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Il dottorato di ricerca in Ingegneria Civile presso la Facolta di Ingegne-
ria dell’Universita degli Studi di Pavia é stato istituito nellanno accademico
1994/95 (X ciclo). Il corso consente al dottorando di scegliere tra quattro
curricula: Idraulico, Sanitario, Sismico e Strutturale. Egli svolge la pro-
pria attivita di ricerca rispettivamente presso il Dipartimento di Ingegneria
Idraulica e Ambientale o quello di Meccanica Strutturale. Durante i primi
due anni sono previsti almeno sei corsi. Il Collegio dei Docenti, composto
da professori dei due Dipartimenti, organizza i corsi con lo scopo di fornire
allo studente di dottorato opportunitd di approfondimento su alcune delle
discipline di base. Corsi e seminari vengono tenuti da docenti di Universita
nazionali ed estere. Il Collegio dei Docenti, cui spetta la pianificazione della

didattica, si é orientato ad attivare ad anni alterni corsi sui seguenti temi:

e Meccanica dei solidi e dei fluidi.

Metodi numerici per la meccanica dei solidi e dei fluidi.

Rischio strutturale e ambientale.

Metodi sperimentali per la meccanica dei solidi e dei fluidi.

Intelligenza artificiale.

pit corsi specifici di indirizzo. Al termine dei corsi del primo anno il Collegio
dei Docenti assegna al dottorando un tema di ricerca da sviluppare sotto
forma di tesina entro la fine del secondo anno; il tema, non necessariamente
legato all’argomento della tesi finale, é di norma coerente con il curriculum,
scelto dal dottorando. All’inizio del secondo anno il dottorando discute con
il Coordinatore I’argomento della tesi di dottorato, la cui assegnazione de-

finitiva viene deliberata dal Collegio dei Docenti. Alla fine di ogni anno
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i dottorandi devono presentare una relazione particolareggiata sull’attivita
svolta. Sulla base di tale relazione il Collegio dei Docenti, "previa valu-
tazione della assiduita e dell’operosita dimostrata dall’iscritto", ne propone
al Rettore I’esclusione dal corso o il passaggio all’anno successivo. Il dot-
torando pud svolgere attivita di ricerca sia di tipo teorico che sperimentale,
grazie ai laboratori di cui entrambi i Dipartimenti dispongono, nonché al
Laboratorio Numerico di Ingegneria delle Infrastrutture. Il "Laboratorio
didattico sperimentale" del Dipartimento di Meccanica Strutturale dispone

di:

e una tavola vibrante che consente di effettuare prove dinamiche su

prototipi strutturali;

e opportuni sensori e un sistema di acquisizione dati per la misura della

risposta strutturale;

e strumentazione per la progettazione di sistemi di controllo attivo e

loro verifica sperimentale;

e strumentazione per la caratterizzazione dei materiali, attraverso prove

statiche e dinamiche.

Il laboratorio del Dipartimento di Ingegneria Idraulica e Ambientale dispone

di:

e un circuito in pressione che consente di effettuare simulazioni di moto

vario;
e un tunnel idrodinamico per lo studio di problemi di cavitazione;

e canalette per lo studio delle correnti a pelo libero.
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The Graduate School of Civil Engineering at the Faculty of Enginnering at
the University of Pavia was established in the Academic Year of 1994/95
(X cycle). The School allows the student to select one of the four offered
curricula: Hidraulics, Environment, Seismics and Structure. Each student
develops his research activity either at the Departement of Hidraulics and
Environmental Engineering or at the Departement of Structural Mechanics.
During the first two years, a minimum of six courses must be selected and
their examinations successfully passed. The Faculty, represented by Pro-
fessors of the two Departements or by internationally recognized scientists,
organizes courses so as to provide the student with opportunities to deepen
his basic knowledge. Courses and seminars are held by University Profes-
sors from all over the country and abroad. The Faculty starts up courses,

in alternate years, on the following subjects:
e solid and fluid mechanics,
e numerical methods for solid and fluid mechanics,
e structural and environmental risk,
e experimental methods for solid and fluid mechanics,
o artificial intelligence

and other, more specific courses.

At the end of each course, for the first year the Faculty assigns the student
a research argument to develop, in the form of report, by the end of the
second year; the topic, not necessarily on the final doctorate thesis, should

be consistent with the curriculum selected by the student. At the beginning



of the second year the student discusses with his Coordinator the subject of
the thesis and eventually, the Faculty assigns it. At the end of every year,
the student has to present a complete report on his research activity, on
the basis of which the Faculty proposes his term for the successive year or
his admission to the final examination to the Rector. The student is sup-
posed to develop either theoretical or experimental research activities, and
therefore has access to the Department Experimental Laboratories, even to
the Numerical Laboratory of Infrastructure Engineering. The Experimental

Teaching Laboratory of the Department of Structural Mechanics offers:

a shaking table which permits one to conduct dynamic tests on struc-

tural prototypes;

e sensors and acquiring data system for the structural response mea-

surements;

e instrumentation for the design of active control system and their ex-

perimental checks;

e an universal testing machine for material characterization through

static and dynamic tests.
The Department of Hidraulics and Environmental Engineering offers:
e a pression circuit simulating various movements;
e a hydrodynamic tunnel studing cavitation problems;

e micro-channels studing free currents.
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Chapter 1

Introduction

1.1 Introduction

The world today is faced with a growing need to control the great and
still increasing number of large structures. Structural control solutions are

supposed to meet the high standards of performance, feasibility and safety

[1] [2] [3]-

1.1.1 Motivation

The modern design of complex structures must be in line with the defin-
ition and evaluation of performance, while safety must be assessed under
different conditions. The norm imposed by the structural codes can not be
considered sufficient when the structures in question are complicated due to
their geometry or materials used. Therefore, the performance based design
is the answer to complex structures, such as long span bridges [4]. Struc-
tural control solutions can give an important contribution so as to satisfy
certain performance standards.

