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ABSTRACLT

The objective of this paper is to provide a state-of-the-art assessment of active control research as
applied to civil engineering structures. An attempt is made to present it with less specialized
research content suitable for a more general readership. Recent activities in control algorithm

development, control system design and practical aspects of their applications are sumnmarized
followed by a discussion on possible future directions.
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SECTION 1
INTRODUCTION

In structural engineering, "active structural control” has become known as an area of research in
which the motion of a structure is controlled or modified by means of the action of a control
system through some external energy supply. There are a number of motivating factors for
conducting this research. They include the following:

a. With the trend toward taller, longer and more flexible structures, undesirable vibrational
levels could be reached under large environmental loads such as strong wind, large waves
and strong earthquakes, thus adversely affecting human comfort and even structural safety.
The application of active control is one of the options in safeguarding such structures against
excessive vibrations. In fact, "super-tall" buildings with up to 500 stories are being consid-
ered as possibilities in the near future [96, 97], for which control systems, either aclive or
passive, may become an integral part.

b. Active or hybrid active-passive systems can be aftractive candidates for retrofitting or
strengthening existing structures against, for example, earthquake hazards. Current passive
means of using interior shear walls or base isolation systems are structurally invasive. Active
systems, on the other hand, can be more effective and can be incorporated into an existing
structure with less interference. In a report prepared for the National Research Council
addressing research issues based on lessons leamed from the 1985 Mexico earthquake [71],
research on retrofit of buildings using devices which "might increase damping or modify the
natural period” is recommended. This objective can be easily achieved using active or
active-passive systems.

c. Civil Engineering structures are not designed to withstand all possible external loads.
However, extraordinary loading episodes do occur, resulting in structural damage or failure.
Active control in this context can mean a last resort attempt to save a structure which, without
it, would not be able to survive. This extra protection is particularly attractive when one
considers the high cost of some recent large structures such as deep-water offshore platforms,
not even mentioning lives that might perish otherwise. The same is true for structures which
serve critical functions, for which "failure” is synonymous with "disaster”.

d. Some structures house valuable and sensitive equipment or secondary systems. Their operat-
ing safety is of paramount importance. Active control can thus be applied at the substructure
level to insure proper operating conditions for secondary systems.

¢. Passive control devices such as base isolation systems, viscoelastic dampers and tuned mass
dampers, have been installed in some existing structures, resulting 1n improved structural
performance. Passive devices, however, have inherent limitations. Consider, for example,
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the tuned mass damper system installed in the Citicorp Center, New York [72, 98, 103].
Since it is tuned to the first modal frequency of the structure, it is basically designed to
reduce only the first mode vibration. An active mass damper, on the other hand, can be
effective over a much wider frequency range. Hence, the study of active structural control is
a logical extension of the passive control technology.

f. Finally, the idea of active control itself is not only attractive, but potentially revolutionary,
since it elevates structural concepts from a static and passive level to one of dynamicism and
adaptability. One can envision future structures having two types of load resisting members:
the fraditional passive members that are designed to support basic design loads, and active
members whose function is to augment the structure’s capability in resisting extraordinary
loads. Their integration in an optimal fashion can conceivably result in better utilization of
material and lower cost {25, 94, 95].

Thus motivated, there has been a flurry of research activities in the area of active control of civil
engineering structures over the last 20 years. In this paper, an attempt is made to assess the
present state of knowledge in this research area and possible future directions.

It should be mentioned that the basic concepts of active control are not new; they have been the
staple of electrical and control engineering for many decades. And they have been applied
successfully in a variety of disciplines such as aerospace engineering and mechanical engineer-
ing. More recently, motion control of large space structures has also been a subject of intensive
research. However, active control of civil engineering structures, as indicated above, has a more
recent origin. While much of the theoretical basis is rooted in modern control theory, as we shall
see, its application to civil engineering structures is unique in many ways and presents a host of
new challenges.

1-2



SECTION 2
ACTIVE CONTROL SYSTEM AND CONTROLLED STRUCTURAL BEHAVIOR

Early notions of an actively-controlled structure are contained in [121-123] in which Zuk ad-
vances the notion of "kinetic structures”. Zuk makes the distinction between active controls
which are designed to reduce structural motion and those which generate structural motion, The
kinetic structures described by Zuk belong to the lfatter. Conceptually, Zuk visualizes all man-
ners of buildings as being able to change form, shape, and configuration in order to make them-
selves adaptable to ever changing forces and functional usages. For example, buildings could be
compactly prepackaged in a factory, and conveniently transported to the sife. At the site, it
would be energized, causing it to self-deploy or erect itself by means of control systems.
Similarly, one can envision structures which are self-collapsing, reversible, or are able to change
shape, or control enclosed space through structural manipulation by means of control devices.

