time history of the required control force. Considering the quadratic
criterion defined before, the matrix QQ; contains the weights associated with displacement
states and the matrix Q2 contains the weights associated with velocity states. These two
matrices were selected to have a diagonal form, but it is not quite clear which elements of
Q1 and Q2 will predominantly govern the relationship between the level of control action
and the magnitude of reduction in the response.

For force actuation through a tuned mass damper, the weighting element affecting
the damper’s velocity intuitively appears to be the relevant parameter. The following

numerical results seem to justify this assumption. For these results, the weighting matrix
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Q2 is redefined as follows:
Q, = diag(1,1,1,1,1,1,1,1,1,1.50,0.01p,) (2.143)

in which p, denotes a parameter penalizing the TMD velocity. Figure (2.10) shows the
numerical results obtained for different sliding surfaces generated by changing the values
of the velocity weight parameter, for the El Centro earthquake. In this figure, the response
reduction factors for the top floor displacement, top floor acceleration and 1st story shear,
are represented versus the parameter p;. The figure also shows the corresponding values
of the normalized maximum control force (normalized by a floor weight) and associated
mechanical power, again versus the parameter p,. It is noted that as the parameter p,
is increased, a smaller reduction in the response, and a correspondingly smaller control
requirements are obtained. It is relevant to mention that it was not possible to obtain
such relationship between the response reduction and control requirements by arbitrarily
changing other parameters of the weighting matrices.

Results similar to those presented in Figure (2.10) are presented in Figure (2.11) for the
control force applied through the active tendon system, also for the El Centro earthquake.
Here the parameter which produced desirable monotonic relationships between the response
reduction and control requirements was the weighting element associated with the relative
displacement of the mass where the tendon forces are applied. Therefore, the weighting

matrix Qfor this case is written as follows:
Q; = 10*diag(p,,1,1,1,1,1,1,1,1,1) (2.144)

in which p, indicates a parameter penalizing the displacement of the first floor. The
relationship between the control actions and response factors here is similar to that in

Figure (2.10), except for the response quantity of 1st story shear which is seen to decrease
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with decreasing power levels and with decreasing control force. It is so because of the fact
that this particular response quantity is directly affected by the applied control force and
corresponding first floor displacement. A reduced control force applied to the first floor
also translates into a reduced shear force value. Figure (2.11) also shows the results for the
shear in the second story, which is clearly seen to follow the same trend as the top floor
accelerations and displacement.

Table (2.3) compares the maximum values of the control force for both methods of force
application and for different earthquakes. The first part of the table is for the tuned mass
damper and the second part for the active tendon system. For both actuation systems,
case (a) pertains to a lower reduction in the response and case (b) for a higher reduction
in the response. For tuned mass damper control, these cases correspond to the values of
p; = 70 and p; = 10, respectively. For active tendon control, these cases were obtained with
P, = 2150 and p, = 150, respectively. The response quantity considered to quantify the
reduction in the response is the displacement of the top floor. The corresponding response
reduction factors are shown in columns (1) and (5) for case (a) and in columns (3) and (7)
for case (b), for both actuation systems. The maximum values of the control force required
to produce those response reductions are given in columns (2) and (6) for case (a) and in
columns (4) and (8) for case (b). These values are presented as the ratio of the control force
to the floor weight. It is observed that control force values are the smallest for the tuned
mass damper system and the highest for the active tendon system. The force required in
the active tendon system, being large, may not be practically feasible. It is also noticed
that different seismic inputs demand different levels of control force.

For design purposes, it is desirable to have information such as that shown in Figures

(2.10) and (2.11) and Table (2.3) whereby one can assess the magnitude of the control
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requirements that may be necessary to achieve a particular reduction in the response. It
is mentioned that these results were developed based on rather intuitive arguments and
they may not correspond with the most optimum choice of the sliding surface. That is, it
may be quite possible to obtain better response reduction than shown in these figures for a
given level of control effort or obtain a smaller level of control effort for a given reduction

in the response.