The globalization of scientific research has brought to our knowledge an

1



2 Structural control of cable-stayed and suspended bridges

approach to structural control based on developing control devices as struc-
tural elements [5] rather than something apart from the structure [6].
Numerical methods are commonly used to simulate the structural response
under external excitations. Structural control solutions can also be mod-
elled to evaluate their efficiency in the mitigation of unwanted dynamic
effects. An international benchmark control case for a cable-stayed bridge
was recently introduced to the attention of the control community. It is
herein considered as a reference and several control schemes are suggested
with the common sense to research the best control solution, mantaining
the simplicity and the feasibility.

The work finally implements a numerical model for a suspended bridge and
evaluates the control strategies, previously performed for the cable-stayed

bridge benchmark.

1.1.2 Planning

In order to deal with problems of structural control in the dynamic field,
some definitions and governing relations must be introduced. Chapter 2,
3 and 4 are dedicated to this topic. Chapter 2 and 4 presents the main
features of linear and non-linear mechanic systems. Chapter 3 describes
some different device typologies for vibration protection.

Chapter 5, 6 and 7 develops numerical control solutions applied on the
bridge benchmark control issue. Passive devices are first applied in Chapter
5, which closes with an open-loop semi-active strategy. Further on, the semi-
active scheme is improved, with the aim of getting as close as possible to
the target of an active control solution.

Chapter 8 introduces the suspended bridge model and reports the results
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of several control simulations.

Appendices A, B and C synthesize some background topics.
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Chapter 2

Linear dynamics modelling of
vibration protection systems

2.1 Introduction

According to [1], for an arbitrary mechanical system subjected to dynamic
forces and kinematic excitations, the following definitions are possible.
Definition 1: Force excitations are time-varying forces applied at different
points of the system body.

Definition 2: Kinematic excitations are assigned, time-dependent displace-
ments of some points of the system body.

A vibration field of displacement can be observed in the system under the
application of dynamic excitations. Vibration fields of velocity, acceleration,
force, strain etc. are observed in the system. Several branches of construc-
tion technology require a reduction in the intensity of the vibration fields.
Definition 3: The facilities aimed at decreasing the intensity of the vibra-
tion fields in the system are referred to as vibration protection systems.

Basically, two main different methods of vibration protection exist.

7



8 Structural control of cable-stayed and suspended bridges

Definition 4: Considered some secondary mechanical systems in addition
to the object to be protected, the parameters of the added system are chosen
i such a way that a decrease in the vibration of the object is ensured. This
method of vibration protection is called vibration absorption and the added
systems are called dynamic vibration absorbers.

The absorbers have the main role of dissipating the input energy in the
system to be protected by reducing the applied external excitations.
Definition 5: Sectioning the original system into two subsystems connected
by additional mechanical systems, the connection devices are often called vi-
bration isolators and this method is called vibration isolation.

The isolators devices have their reasons in changing or shifting the main
natural frequency of the system part to be protected.

Usually, one of the separated subsystems turns out to be a free body dis-
connected from the other mechanical systems. This part is the object to
be protected whereas the second part is referred to as the base or the sup-
port structure. When the dynamic excitations are applied to the base, the
aim of vibration isolation is to protect the object. When the excitations
act directly up on the object, the vibration isolators must ensure vibration
protection to the base.

The following definition is then introduced:

Definition 6: The control forces are the forces which act on the object to
be protected and change its vibration field.

It is easy to see that the actions of any vibration protection facility may
be considered as creating additional dynamic excitations which provide the
required change in the vibration field.

This allows the approach of the theory of control for the analysis and the
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synthesis of the vibration protection systems.

BENSORE COMPENBATORR »  ACTUATORZ

. i
ontrél

State parameters 1‘cesi

External forces '

L OBJECT :

Einematic excitations !
Agctions on the base YI'

. e BASE ;

Base circuits of the flow diagram

- Additional cireuits eventually existing

Figure 2.1: Flow diagram of an active vibration protection system

2.2 Transfer function based schemes

As mentioned in the previous paragraph, the purpose of any vibration pro-
tection system is to produce control forces.

Definition 7: Systems generating a single control force are referred to as
one-dimensional, while systems generating more than one control forces are
called multidimensional.

Figure 2.1 shows the block diagram of a classical multidimensional active

vibration protection system. The path of the scheme is known:

e the parameters of the vibration fields, (absolute and relative displace-

ments, velocities, accelerations at some points, forces and strain in the
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structural elements etc.), external forces and/or kinematic excitations

are inputs to the controller.
e The input variables are measured by the sensors.

e The information coming from the sensors is transformed and the result

acts as input to the compensator (see Appendix C).

e The output of the compensator is first amplified by an amplifier and
then acts as input for the actuator, with the latter producing the

control force.

The vibration field parameters can directly influence the actuator, whereas
the control forces may depend on the motion of the object. In addition to
this, the actuators which isolate the object act not only on the object but
also on the base, changing the kinematics excitations. These branches are
displayed as additional lines in Figure 2.1.

If the system is linear each of its elements can be described by a transfer
function. Figure 2.2 shows the block diagram of a linear multidimensional

system, in which:

e F(¢) and §(¢) are the vectors of the forces and kinematics excitations,
respectively, and y(t) denotes the vector of the vibration field para-

meters which is measured.

e The transfer function matrices Wyp(s), Wys(s) and Wy(s) charac-
terise the properties of the corresponding linear sensors. These ma-
trices are diagonal provided that each component of the vectors F(t),

0(t) and y(¢) is measured independently. If a measure is reconstructed
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in terms of measured displacements of particular points (for example
the rotation angle), these matrices can have a more complicated struc-

ture.

e The outputs of the sensors are signals which form a vector 4. These
signals are summed, integrated or differentiated and amplified within
a compensator. All these linear transformations are described by the

matrix We(s).

e The vector cout is the compensator output: it acts as the input to
the actuator. Furthermore, vector y(¢) acts directly as an additional

input to the actuator.

e The transfer function W,(s) relates the input variables of the actuator
to the control forces u(t) acting on the object (or base) with the

transfer function Wy(s) and forces R(t) applied to the base (or object).

e Transfer function Wi (s) relates the excitation, acting on the base to

the kinematics excitations.