All the work reported here, however, belongs to the first category, namely, controls designed to
reduce structural motion. According to Zuk [121-123], the earliest attempts in this direction
were made in the 1960°s when Eugene Freyssinet proposed in 1960 to use prestressing tendons
as control devices to stabilize tall structures. Independently, Lev Zetlin in 1965 conceived the
idea of designing tall buildings, whereby cables are fixed to the structural frame and attached to
hydraulic jacks at the base. Sensors are used to detect movement at the top of the structure and
to signal a control device which, in turn, directs the action of the jacks. Unfortunately, neither
structure was built. Other early attempts include that of Nordell [70], who suggested the use of
active systemns which can be activated to provide increased strength fo a structure prior to any
"exceptional” overloading.

A systematic assault on active control research did not begin until 1972, when Yao laid down a
more rigorous control-theory based concept of structural control [117]. In [117], an excessive-
response triggered structural control system is suggested as an alternative approach to addressing

the safety problem in structural engineering.

As described in Yao [117] and in most of the subsequent publications, an active structural control
system has the basic configuration as shown schematically in Fig. 2-1. It consists of:

a. Sensors located about the structure to measure either external excitations, or structural
response variables, or both,

b.  Devices to process the measured information and to compute necessary control forces
needed based on a given control algorithm.

c. Actuators, usually powered by external energy sources, fo produce the required forces.
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FIGURE 2-1 Schematic Diagram of Active Control
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When only the structural response variables are measured, the control configuration is referred to
as closed-loop control since the structural response is continually monitored and this information
is used to make continual comrections to the applied control forces. An open-looped control
results when the control forces are regulated only by the measured excitations. In the case where
the information on both the response quantities and excitation are utilized for conftrol design, the
term open-closed loop control is used in the literature.

To see the effect of applying such control forces to a structure under ideal conditions, consider a
building structure modeled by an n-degree-of-freedom lumped mass-spring-dashpot system. The
matrix equation of motion of the structural system can be written as

Mx(t) + Cx(t) + Kx(t) = Du() + Ef(t) (2-1)
where:

M =1 X nmass matrix

C =n x ndamping matrix

K = nxnstiffness matrix

x(t) = n-dimensional displacement vector

f(t) = applied load or external excitation
u(t) = applied control force vector

D =n x m matrix defining the location of the control force vector
E =n x r matrix defining the location of the excitation

Suppose that the open-closed loop configuration is used in which the control force u(t) is de-
signed to be a linear function of the measured displacement vector x(1). the velocity vector %(t)
and the excitation £(t). The control force vector takes the form

u(®) = K; x(6) + Cr () + Er £(0) 2-2)
where K, C, and E, are respective control gains which can be time-dependent.
The substitution of eq. (2-2) into eq. (2-1) yields
Mx(1) + (C - DC) (1) + (K - DKy) x(t) = (B + DE1) £(0) (2-3)

Comparing eq. (2-3) with eg. (2-1) in the absence of control, it is seen that the effect of open-
closed loop control is to modify the structural parameters (stiffness and damping) so that it can
respond more favorably to the external excitation. The effect of the open-loop component is 2
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modification (reduction or total elimination) of the excitation or the input. The choice of the
control gain matrices K, C, and E, depends on the control algorithm selected.
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SECTION 3
CONTROL ALGORITHMS

Research efforts in active structural control have focused on a variety of control algorithms based
on different control design criteria. Some are considered classical as they are direct applications
of modern control theory. Some, however, are specifically proposed for civil engineering
structural control applications due to the fact that, as mentioned earlier, they give rise to some
unique control problems.

To facilitate discussions, let us again use eq. (2-1) to represent the structure under consideration
which, using the state-space representation, can be written in the form

z(t) = Az(t) + Bu(t) + HE(t) (3-1)
where:
x(t)
z(t) = (3-2)
x(t)

is the 2n-dimensional state vector,

o I
A= ik e c] -3

is the 2n x 2n system matrix, and

B = © dH= L 3-4
”[M‘iD:l ” "[M“EJ G4

are location matrices specifying, respectively, the locations of controllers and external excitations
in the state space. In egs. (3-3) and (3-4), O and I denote, respectively, the nuil matrix and the
identity matrix of appropriate dimensions.