2.8.2 Semi-Active Control

The results presented in the previous section indicate that active control can, indeed, reduce
a structure’s response, but the magnitude of the control force and maximum instantaneous
power demand can be quite high. As such, alternative methods of controlling structures
are being sought. One promising approach which has attracted attention of researchers is
the semi-active control approach. In this approach no external energy is input in to the
structure, as opposed to the case of the active control scheme. One appropriately regulates
the stiffness, damping and, if possible, mass characteristics of the structure to achieve
desirable results such as a reduction of dynamic response. Such parametric regulation
can be performed for example by controlling valve opening and closing for stiffness and
damping change or by changing the viscosity of a damper fluid for damping coefficient
change. Such operations may require only a nominal amount of external power. This has
led to research on the application of electrorheological and magnetorheological dampers
for seismic response control. These devices can even change the damping and stiffness
properties on a continuous basis.

A somewhat idealized situation is considered to numerically examine the effectiveness
of semi-active control schemes. It is assumed that the damping and stiffness matrices of

the structure can be independently changed by turning on or off the stiffness and damp-
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ing elements provided in diagonal bracings as indicated in Figure (2.12). Therefore, the
regulation of the semi-active devices is done according to algorithm defined in (2.137) and
(2.138).

For the numerical applications involving semi-active control, the number of sliding con-
straints was selected as m; = 1. The design of the sliding surface was performed by
assignment of the sliding motion eigenvalues. Let {A1, Ao, ... A,} denote the set of eigen-
values corresponding to the uncontrolled system, given by the eigenvalues of the matrix A
in the state equations (2.23). The sliding motion eigenvalues {1, A, . . . An, }were assigned
as follows:

~

A=A\ for i=1,2,...n,—3 (2.145)

~ ~

An—2 = —0.50ws(1 — §), An,—1 = —0.50wz(1 + j) and A,, = —0.70ws (2.146)

where j = v/—1 and ws denotes the second fundamental frequency of the uncontrolled
system. Several sets of numerical results corresponding to semi-active damping and stiffness

control are presented in the following.
Semi-Active Damping Control

For this set of results, supplementary on-off viscous dampers are installed in the first nine
stories (i.e., ms, = 9). The maximum damping coefficient for the devices in the first seven
stories is 1.75 ¢,ef, where c,.r is a reference value selected as c¢..; = 6.15]MNs/m|. The
damping coefficients for the devices in the 8th and 9th stories are 1.05 ¢,ep and 0.70 ¢ .y,
respectively. This distribution of damping in different stories has been arbitrarily selected.
If these additional dampers are left on all the time, the first mode damping ratio is increased
from a value of 3% to about 5.2% of the critical.

The responses of the controlled and uncontrolled systems are compared in Figure (2.13),
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which shows the time histories of the top floor displacement and the 1st story shear force
for El Centro ground motion. It is noted that the supplementary damping devices are
effective in reducing both responses.

The introduction of any additional damping in a structure, whether it is changed or
not, will lead to some dissipation of vibration energy and thus a reduction in the dynamic
response. The question then is, does the regulation of the dampers, according to (2.138),
improve the performance of the system when compared to the case in which the dampers
operate in a fully passive mode? To investigate this, the numerical results presented in
Figure (2.14) were obtained. In this figure, various floor and story responses are compared
for the two cases of passive and semi-active dampers. The response reduction factors for
relative displacement, acceleration and shear force responses corresponding to the fully
passive case are less that 1.0 and they indicate the increased ability of the system to
dissipate energy. However, the response reduction factors associated with switching of the
damping devices show that semi-active control did not reduce the response any further in
this particular case.