Figure 2.3 displays a block diagram of a one-dimensional system (see De-
finition 7) whose control force u(t) is formed by a single output y(¢) and
the base is assumed to be rigid. The governing equation of motion for the

object is given by
L) > ) (w)
y(s) =D wy; (s)Fi(s) + Y wyy (s)8;(s) +wy" (s)u(s) (2.1)
i—1 j=1

(F) ()

where F; and §; are components of the dynamic excitations, and wy, ’, W

and w(()u) are the rows of the transfer functions of the object Wy(s). The
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. o TW.ofs)
o o V(5)
. ) R
os) |y Vw2l wWs) [
Ll H"sy (s) >
F ’7
W (s)
Figure 2.2: Flow diagram of a linear multidimensional system
F , .
N - 1724 (2274
2 . s Wi (5) ! Ww,(s) Wi (s) y
n:()")a(s)

Figure 2.3: Flow diagram of a one-dimensional system with rigid base

system is one-dimensional, so only one control force is processed; it does
not imply that the d.o.f. of the object could not be more than one. Eq. 2.1
is written in terms of Laplace transforms of the functions involved and s is
the Laplace variable, see Appendix A.

The transfer function relating v and y is

u(s) = wi (8)cout(s) + Wi (s)y(s) =
= [ws") (s)we(s)wsy(5) +wi (s)]y(s)

and finally

u(s) = —w, ()y(s) (2.3)
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In what follows, wy(s) is the feedback transfer function, with the mean-
ing graphically shown in Figure 2.3: the transfer function of the three blocks
connected in the series (w,(lu)(s)wc(s)wsy(s)) is the product of their elemen-
tary transfer functions. The resulting additive block is connected in parallel
with wc(ly)(s), so the whole transfer function of this feedback is a sum [3] [4].

A minus sign appears in eq. 2.2 since feedbacks are usually negative.

Inserting eq. 2.2 into 2.1 yields

k o
y(s) =S whi () Fi(s) + 3wl (5)8;(s) — wi (s)wy(s)y(s)  (2.4)
i=1 Jj=1
The function
®(s) = wy") (s)wy(s) (2.5)

is treated as the transfer function of an open-loop system. The transfer
function of an open circuit with elements connected in a series is the product
of the transfer functions of the single elements [3] [4].

It follows from eq. 2.4 that

k o
_ F é
y(s) = [1+ B()] [P wp () Fi + 3 gy ()6)) (2.6)
i=1 j=1
The function
ky(s) = [L+ @(s)] (2.7)
is the transfer function of a closed-loop system (see the end of this Chapter

for the main definitions of an open and closed-loop system).

The functions
wi(s) = ky(s)wi (s),  w'(s) = ky(s)wl) (s) (2.8)

are the transfer functions of the object for the dynamic excitations which

also include the feedback influence of the control system.
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If there were no active facilities in the system, the following expression for

the variable y would hold
= ) )
y(s) =Y _wp; (5)Fi(s) + Y wy; (5)d5(s) (2.9)
i=1 j=1

which could be obtained from eq. 2.1 by letting « = 0. In this case y could
be considered as uncontrolled. Comparing egs. 2.9 and 2.6, one finds that
the operator k,(s) characterises the active facility efficiency with respect to
the variable y [1].

The transfer function approach for the analysis of this linear systems is also
treated in [5] in addition to several methods of system analysis in the dy-
namic field like the modal one with the eigenvalues problem. It is worth
underlining that in [1] the attention is focused on the devices of vibration
protection so the transfer function method is introduced and developed in
order to analise the vibration protection devices and their characteristics.
The control devices are considered like elements of the whole structure not

as something to be added and thought separately.

2.2.1 Transfer function of a feedback connection

Figure 2.4 presents a general system composed by two elements and a feed-
back connection. It is possible to evaluate the transfer function of the whole

system through each single element one:
y(s) = wi(s)(u(s) + F(s)) (2.10)

u(s) = wa(s)y(s) (2.11)
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F Ay
] T owy(s) "

[

wo(s) [ Y

Figure 2.4: Closed-loop system

substituting last equation in the previous one
y(s) = wi(s)wa(s)y(s) + wi(s)F(s) (2.12)

so it results
_ w(s)
1 — wi(s)wa(s)

F(s) (2.13)

Considering w1 (s) = 1 the transfer function of the feedback is

y(s)

_ 1
1 —wa(s)

y(s) (2.14)

Note that it is the same expression of eq. 2.7 with wa(s) = ®(s).

2.3 Efficiency of one-dimensional active systems

Attention is now focused on the efficiency of one-dimensional active systems,
with a more general approach, like the one depicted in Figure 2.5, under
the assumption that the system to be protected is linear and possesses weak
dissipation. The transfer function of the closed-loop system is represented
by

ky(s) = [L+ ean(s)wy(s)] (2.15)

where e4p is the dynamic compliance operator relating a force applied to

a system point and acting in a prescribed direction to the projection of the
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displacement of another point on some different direction. The system is
one-dimensional for the control force (see Definition 7) but presents multi
d.o.f. It can be also defined as SIMO system (single input F'(¢) and multi
output y).

Comparing eq. 2.7 and eq. 2.15 the operators esp here introduced in a
more general approach is the same wéu) with the assumption that the two

one-dimensional systems considered are the same.

From Figure 2.5 and eq. 2.15 one derives

Figure 2.5: Definition of the dynamic compliance operator

vp(t) = eap(s)F(t) = epa(s)F(t) (2.16)

Let e4 be the compliance relating F'(¢) at point A and wva4(t) the dis-
placement of the same point in the direction of F(t) (see Figure 2.5), so

va(s) = eaF(s), one obtains

ya(s) = [1+ ea(s)wy(s)] ™ Cals) (2.17)



Chapter 2: Linear dynamics modelling of vibration protection systems 17

ya(t) = ky(s)Ca(t) (2.18)

Eq. 2.18 expresses that the controlled displacement is function of the un-
controlled one by the term k,(s) (it follows also from egs. 2.6 and 2.9).
This implies that the efficiency condition of the one-dimensional vibration
protection system is |ky(s)] < 1. The efficiency of the system of vibra-
tion protection aims at decreasing the intensity of the vibration field. The

efficiency condition can also be expressed (see egs. 2.5, 2.7 and 2.15 )
14+ ®(s)] > 1 (2.19)
Since a complex quantity can be written as
O(s) = |P(s)|(cosp + ising) (2.20)

where ¢ = arg®(s), the system efficiency can be investigated analitically.