3.1 Optimal Linear Control

A classical result, it provides a solution for control design based on the minimization of a quad-
ratic performance index J of the form
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- j [27(0 Qe + v ORu®] at (3-5)

In the above, the superscript T indicates vector or matrix transpose, the time interval [o:t] is

defined to be longer than that of the external excitation, Q is a 2n x 2n positive seri-definite
matrix, and R is an m x m positive definite matrix. The matrices Q and R are referred to as
weighting matrices, whose magnitudes are assigned according to the relative importance attached
to the state variables and to the control forces in the minimization procedure. The assignment of
large values to the elements of Q indicates that response reduction is given priority over the
control forces required. The opposite is true when the elements of R are large in comparison
with those of Q. Hence, by varying the relative magnitudes of Q and R, one can synthesize the
controllers to achieve a proper trade off between control effectiveness and control energy
consumption.

Under linear closed-loop control, it can be shown that the required control vector is given by [24]

u(® =- 3 RV BTP(z(0) (3-6)

where the superscript -1 represents matrix inverse. The matrix P(f) is symmetric and positive
definite satisfying the Riccati matrix equation of the form

P(t) + P(DA - % PMBRP() + ATP(t) +2Q =0, P()=0 (3-7)

For many structural problems, however, it has been found that P(t) remains constant over a large
portion of the time interval [0,t], dropping rapidly to zero near t, [113, 114]. Hence, P(t) can

often be approximated by a constant matrix and the control gain, defined as the coefficient of z(t)

in eq. (3-6), is a constant. Since all the parameters of the Riccati equation are presumably
known, the matrix P(t) can be determined off-line, and the only on-line computation required
during control execution involves matrix multiplication as indicated by eq. (3-6).

The mechanics of implementing optimal linear closed-loop control is relatively straightforward,
and it has been studied extensively in the context of active control of civil engineering structures
[6,7,27, 28, 30,31, 91, 105]. Depending on the choice of the weighting matrices, various levels
of control effectiveness can be achieved. While linear control laws can also be derived for.
open-loop and open-closed loop control schemes, closed-loop control results are widely used
since, as the control forces are continuously corrected and modified by the instantaneous struc-
tural response, the control algorithm is less sensitive to uncertaintics and inaccuracies in the
mathematical model used for a structure and its parameters.
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It has been pointed out that, since the external excitation is ignored or set to zero in the derivation
of the Riccati equation, the control law given by eq. (3-6) is not truly optimum [113, 114]. By
including the excitation term in the Riccati equation, however, its solution then requires a priori
knowledge of the loading history. This is generally not possible for excitations such as
earthquakes, wind forces, wave load, etc., encountered in structural engineering. New control
algorithms which circumvent this difficulty have been proposed, and some of them will be
discussed in the latter part of this section.

3.2 Pole Assignment

Consider the state-space equation (3-1). The system matrix A defines the open-loop system
dynamics and its eigenvalues provide modal damping and frequency characteristics. Let the
control force be determined by closed-loop feedback, 1.,

u(t) = Gz(t) (3-8
where G is a constant control gain matrix. The closed-loop system thus takes the form
#(t) = (A + BG) z(t) + HE(®) (3-9)

in which the system matrix becomes A+BG. As has been observed in Sec. 2, this modification
of the systern matrix through active control alters, in part, modal damping ratios and frequencies.
This is reflected by the fact that the eigenvalues of A+BG, denoted by 7, 1=1,2,..2n, are

generally different from those of A.

Since ye j=1, 2,..,2n, defines the controlled system behavior, a feasible control strategy is to
choose the control gain G in such a way that the nj’s take a set of values prescribed by the

designer. Control algorithms developed based on this procedure are generally referred to as pole
assignment techniques. Successful application of these algorithms thus requires judicious
placement of the closed-loop eigenvalues on the part of the designer as well as a good under-
standing of the uncontrolled structural modal behavior.

Pole assignment algorithms have been studied extensively in the general control literature [73].
Tts application to the study of civil engineering structural control has been fruitful when only few
vibrational modes contribute significantly to the structural response {2, 53]. In these cases,
attention needs only to be paid to these selected modes and a more clear choice of the closed-
loop eigenvalues can be made. Additionally, the method of pole assignment offers a convenient
base for comparison when, for example, relative merits of various control implementation
devices are evaluated [14].
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It is noted that pole assignment leads to feasible as opposed to optimal control. However, the
solution for the control gain G based on prescribed eigenvalues is in general not unique [73].
Hence, some optimality criteria can be incorporated into a pole assignment algorithm.