The effect of the magnitude of the supplementary damper coefficient on the semi-active
performance was numerically investigated and several sets of results were obtained. Even
when damper coefficients as large as to generate a maximum damping force equal to 75%
of the floor weight were used, the semi-active operation did not produce any significantly
smaller responses than those obtained when the dampers were left on all the time. It must

be remarked that these conclusions have been established by comparing passive dampers

with damping coefficient ¢** and semi-active dampers with two-state damping coefficients
(0, ci). That is, the passive case is defined by dampers with a constant damping coefficient

equal to the upper limit for the coefficient in the semi-active case.
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Since the results obtained here depend upon the choice of a sliding surface used, the-
oretically it may still be possible to get better results with switchable damping perhaps
with another more optimum sliding surface, specifically adapted to the characteristics of
the semi-active damping control operation. However, the results presented here indicate
that linear viscous dampers are quite effective as passive devices, but their active regula-
tion may not be significantly beneficial for this type of structural systems. Nonetheless,
semi-active control systems based on damping regulation may be quite effective for other
structural systems. A typical example is found in vehicle suspension systems. In this
case, high values of damping may adversely affect the performance of the isolation system
and the determination of the optimal amount of damping is a crucial problem. For these
systems, semi-active dampers may provide an effective way to improve the isolation char-
acteristics [38]. Another example is found in bridge structures, for which hybrid vibration
isolation systems consisting of rubber bearings and variable dampers have been proposed

as an effective way to reduce seismic responses [115].
Semi-Active Stiffness Control

The numerical results for semi-active stiffness control are presented in this section. The
structure is provided with switchable bracings, which can be attached and detached ac-
cording to the control algorithm. Two different cases were considered to investigate the
effect of the number and position of the semi-active devices on the performance of the
controlled system. In the first model, it is assumed that there are active bracings installed
in the first four floors of the structure (i.e., my, = 4). The first two stories have de-
vices with a parameters {0.3k.r, 0.25¢,¢¢}. The third and fourth stories have devices with
parameters equal to {0.2k..,0.15¢..¢} and {0.1k,cr,0.1c.es}, respectively. In the second

model, we assume that there are active bracings installed in all floors but the top one
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(i.e., mge = 9). The values of the stiffness and damping parameters for the first seven
stories are {0.3kcr, 0.25¢,f}. The devices in the eighth and ninth stories are characterized
by {0.2kyef,0.15¢,s} and {0.1k.er, 0.1¢,cr }, respectively. For both models considered, the
reference value k,.; is equal to the story stiffness, that is k.., = 654.98 [MN/m], and the
damping reference value c,¢s is given by ¢..; = 6.15 [MN.sec/m].

First, the results corresponding to the case mgs, = 9 are presented. Figure (2.15)
shows the uncontrolled and semi-active controlled response time histories of the top floor
displacement and 1st story shear force for the El Centro ground motion. The effectiveness of
the semi-active control is clearly seen from these plots. The maximum displacement of the
top floor is reduced to 63% of the peak uncontrolled displacement, whereas the maximum
shear force in the 1st story shows a reduction of 54% with respect to the corresponding
maximum uncontrolled value.

Figure (2.16) shows the control effectiveness in terms of the reduction it brings about
in various floor and story responses. It is noticed that a mere addition of stiffness pas-
sively can increase some response quantities; it depends on where the structure’s dominant
frequencies are situated with respect to the input motion response spectrum. In the case
of this particular building, the addition of stiffness puts the structure in the higher ac-
celeration response spectrum range. As a result, the acceleration response of the higher
floors are increased. Also increased are the shear forces in the higher stories. On the other
hand, the semi-active operation of the supplemental stiffness clearly reduces most of the
response quantities. It is noticed that the displacement and interstory shear responses are
significantly reduced for all floors. However, the reduction in the acceleration response is
not as significant; in fact, for the first floor the acceleration response is slightly increased.

Figure (2.17) shows the time history for the control force generated by the semi-active
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device installed in the first story. To show the dissipation of energy caused by active
regulation of the stiffness, this figure also shows, for the same device, the control force
versus the corresponding story drift. The formation of hysteresis loops due to semi-active
stiffness control is clearly seen from this figure.

The results of Tables (2.4) and (2.5) allows to compare the effectiveness of semi-active
control for different seismic inputs. The results in Table (2.4) are for relative displacement
responses. For each earthquake input, the results in the first set of columns (nos. 2,
7, 12, and 17) are the uncontrolled response values, whereas the values in columns (3),
(8), (13) and (18) represent the response reduction factors when the structure is passively
stiffened. It can be seen that a passive stiffening induces, in general, a reduction in the
displacement respon