From 2.19 and 2.20

|1+ |P(s)|(cosp + ising)| > 1 (2.21)

(1 +|®(s)|cosp)? + (|®(s)|sing)? > 1 (2.22)

14 |®(s)|%cos’p + 2|®(s)|cosp + |®(s)|*sen?p > 1 (2.23)
|®(s)|cos®p + |®(s)|sin®p > —2cosp (2.24)

|®(s)| > —2cosyp (2.25)

Plotting the resulting expression, Figure 2.6, for the nature not negative
of the function |®(s)|, one can underline the following sufficent conditions

of efficiency
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-2cos(o)

Jo ] RO 1

Figure 2.6: Curve 1/cos(yp) between the argument values [0, 27]

o |D(s)| >2
e |P(s)| > 0 and ¢ not in the bandwidth [r/2, 37 /2]
o |P(s)| > 0, ¢ in the bandwidth [7/2,37/2] and eq. 2.25 verified

Another graphic solution for the efficiency condition is the polar plot in
the complex plane (Re®(s),Im®(s)). Considering a general form for the
function ®(s), the domain where it is not possible to verify eq. 2.25 is
represented by the circle of radius 1 with centre in —1 + j0. From Figures

2.6 and 2.7 one can recognize:

e when the argument ¢ is between [0, 7/2[ and |37 /2, 27| there are not

efficiency limitations.

e When ¢ is in [7/2, 37 /2] the circle limits the inefficiency domain for
P(s).

The efficiency problem of an one-dimensional system of vibration protection

is here developed following reference [1].
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b ImDfico)

Dfiew)

ée@(z’m)

Figure 2.7: Part of the complex plane where the efficiency condition is
verified.

The efficiency for a system of vibration protection can be also considered
like an index of performance: if |®(s)| > 1 (see eq. 2.18 and 2.19) the
controlled displacement (4 is strongly reduced.

In [5] the problem of performance for a system of vibration protection is
reported. A transfer function approach is developed and it is addressed on
the evaluation of the error of the control system, the difference between
the realization and the command. Finally this approach concludes defining
some evaluation criteria. This methodology is frequently used by the con-
trol community, different evaluation criteria can be defined to estimate the
system performance where one want to focus his attention. The evaluation
criteria approach reveals to be very effective in order to assess the system

efficiency.
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2.4 Evaluation of efficiency by graphical methods

It is convenient to carry out the main methods available to investigate the
efficiency of active systems of vibration protection by means of graphic-
analytical methods. One of these methods it is been presented for a one-
dimensional system in the previous section.

Another method of analysis of efficiency is the Bode plot of the transfer
function ®(s). If the system is asymptotically stable, this implies the real
part of Laplace variable can be neglected, so let be s = jw. The meaning of
"asymptotically stable" will be clarified in the next section which is devoted
to the stability conditions for dynamic systems.

The Bode plot actually consists of two plots, namely, gain versus frequency

and phase versus frequency. The following expression
L = 20log|®(jw)]| (2.26)

is introduced to plot the logarithmic frequency characteristics of ®(jw) as a
function of logw: it is referred to as the logarithmic amplitude characteristic
(LAC) for the open-loop system ®(jw). The factor 20 indicates that L is

measured in decibels. The relation
v =arg®(jw) (2.27)

on logw is referred to as the logarithmic phase characteristic (LPC).

2.4.1 Bode plot of a system as sum of simple elements

The transfer function of the system can be represented as the product of

the transfer functions of the following simple elements:
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e aperiodic element

k
= 2.2
wls) = 7 (229)
e vibratory element
(s) = i (2.29)
s O T2s2 420 Ts+ 1 ’
e integrator and differentiator
k
w(s) = " w(s) = ks (2.30)

e first order element (proportional-derivative element) and second order

element
w(s) =k(Ts+1), w(s) = k(T?s® +2¢4Ts + 1) (2.31)

where T and (; are respectively the time constant of the system and the
damping factor [1].

The product of transfer functions consists in a connection in series of the
respective systems [3] [4]. For the linear property the LAC and LPC of the
whole system can be determined as sums of LAC and LPC of the simple

elements.

2.4.2 Bode analysis of efficiency

Consider the active system of vibration protection having transfer function
2.17. The active feedback in this system forms a control force proportional

to the absolute displacement of point A (see eq. 2.3).

wy(s) =k (2.32)
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0 »
lg w

B A 4 T Pt S i —

Figure 2.8: Bode plots for proportional active feedback [1]

Accurate informations about the efficiency of active feedback can be ob-
tained by investigating the LAC and LPC of the Bode plot depicted in
Figure 2.8 [1].

It is possible to distinguish, according with [5]:

e peak amplitude for LPC, the local maximum value of L (P23 in

Figure 2.8);

e resonant frequency, the frequency corresponding to to the peak am-

plitude (RF 23 in Figure 2.8);

e anti — resonant frequency, the frequency corresponding to the min-

imum local value of L (AF} 2 in Figure 2.8);

e crossover frequency, the frequency value where L is 0 (from eq. 2.26,
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also where |®(jw)| = 1.

In the case of Figure 2.8 the active facility is ineffective at high frequency,
when exceeding the crossover frequency.

The LAC curve decreases at anti-resonant frequencies AFyo. It is a re-
duction of the amplitude or magnitude of the active system of vibration
protection, which may lead to inefficiency of the system.

Additional information on the efficiency of active feedback can be also ob-
tained by investigating the LPC of the Bode plot [1].