Let us also remark that the term "modal control" has been used to mean pole assignment in the
control literature [73]. This terminology, however, causes some confusion in the area of struc-
tural control since modal control here generally implies a wider class of control algorithms
involving control design in the modal space. One of these modal-domain control algorithras is
described below.

3.3 Independent Moda! Space Control (IMSC)

As the name implies, control system design based on IMSC takes place in the modal space.
Assuming that a structure possesses normal modes, it is well known that the equation of motion
of an n-degree-of-freedom structural system can be decomposed into a systemn of n decoupled
single-degree-of-freedom systems in the modal coordinates. Using again the state space equation
(3-1) and defining the modal transformation

z(t) = Tyt (3-10)

where T is the modal matrix in the state-space form, one obtains a system of two-dimensional
modal state-space equations in the form

¥ (1) = Ay ¥; () + Bjy; (1) + H; ), j=12,..n (3-11)

where the subscript j is used to indicate quantities in the jth mode.

Equation (3-11) has the appearance of a set of traditional decoupled modal equations except for
the fact that they are in general coupled through the modal control forces y; (), since each y, (t)

usually depends on all the modal state vectors. If, however, each u,(t) is designed to depend on
Y (t) alone. e.g.,

5 =Gy, © (3-12)

eqs. (3-11) then becomes mutually independent, thus permitting independent control design of n
second-order systems. Control algorithms based on this design procedure have been referred to
as control by modal synthesis [59] or, more commonly, independent modal space control {60 -
67]. The procedure essentially shifts the problem of control design from a coupled Zn-order
structural system to n second-order systems, a considerably simpler problem with substantial
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savings in computational efforts. It is particularly attractive when only a few critical nodes must
be controlled.

The modal control forces y; (t) can be determined by using the method of pole assignment or, if

optimal control is desired, they can be determined by minimizing a quadratic performance index
J of the form

P
T=3 5 (3-13)
j=1

where p is the number of controlled modes and J ; are the modal performance indices taking, for
example, the form

i

), = J [3 OQy;© + 4] ORjy O] d (3-14)

Upon determination of the modal control forces. the physical controller forces can be synthesized
subsequently via a linear transformation involving the modal participation matrices.

Independent modal space control has been analyzed for a number of control design problems
involving civil engineering structures [59, 63, 65, 661. Iis optimality, however, requires that the
number of controllers be at least equal to the number of controiled modes.

3.4 Instantaneous Opfimal Control

It has been mentioned in Sec. 3.1 that the classical optimal closed-loop control is not truly
optimum because the excitation term is ignored in the derivation of the Riccati matrix P(t).
Recognizing the fact that, at any particular time ¢, the knowledge of the external excitation may
be available up to that time instant t, this knowledge can be utilized in arriving at improved

control algorithms.

One of such atternpts makes use of a time-dependent performance index J(t) defined by [113,
114]

() = 27 (©Qz() + uT (HRu(®) (3-15)

Optimal control laws are derived by minimizing J(t) at every time instant t for all 0 st £t
Hence, these control laws are referred to as instantaneous optimal control algorithms {113, 114].
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The starting point of the derivation of instantaneous optimal control algorithms is to consider the
evolution of the state vector z{t) over a small time interval At. It can be obtained from eq. (3-1)
as

2() = TD(t - At) + %ﬁ [Bu(t) + HE®)] (3-16)
where:

D(t - At) = T {g(t - Af) + %t— [Bg(t - Aty + Hi(t - At)]} (3-17)
In the above, A is the 2n x 2n diagonal matrix consisting of complex eigenvalues ?uj(j = l...,2n)
of the system matrix A, and T is the 2n x 2n modal matrix of corresponding eigenvectors.

The minimization of J(t) in eq. (3-15) subject to constraint (3-16) leads to, in the case of instan-
taneous optimal closed-loop control,

u(® = - 5 R1BTQz0) (3-18)

and the response state vector z(t) is obtained from eqs. (3-16) and (3-18) as

2 -1
z{t) = [I + (%ﬁj BRIRBT Q:l [TD((: - AD + %‘5 Hf(t):g (3-19)

Open-loop and open-closed loop control laws can be similarly obtained [113, 114].

Some evaluation of these instantaneous optimal control algorithins has been recently carried out,
both analytically and experimentally, for structures subject to earthquake-type excitations {51,
113, 114]. Again, depending on the choice of the weighting matrices Q and R, various levels of
control effectiveness can be achieved. Since more information is utilized, they, in theory,
outperform classical optimal control algorithms. Furthermore, classical optimal control algo-
rithms require the solution of the Riccati equation (3-7), which can be cumbersome for a struc-
ture with many degrees of freedom.
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3.5 Bounded State Control

In general, the purpose of active control is served when a set of structural response variables are
maintained within an allowable region determined by the requirements of structural safety and
human comfort. Under safety considerations, relative displacements at selected locations of the
structure are of central concern and, for human comfort, the absolute accelerations. Thus, active
control algorithms designed to limit the state variables within prescribed bounds, or bounded
state control, is of practical importance when applied to civil engineering structures.

All pulse control strategies proposed in the literature fall into this category [54-56, 68, 74, 75,
77-79, 99, 100]. The basic idea behind pulse control is that a train of force pulses properly
applied to a structural system can produce 2 response matching that produced by a continuous
loading of arbitrary nature within specified error bounds. The objective of pulse control design
advanced in [54-56, 99, 100] is to destroy the gradual thythmic build-up of the structural re-
sponse in the case of resonance by means of short-interval high-energy pulses. A continuous
monitoring of the system state variables is required. To conserve energy, control is activated
only when some prespecified threshold has been exceeded. In [55, 99, 100], the puise magni-
tudes are determined analytically so as to minimize a non-negative cost function. The controi
procedure proposed in [54, 56] consists of application of pulses every time a zero crossing of the
response variable is detected. The magnitudes of the pulses are functions of the instantaneous
velocities.

In [74, 75, 77-79], the pulse control design is anticipatory, pamely, pulses are applied a short
time interval prior to an anticipated threshold crossing. These algorithms require state prediction
but cover the case of non-resonant as well as resonant response.

Generally speaking, pulse control procedures are relatively simple to implement; they require
less on-line computational efforts when compared with other modern control techniques. They
are also suited for treatment of inelastic structures. Another advantage has to do with possible
savings of control energy required. In the pulse control mode, since small vibrational levels are
tolerated, control forces need to be applied only when necessary and a relatively small amount of
energy may be sufficient for periodic corrective actions.

Another approach to bounded state control is discussed in [43, 44] using linear state feedback
laws such as that given in eq. (3-8). Based on an exiension of the Lyapunov function methods, it
follows, in a sense, the pole assignment concept to achieve bounded state control. This approach
does require that the external excitation remains within a closed bounded region.

3.6 Other Control Algorithms

Not included in the discussions above are a wide variety of suboptimal or ad hoc control tech-
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niques, most of which are tailored to specific structural environments or specific sensor-
controller specifications. More recent work includes discussions on predictive control [80, 811
and fuzzy control [119-120] as possible control philosophies. Simultaneous control and struc-

tural parameter optimization is another topic receiving increasing attention at present [25, 29, 94,
95].
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SECTION 4
PRACTICAL CONSIDERATIONS

While most of the references cited in Sec. 3 give encouraging results, it is important to recognize
that they are largely based on idealized system descriptions under ideal conditions. In terms of
real-time applications, it has been pointed out that & number of important problems must be
addressed from a practical standpoint [32, 119]. The importance of taking these practical con-
siderations into account in the algorithm development has been stressed and some of these issues
are briefly described below.

Modeling Errors and Spillover Effects. Civil engineering structures are distributed-parameter
continuous systems. With a very few exceptions [46, 48]. analytical and simulation control
results obtained to date are based on greatly simplified structural models. In fact, as indicated in
Fig. 4-1, a two-stage model reduction procedure is generally carried out whereby the distributed-
parameter system is first reduced to a many-degrees-of-freedom system discretized in space,
which we shall refer to as a full order system (FOS); it is then further reduced to a discrete-
parameter system with a small number of degrees of freedom, referred to here as the reduced-
order system (ROS). As shown in Fig. 4-1, control design is generally carried out based on the
reduced-order system, necessitated by practical limitations as well as computational
considerations,

When an ROS-based control design is synthesized and applied to a real structure, inevitable
errors such as control and observation spillovers and possible instability are introduced {19-21,
32, 36, 47, 67, 89, 91, 101, 110, 111} Various methods of spillover compensation have been
proposed but their practicality has yet fo be demonstrated.