Between the limits
e 0 <lgw < RFy
o Ay <lgw < RF,
o AFs <lgw < RFj3

the efficiency condition is satisfied for any value of |®(jw)|, as it also results
from Figures 2.6 and 2.7.
On the other side if

e RFy <lgw < AF,
e RF, <lgw < AF,

for satisfying the efficiency condition it is necessary that the absolute value
of ®(jw) is sufficiently large. Increasing the feedback gain leads to an in-
crease in feedback efficiency (where gain means the magnitude of the fre-
quency response |®(jw)| [5]).

Bode plots for the evaluation of the system efficiency result to be more effec-

tive than the mathematic approach (egs. 2.19-2.25): the dependence on the
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variable w is clearly expressed as well as the increment and the decrement
of efficiency as function of the gain.

The Bode plots for system analysis are reported in both [5] and [1]. In the
last book more emphasis is devoted to the control devices.

Finally it is worth noting that the efforts toward an increase of the efficiency

of a vibration protection system are closed to an optimization process [3]

[4] [6] [7].
2.5 Conditions for stability

In order to properly perform, any active system must be stable and posses
a certain stability margin. The system stability must not be affected by
occasional deviations in system parameters. In what follows the stability
theory of linear time-invariant systems is detailed [1] [3] [5].

Consider a system of linear homogeneous differential equations with con-

stant coeflicients which can be written in a vector form
y = Ay (2.33)

Here y is a vector of n dimensions and A is a constant matrix. System 2.33 is
said to be stable if, all its solutions y = y(¢,yo,to) due to initial conditions
y = y(to0,¥0,t0) = yo are bounded for all ¢ > ty. In this definition, y(¢) is
termed to be bounded if its components are all bounded. If all solutions of

eq. 2.33 are stable in the above sense, and satisfy the following condition

lim y(¢) =0 (2.34)

t—o0

then system 2.33 is called asymptotically stable.

If system 2.33 is stable it is easy to prove that all solutions of the inhomo-
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geneous equation

y = Ay + £(t) (2.35)

are bounded for any bounded function f(t). In other words, the presence
of function the f(t) does not affect stability.

System 2.33 is asymptotically stable (necessary and sufficient condition) if
the eigenvalues of A1, ....\, of matrix A, the roots of the following charac-
teristic equation

det(A — N,) = 0 (2.36)

have negative real values. For mere (non-asymptotic) stability it is neces-
sary and sufficient that the real parts of all eigenvalues are non-positive, and
additionally, the rank of matrix A— A, is equal to multiplicity of eigenvalue
Ak

In designing vibration protection systems one usually deals with conditions
of asymptotic stability. Vibration protection systems which are not asymp-
totically stable are not encountered in practice. Determinant 2.36 can be

cast as follows
ao\” + a N T+t ap N+ a, =0 (2.37)

with ag > 0.

There exist a number of criteria which enable one to judge the stability
of system 2.33 in terms of the factors of the characteristic equation 2.37
without solving this equation. In that follows, the Stodola criterion and
the Hurwitz criterion are discussed [1] [3] [5].

According to the Stodola criterion, for asymptotic stability it is necessary

that all coefficients are positive (note that ag > 0, eq. 2.37).
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The Hurwitz criterion says that a necessary and suf ficient condition for
asymptotic stability is that all the principal minor determinants of the

Hurwitz matrix

al ao 0 0 0
as as ai ag .. 0

H, = as aq as as .. 0 (2.38)
a2p—1 Aa2n—-2 Qa2p—-3 G2p—4 ... Qn

are positive. The rule for the matrix construction is transparent from for-

mula 2.38, furthermore a; = 0 for i > n.

2.5.1 Example

The Hurwitz criterion allows one to investigate the stability conditions for

the system with the following parametric transfer function

1
= 2.
W(s) s3 +as?+bs+a(b—1) (2:39)
Only the denominator plays a basic role for the system stability
D(s) = s>+ as® +bs+a(b—1) (2.40)

If all the coefficients have the same sign a preliminary condition for stability
is verified but it is not sufficient. So this last is verified if a > 0 and b > 1.
Only the Hurwitz criterion furnishes the necessary and sufficient condition
for asymptotic stability.

So the Hurwitz matrix is the following

a 1 0
Hy,=1|alb-1) b a (2.41)
0 0 a(b—-1)
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The principal minor diagonal determinants are the following

Al =a (242)
Ay=ab—a(b—1) (2.43)
Az =a?b(b—1) —a*(b—1)? (2.44)

for the Hurwitz criterion they have to be positive. It is verified only if a > 0
and b > 1. So the necessary condition evaluated by the preliminary step is

verified to be also sufficient.

2.6 Summary of Chapter 2

In this chapter a theoretical approach to linear active systems of vibration

protection is discussed. For this purpose:

e the use of Laplace transforms and system transfer functions is illus-

trated.

e Polar plots and Bode plots are introduced toward an efficiency evalu-

ation of the system.

e Stability definitions are introduced together with some fundamental

criteria.

Finally a synthesis on some basic issues concerning control systems is pro-

posed:

e the passive system of vibration protection can be presented as the
simplest typology: the device works without using data collected from
other elements as sensors. The passive protection can be considered

asymptotically stable.
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Active systems are the most effective in the vibration protection of
mechanical systems. They are complicated by a large number of el-
ements which participate in the input data processing and the for-
mation of the control forces. They are sensors, actuator devices and

other facilities, acting in the amplification and manipulation of data.

The semi-active system can be considered as a passive system, able to

change its characteristics actively, driven by an external command.

An open-loop system is a combination in a series of elements, from a
starting point to another point in a flow scheme. Its transfer function

is the result of the product of each single element transfer function.

A closed-loop system is a combination of elements with a feedback

connection.

ation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.