Time Delay. In treating ideal systems, the assumption is made that all operations in the control
loop as shown in Fig. 2-1 can be performed jnstantaneously. In reality, however, time has to be
consumed in processing measured information, in performing on-line computation, and in
executing the control forces as required. Thus, time delay causes unsynchronized application of
the control forces and this unsynchronization not only can render the control ineffective, but may
also cause instability in the system. The irmportance of time delay compensation in structural
control has been demonstrated in the laboratory [30, 31, 51, 57} and several compensation
methods have been proposed. These include modification of the control gain by performing a
phase shift of the measured state variables in the modal domain [30, 31, 51} and methods of
updating the measured quantities kinematically or dynamically [13, 57].

Timited Sensors and Controliers. Consider, for example, optimal linear control as described in
Sec. 3.1. It is seen from eq. (3-6) that the knowledge of full state vector z(t) is generally re-
quired, i.e., Zn sensors are needed. Practical considerations, however, preclude the availability of
such a complete set of information. Hence, output feedback is more realistic than state feedback.
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In other words, the vector quantity representing the measurements is proportional to the state
vector but whose dimension is smaller than that of the state vector. While output feedback
problems have been extensively treated in the control literature, they do give rise to added
complications in control implementation. Recently, output feedback supplemented by observers
has been examined in the context of structural control [4, 32, 36, 91].

For the same practical reasons, implementable control schemes also require that as few control-
fers as possible be used. While controllability conditions can generally be met, the physical
placement and distribution of controllers over a continuous structure is not a trivial problem.

Finally, optimization of sensor and controller locations is important in structural control from the
standpoint of economy and external energy savings. Furthermore, conirol results can be sensi-
tive to their locations. Some atterpts have been made in addressing this question [26, 89] but it
remains to be largely an unsolved problem.

Parameter Uncertainties and System Identification, Parameter uncertainties are another
major concern. More recent work has begun to address the problem of control sensitivity to
structural parametric uncertainties [116, 120], which depends on the control algorithm, locations
of sensors and controllers, load history, and the control device used in a given situation. The
attendant problem of system identification in conjunction with on-line active control has also
received some attention [118, 119].

Tt is also noted that structures under strong environmental loads are expected to undergo non-
linear and time-dependent degrading behavior. Thus, time-varying parameter values can occur
and on-line identification and control becomes a real issue under these conditions.

Discrete-time Control. An important consideration in real-time control implementation is the
discrete-time nature in the application of a control algorithm. Strictly speaking, continuous-time
control algorithms such as those developed in Sec. 3 can only be executed in discrete time since a
digital computer is usually used for on-line computation and control execution. Digital com-
puters are better suited for real-time control because of their flexibility, reliability and speed. As
a consequence, ouiput measurements are digitized as feedback signals and control forces are
applied in the form of piecewise step functions through the use of A/D converters. Hence, they
are not continuous functions as called for when using continuous-time control algorithms.

With this in mind, discrete-time formulation of active structural control has been a topic of some
recent publications [32, 80, 81], some of which include the discussion of time delay compensa-
tion and the use of observers in the case of output feedback.

Reliability. While reliability is of central importance in all areas of system analysis, design and
synthesis, it takes on an added dimension of complexity, both technologically and psychologi-
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cally, when an active control system is relied upon to insure safety of a structure. First of all,
when active control is only used to counter large environmental forces, it is likely that the control
system will be infrequently activated. The reliability of a system operating largely in a standby
mode and the related problems of maintenance and performance qualification become an impor-
tant issue. Furthermore, active systems rely on external power sources which, in turn, rely on all
the support utility systems. These systems, unfortunately, are most vulnerable at the precise
moment when they are most needed. The scope of the reliability problem is thus considerably
enlarged if all possible ramifications are considered [22].

Not to be minimized is the psychological side of the reliability problem. There may exist a
significant psychological barrier on the part of the occupants of a structure in accepting the idea
of an actively controlled structure, leading to perhaps perceived reliability-related concerns.

Other Considerations. In addition, eventual implementability of an active control system will
depend on the solution or resolution of a number of key problems dealing with hardware devel-
opment and its cost-effectiveness when compared with other means of structural control. Active
control requires the generation of large control forces, for which a new generation of actuators
and control systems will be required. Furthermore, appropriate control devices must be devel-
oped not only based on technological considerations, but also on economic, aesthetic. and
structural integration grounds. Above all, cost-effectiveness must be carefully assessed for
various specific structural applications.
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SECTION 5
CONTROL MECHANISMS AND EXPERIMENTAL STUDIES

In order to perform feasibility studies and to carry out control experiments in the laboratory,
investigations on active structural control have focused on several control mechanisms as de-
scribed below. They may well be forerunners of active control devices to be applied to full-scale
structures in the near future.