Laplace variable

vector of forces excitations

vector of kinematics excitations

vector of vibration field measured

transfer function matrix of forces excitations
transfer function matrix of kinematics excitations
transfer function matrix of vibration field measured
output signal vector of the sensors

transfer function matrix of the linear compensators
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W, transfer function matrix of the linear actuators

Uout vector of the compensator output

u control forces on the object

Wo transfer function matrix of the object

R forces applied on the base

Wh transfer function matrix relates forces applied on the base to the
kinematics excitations

w(()f) row of WSF)

w(()i-) row of Wéé)

w(()u) row of Wéu)

w,(lu) row of Wéu)

w((ly) row of Wéy)

We row of W,

Wy row of Wy,

wy feedback transfer function

P transfer function of an open-loop system

ky transfer function of an closed-loop system

wl, w!  rows of Wy including the feedback influence of the control system

w1, W generic transfer function
dynamic compliance operator
uncontrolled displacement
generic displacement

phase function

constant, semi-perimeter of circle with radius 1
immaginary constant
frequency (rad/sec)
logarithmic amplitude of ®
proportionality coefficient
time constant of a system
damping factor of a system
peak amplitude of LAC
resonant frequency of LAC
anti-resonant frequency of LAC
time

constant matrix

generic bounded function
eigenvalues of A

identity matrix of n dimension
generic coefficient

Hurwitz matrix

generic coefficients
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Chapter 3

Actuators for vibration
protection systems

3.1 Introduction

The actuators generate the control forces, and, for this reason, they are
among the most important elements in systems of vibrations protection. It
is the actuator which determines a particular type of vibration protection
systems [1]. A governing law for the control forces u(t) for active and semi-
active systems depends on the output signal of the compensators uy,:, but
also on the motion of the object (see eq. 2.2).

Control algorithms are developed for driving active and semi-active systems
of vibration protection; some details can be found in [2] [3]. Passive control
systems are the simplest devices, they do not need to be driven by algorithm
because they generate control forces as a function of the structure dynamic
configuration.

It is worth mentioning that, in some cases, actuators are nonlinear systems

with complex dynamic characteristics. A linearization of these character-

33
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istics is feasible under some simplifying assumptions. The applicability of
linear models is bound and dependent on the validity of basic assumptions.
The equations for the dynamic characteristics of the most popular actuators

are derived further on in this chapter.

2 (electromaghnet)

{1
Lot
————

2 (piston

i

ho_y_ Fe Qe_} _Ili
T i e

I X
ey P Pfj&

4 (cylinder)

Figure 3.1: Scheme of a simple hydraulic actuator

3.1.1 Hydraulic actuators

One of the simplest hydraulic actuators is schematically displayed in Figure

3.1 where one can find:
e 1 the control valve,
e 2 the electromagnet,
e 3 the pump,

e 4 the cylinder divided in two chambers,



Chapter 3: Actuators in vibration protection systems 35
e 5 the piston.
The roles of these elements can be described as follows:

e the displacement of the control valve 1 is due to the electromagnet 2
which is activated by the electric input signal wey:(t). This facility is

called electrohydraulic.

e The displacement of the control valve causes the working fluid to
enter into one of the chambers of cylinder 4, the other chamber being

connected via the control valve to an outlet discharge pipe.
e The pressure in the working fluid is provided by pump 3.

e The pressure difference in the chambers produces a force u*(t) which

acts on piston 5 and the object connected to it.

The relationship between the input voltage u(t)oy: and the control valve

displacement v(t) can be cast in the form

ky ky 1 (3.1)
u = — u .
out Cev TCQUSQ + 2Cchcv3 +1 out

mcv52 + beys + cev

where my,, ¢, and b, are the mass of the control valve, the rigidity of its
elastic element (rigidity of the compressive working fluid) and the resistance
factor, respectively. k, denotes the factor relating the electromagnet force
to the input voltage, T, the system time constant.

The dependence of v on uy,: may deviate from that given by eq. 3.1. It
is suggested that a control valve facility consists of an ideal delay circuit,
non-inertial linear amplifier (see Appendix C) and an element implementing

the limitation of valve movement in a series.
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The piston dynamic characteristic can be now derived; it relates the force
acting on the piston to the piston displacement. To this aim, one considers
a dynamic model of the system which takes into account the compresibility
of the working fluid and the leakage via the clearance between the piston
and the cylinder wall.

One assumes that the working fluid enters the lower cylinder chamber
whereas the upper chamber is connected to the outlet discharge pipe. By

looking at the Figure 3.1 it is possible to notice that:

e the pressures in the lower and upper chambers are denoted by p; and

po, respectively,

S is the piston area,

ho is the length of each chamber in the middle position of the piston,

y is the piston displacement, with y = 0 denoting the middle position,
of the piston,

V1 and V5 are chambers volumes,

Q1 is the volume flow rate of fluid entering the lower chamber, and

@2 is the volume flow rate of fluid leaving the upper chamber.

One writes

Vi = S(ho + ), Va = S(ho — y) (3.2)

and hence

Vi=-Va=2S8y (3.3)
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A relative decrease in volume for a compressive fluid may be considered to

be proportional to an increase in pressure
AV = puVAp (3.4)

where p designates the compressibility factor.

If pressure and volume are time-dependent, it follows from eq. 3.4 that
V=—pVp (3.5)

Let us assume that the fluid leakage is proportional to the difference in

pressure in the cylinder chambers

Q= x(p1 — p2) (3.6)

where @Q; denotes the volume flow rate through clearance and  is the leakage
factor.
From egs. 3.5 and 3.6 one has
V1 =Q1— NV1151. — x(p1—p2) (3.7)
Vo = —Q2 — uVap2 + x(p1 — p2)
Substituting eqs. 3.2 and 3.3 into 3.7, one obtains the following expressions
for the volume flow rates

Q1 =5y + wS (ho + y)l?l + x(p1 — p2) (3.8)

Q2 = Sy — pS(ho — y)p2 + x(p1 — p2)
On the other hand, the value of volume flow rate through the control valve
depends on the piston displacement and on the difference of the input and
output pressures. Since considerable pressure differences are typical for

hydraulic actuators it is common practice to assume that the volume flow

rates @1 and Q2 depend only on the control valve position v, so the following
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Figure 3.2: Non linear law of the fluid flow rate

relation is deduced

Qi = f(0)Qmaz(i =1,2) (3.9)

Here f(v) is a nonlinear function schematically shown in Figure 3.2 where
2A denotes the value of the control valve overlap which is equal to the
difference between the sizes of the control valve port and the port of the
cylinder in which the control valve slides. The maximum volume flow rates
corresponding to the fully open port is denoted in eq. 3.9 as Q.mnaz-