Tendon Control. Active control using structural tendons, proposed as early as 1960 by Freys-
sinet, has been one of the most studied mechanisms both on paper and in the laboratory. The
system generally consists of a set of prestressed tendons connected to a structure whose tensions
are controlled by electrohydraulic servomechanisms. One of the reasons for favoring such a
control mechanism has to do with the fact that tendons are already existing members of many
structures. Thus, active tendon control could make use of existing tendons and thus minimize
extensive additions or modifications of an as-built structure. This is atiractive, for example, in
the case of retrofitting or strengthening an existing structure. Another attractive feature is that
active tendons can operate in the pulsed mode as well as in the continuous-time mode. Thus,
active tendon control can accommodate both continuous-time and pulse control algorithms.

Active tendon control has been studied analytically in connection with control of slender struc-
tures [82, 1061, tall buildings [9, 14, 31, 37, 85, 86, 109, 111, 112}, cable-stayed bridges [107,
108] and offshore structures [74, 77, 78]. Early experiments involving the use of tendons were
performed on a series of small-scale structural models [83], which included a simple cantilever
beam, a king-post truss and a free-standing column while control devices varied from tendon
control with manual operation to tendon control with servovalve-controlled actuators. Actuator
dynamics and placement of sensors and controllers were studied. The influence of time delay
was demonstrated by varying the phase of the feedback control force [83].

In [23, 24], active deformation control of a 10-meter girder was developed analytically and
experimentally. Pneumatic cushions were supported on steel cables which were connected to
both ends of the girder. Pneumatic pressures in the cushions were adjusted according to the
deflection of the girder until cable forces counteracted the sum of dead weight and live load.

More recently. a comprehensive experimental study of tendon control was carried out using a
carefully calibrated structural model under seismic-type loading supplied by a shaking table [30,
31, 51, 93]. The model structure was a three-story steel frame, which was made to behave
dynamically similar to a prototype structure by means of artificial mass simulation. The control
forces were supplied by a servo-controlled hydraulic actuator through a system of tendons
attached to the first floor of the structural model.

The control algorithms tested in this series of experiments included the classical optimal closed-
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loop control and the instantanecus optimal control algorithms described in Sec. 3. In addition,
the effects of time delay, control and observation spillovers, and modeling errors were carefully
examined. Experimental results compared favorably with analytical results obtained under the
same conditions, and they show that the motion of all three floors can be effectively controlled
using a single actuator when control design is carefully carried out by taking into account the
above-mentioned practical considerations.

Active Tuned Mass Dampers. The study of this control mechanism was in part motivated by
the fact that tuned mass dampers for motion control of tall buildings, operating in a passive
mode, are already in existence [58, 72, 98]. It is thus natural to ask what additional benefits can
be derived when they function according to active control principles. Indeed, a series of
feasibility studies of active and semi-active tuned mass dampers have been made along these
lines {11, 28, 35, 52} and they show, as expected, enhanced effectiveness for tall buildings under
either strong earthquakes or severe wind loads. Comparative studies have also been carried out
concerning relative merits associated with active tuned mass dampers and active tendons for
specific applications [14, 37, 84, 86, 102, 109].

Recently, experimental studies of active tuned mass damper systems have been carried out in the
laboratory using scaled-down building models [41, 42]. In [42], an active mass damper was
placed on the top of a four-story model frame whose motion was a function of the measured state
variables following the optimal closed-loop control algorithm. The model structure was placed
on a shaking table which provided simulated earthquake-type base motion. Preliminary results
show significant reduction of vibration levels of the structure. In the case of [41], the active
control system employed was termed an "active mass driver" which acted directly as an external
energy supply instrument to suppress the structural vibration. The active mass driver was placed
on top of a three-story steel frame which, in turn, was bolted to a shaking table. Shaking table
test results showed that the control effect was extended to all flooss.

Pulse Generators. Gas pulse generators, producing pulsed forces generated by the release of air
jets, have been proposed for implementation of pulse control algorithms [56, 68]. The applica-
tions of such control devices to a six-story scaled-down structural model were performed re-
cently [68]. Discussions on some of the recently developed cold-gas generators having potential
structural control applications can be found in {17, 18].

Semi-active auxiliary mass dampers have also been suggested as an alternate pulse-control
mechanism [33]. Hence, instead of using cold-air jets or other mass ejection techniques to
provide directly the required control forces, control objectives are accomplished through internal
momentum transfer between the structure and the auxiliary masses. An on-line control proce-
dure is used to optimize the parameters of the auxiliary mass dampers located about the structure.

Aerodynamic Appendages. The use of aerodynamic appendages as an active control device to
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reduce wind-induced motion of tall buildings was first proposed in [39, 40]. Its main attractive
feature is that the control designer is able to exploit the energy in the wind to control the struc-
ture, which is being excited by the same wind. Thus, it ecliminates the need for an external
energy supply to produce the necessary control force; the only power required is that needed to
operate the appendage positioning mechanism.

Additional analytical studies of aerodynamic appendages using optimal control algorithms were
carried out [12, 27] as well as a wind-tunnel experimental study [90]. The gxperiment was
conducted using a scaled-down model of a tall structure. A small metal appendage, situated at
the top, was controlled by means of a solenoid activated by the sign of structural velocity as
sensed by a linear differential transformer. The results obtained give a good indication of the
efficiency that can be expected.

More recent publications related to appendages include a comparative study of appendages,
active mass dampers and active tendons for wind-excited tall building control {14], a more
detailed design study [15], and a discussion on their aesthetic aspects when appendages are
deployed in an urban setting [92].

Other Control Mechanisms. Other methods of control that have been proposed include the use
of a gyroscope for reducing wind-induced vibration of a suspension bridge [69] and the use of
actively controlled air chambers for controlling wave-induced motion of an off-shore platform
[88]. In [88], an open-bottom structural model floating in a water-filled tank was used to simu-
late the response of a floating platform under wave loads. The air pressure in the air chamber
trapped between the water and the platform was actively servo-controlled to reduce the structural
response under simple harmonic waves. Experiments gave encouraging results in correcting the
heave motion of the platform.

Finally, the combined use of two active control systems and hybrid active-passive systems have
also been suggested for some specific structural applications [14, 16, 38, 79].






SECTION 6
POSSIBLE FUTURE DIRECTIONS AND CONCLUDING REMARKS

On the basis of the analytical and experimental results obtained to date, it appears evident that
active structural control holds great promise as a concept for civil engineering applications.
Faced with future trends in structural design and with increasingly stringent structural perform-
ance criteria, active control is an eminently logical alternative in insuring structural integrity and
serviceability to traditional static methods of over-conservative design. As seen from this
overview, past work has progressed to a stage where a good understanding has been gained as fo
how active control systems for civil engineering structures can perform under realistic condi-
tions. Technically, active systems are within the scope of becoming a reality.

There are other good signs. First, it is encouraging to see that interest in active conirol research
has expanded beyond narrow academic circles. At present, consulting and design professionals
[102] as well as construction industries [41, 42] have taken active interest. On another front, it is
important to note that the development of active control technology must go hand in hand with
advances in other allied areas such as computers, electronics, measurement techniques,
instrumentation, materials research, etc. Current rapid progress in all these areas can only
enhance the development of active structural control. Moreover, it reflects favorably on the
all-important cost factor.

While much has been accomplished, it is also clear that a number of serious obstacles remain and
they must be overcome before implementability of the active control concept can be realistically
assessed. As outlined below, these obstacles dictate in a significant way possible future research
directions.

a. Since the concept of an active-controlled structure is a significant departure from traditional
structural concepts, real obstacles exist with respect to its acceptance by the civil engineer-
ing and construction professions at large. This is particularly true when structural safety is
to rely upon an active control system. Thus, in order to gain a first level of acceptance, it
appears prudent to consider, as short-term control objectives, comfort control or last resort
protection measures for critical structures.

b. As demanded by reliability, cost and hardware development, applicable active control
systems must be simple. Simple control concepts using a minimum number of actuators
and sensors may well deserve more attention in the near future. Simple control, of course,
does not mean simple problems. Since civil engineering structures are complex systems,
this inherent incompatibility gives rise to a number of concerns such as those discussed in
Sec. 4.

c. The experimental studies carried out to date have been severely limited in size and scope.
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Further experimental verification must be considered as the single most important task to be
undertaken.  More laboratory tests need to be performed using larger multi-degree-of-
freedom structural models with multiple controllers. These tests need to be followed by
full-scale testing either in the laboratory or in the field.

The important questions of hardware development, reliability and cost effectiveness must
be addressed. However, to find answers to these questions are more long-term tasks since
they will depend on control strategies, specific structural applications, hardware details and

a variety of other issues, many of which, as suggested above, need to be better understood
and further developed.
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