Provided that the control valve overlap is sufficiently small and v,q, does
not exceed vx, which corresponds to saturation in Figure 3.2, the depen-

dence 3.9 can be treated as linear

Qi = kaQmax(i =1, 2) (310)

Inserting eq. 3.9 into 3.8 one obtains a system of nonlinear equations re-

lating pressures p; and ps to the piston displacement y(¢) and the control
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valve displacement v(t)

Qmaz f(v) = Sy + uS(ho + y)p1 + x(p1 — p2)

Qmaacf('v) = Sy — uS(ho — y)p2 + X(Pl _ p2) (311)

These equations can be simplified if it is adopted that in the regime un-
der consideration the piston exhibits small displacements about the middle
position (|y| < hg). Summing the equations in 3.11 yields

.uho

5 «t+ u* = Qmazf(v) — (3.12)

where u, = S(p1 — p2) is the force acting on the piston. If function f(v)
can be linearized one obtains from eq. 3.12 the following linearised dynamic

characteristic for the working cylinder

h
MU*‘F U*—Qmaz vV _Sy (313)

When the control valve is at rest in the middle position, i.e. v = 0, and no

leakage is observed, x = 0, it follows from eq. 3.13 that

28
U, = -2 3.14
oY (3.14)

Thus, the working fluid produces a restoring force and, in a certain sense,
is equivalent to an elastic element with the following rigidity

28

= 3.15
i (3.15)

Cf:

The dynamic characteristic of the working cylinder is simplified if the fluid
compressibility and the leakage through the piston clearance are neglected.

Indeed, in this case = 0 and x = 0, and eqgs. 3.12 and 3.13 yield

g =2 f o) (3.16)
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y — Qmaw
S

In this case, the actuator provides a law of the piston motion rather than a

fey (3.17)

control force. The actuator motion is therefore independent of the properties
of the control object and depends only on the control valve motion.

Two points have to be highlighted [1]:

e using simplified dynamic characteristics 3.16 and 3.17 is allowed in
the case of an approximate investigation of low frequency processes

and the respective displacement of the piston is given by

Yp = Qg’;’” kyv (3.18)

e In case of high frequency vibrations of the control valve, the amplitude
of the respective vibration of the piston becomes small and the hy-
draulic facility acts as a rigid element, connecting the object and the
base. Accordingly, the properties of the vibration protection system
at high frequencies turn out to be insufficient. In order to improve
these properties, an elastic element is usually installed between the
piston and the object. Denoting the rigidity of this element as ¢ and
the relative displacement of the object as y,, one obtains the following

equation for the control force

CQmaw kv
—F

o (3.19)

u(t) = —c(yo — yp) = —CYo +

Equation 3.13 determines the force acting on the piston. In order to obtain
the control force u(t), one accounts for the piston inertia force and the

resistance force, to get

u(t) = ux(t) — mpi, — byy (3.20)
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Here m,, denotes the equivalent mass of the piston and of the possible ele-
ments attached to the piston, &, is the absolute acceleration of the piston,
and b, is a factor taking into account the resistance force. As mentioned
above, a hydraulic device produces not only a control force u(t) applied to
the object to be protected, but also a force acting on the base. Clearly, the
latter force is equal to —u(t) when the cylinder housing is attached to the
base.

In the above investigation, the possible disturbances of the hydraulic facili-

ties (for example air in the working fluid) have not been taken into account.

3.1.2 Pneumatic actuators

A gas pneumatic working chamber bound by a piston of area S, Figure 3.3,
is considered. Let y denote the piston displacement relative to the initial
position hg. The input throttle has cross-sectional area f which is controlled
by the flap displacement wus(t). p’ is the pressure external to the chamber.

In line with the conventional practice in the design of pneumatic systems,

hoty pe W ‘_T:"'{Flap
—t ’

throttle p

Figure 3.3: Scheme of a single throttle pneumatic working chamber
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the following assumptions are made:

e the influence of the working body mass density on the flow rate is

negligible for small pressure differences.

e Flow rate variations through the throttle are not influenced by gas

inertia but only by pressure variations.

e The pressure is equal in any point of the chamber, at any instant of

time.

Under these assumptions, the mass flow rate of the gas via the throttle

depends on the position of the flap and on the input and output pressures
G =G(p,pe, u) (3.21)

where p, stands for the chamber pressure. The mass flow rate characteristics
depend on the pressure ratio p./p’. If this ratio is larger than some critical
value (which is 0.53 for air), the outflow is called under-critical; otherwise

it is called over-critical. With these introductions one can distinguish:

e In the case of an under-critical outflow, the mass flow rate is deter-

mined by the following formula

G = <f<uf>g¢zpfp'[%<%>2/k — (A (22)

Here ( is a flow rate factor which varies between 0.75 and 0.9, depend-
ing upon the throttle design, f(uys) is the cross-sectional area of the
throttle, p’ is the mass density of the gas before the throttle, k is the
ratio of the specific heat at constant pressure to the specific heat at

constant volume (k = 1.4 for air), g the gravity acceleration.
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e In the case of an over-critical outflow, the mass flow rate does not

depend upon the pressure ratio and is given by

2

k
G= Cf(uf)g\/%'P'k—_H(k—_H)W(kl) (3.23)

Equations 3.22 and 3.23 correspond to an adiabatic outflow which is nor-
mally observed for throttles of pneumatic systems. As a rule, the process of
filling the working chamber is accompanied by intensive heat exchange and
may be deemed as being isothermal. In this case, the gas equation

M
pcV = —RO (3.24)

m

where M is mass of the gas in the chamber, u,, the molecular mass, © is

the absolute temperature and R is the gas constant, yields

d ROdM RO _, ,
— = = . 2

Taking into account that
V = S(ho + ), V =25y (3.26)

one obtains

) . RO
PeS(ho + y) + peSy = EG(p’,pc, uy) (3.27)

m

Provided that p/(t) and u¢(t) are prescribed, one can determine p. from this
equation. The linearization of this equation is feasible if small displacements
about some stationary position are considered, y and ¢ are small and p is

close to a constant value pg. In this case, eq. 3.27 can be written as follows

. . RO ., G . G
Shope + Spoy = g [G(p', pe, 0) + (auf)o + ( N Jo(pe —po)]  (3.28)
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Assuming that in the stationary state p’ = p., and, thus, G = 0, eq. 3.28
yields

RO 0G RO  0G

— * = + — (5 3.29
peag g olue —w0) (G (329)

ho’d* + UOQ =

Here u, = Sp. is the pressure force acting on the piston, and ug = Spg.

Introducing the time constant

hottmgS
T, = —kmg2 (3.30)
R@(ch )0
the final result is
S(£% )0
Tt Ay = 000, Uoimgb o (3.31)
(g )o RO(5,5)o

where u = u, —ug. Equation 3.31 must be solved together with the equation
of motion for the object to be protected.

Pneumatic actuators can have design solutions which differ from those afore
shown (for example a connection of several chambers), but the approach

presented can be generalized [1].

3.1.3 Electromechanical actuators

Direct current (DC) and alternate current (AC) motors are actuators of an
electromechanical nature. The rotor movement is ordinarily transmitted to
the object so that the velocity of the object ¢ related to the motor housing
is proportional to the rotor angular velocity 2, see Figure 3.4, while the

control force u(t) is proportional to the load torque moment M, i.e.
y=rQ, My =rU (3.32)

Here r is a proportionality factor depending on the gear parameters.
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Figure 3.4: Scheme of an electromechanical actuator

From a general point of view, considering the relation between the torque
M; applied by a motor on a rotating mass and the angular velocity €2 of

this mass, it is known that
M, = QJ + 8Q (3.33)

where J is the moment of inertia of the mass, 3 is the coefficient of viscous
friction resistance .

So the general governing equation for the rotor adds with M;j, as follows
M = BQ+JQ+ M, (3.34)

where J is the equivalent moment of inertia of all masses connected to the
rotor, 3 is the coefficient of viscous resistance and M; is the motor torque.
The relationship between torque and angular velocity is given by the so
called working characteristic of the motor. The dynamic characteristic of a

DC-motor is given by

(Tes + 1) My = My — nf2 (3.35)
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Here T, is the electric time constant of the motor which is equal to the ratio
of the armature inductance L, to the resistance of the armature R,. My
and 7, denote the starting torque and the characteristic slope for which the

following relationships hold
Moy = k1@ fug, n = ky®% (3.36)

where ® denotes the flux, u, is the armature voltage, and k1 and k3 are
factors whose values are dependent on the particular type of the motor. The
control of the motor can be performed by changing the armature voltage or
the flux. Therefore, u, and ®; may be viewed as the input variables of the
actuator. Substituting M; from eq. 3.34 into 3.35 and taking into account
eqgs. 3.32 and 3.36 yields

(Tos +1)[(Js + 5)% +ru] = kB pug — kgéfc% (3.37)
and, after some algebra
T.Js* + (J +T.8)s + B + ka®%
u— kl‘I)f Uy [ § ( 6)3 /8 2 f]sy (338)
7(Tes + 1) r2(Tes + 1)

This expression relates the control force u with the object displacement
y and the input variables. This equation must be supplemented with the
equation of motion which relates y and w(t).Characteristic 3.38 is linear
provided that ¢ = 0.

The dynamic characteristic for an AC-motor differs from 3.35 by the pres-
ence of a harmonic component. The dynamic characteristic for a two-phase

asynchronous motor is
(Tes + 1) My = Suin — 02 + kQcos2uvt (3.39)

where J, v, and k; are factors depending on the motor parameters, u;, is

the input voltage and « is the frequency of the alternating current.
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Figure 3.5: Scheme of an electromagnet

3.1.4 Electromagnetic actuators

An electromagnet can be used as a device for providing force. The simplest
scheme of an actuator involving an electromagnet is shown in Figure 3.5.
The input variable is the voltage w;,(t). The electromagnet housing is
mounted on the base whereas the armature is attached to the object to be
protected from vibration. Relative displacement of the object changes the
gap between the core and the armature which in turn changes the electric
circuit inductance L, the latter becoming a nonlinear function of the air gap
y. The force produced by an electromagnet is proportional to the square of
the current and nonlinearly depends on the air gap. In general, the following

equation holds

u = poS(Ni)*¢(y) (3.40)

Here po is the magnetic permeability, S is the cross-sectional area of the
armature, ¢ is the current and N is the number of spires. Further, ¢ is
a nonlinear function, for example p(y) = (y)~2 if the magnetic field is
homogeneous. The current is governed by the following differential equation

d

%[L(y)i] = Wi (t) — 75t (3.41)
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where r; is the resistance. The system of equations 3.40 and 3.41 defines
the dynamic characteristic of the device, the dependence of the control force

u(t) on u, () and y(t) [1].

Figure 3.7: Device mounted on the universal testing machine
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Figure 3.8: Motor operating as semi-active device [4]

3.1.5 Electro-inductive control device

Electro-inductive devices were recently proposed for the passive control of
buildings and structures. The feasibility of large size devices for long span
bridges was already studied in the occasion of the project of specific bridges:
the positive aspect resulting from the adoption of electro-inductive devices
is the reduction of the damper size when compared with a hydraulic damper.
The way to make an electro-inductive brushless motor device semi-active
without loosing its passive control properties was also investigated [4]. The
semi-active choice for control applications is given significant attention be-
cause it offers adaptability and requires low power supply.

A brushless motor (see Figures 3.6 and 3.7) was tested in the laboratory, for
the control of velocity (set equal to zero), with the limit torque constrained
to a specific value. The torque value is externally controlled by a board (see
Figure 3.8).

The control force u(t) can be realized by adding a device able to trans-
form the rotation of the motor shaft in a linear movement. The semi-active
function can be implemented through appropriate mathematic models (for

example the Bouc-Wen model [2]). This device typology is applied to a
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bridge structural model in Chapter 7.
It is worth noting that the electro-inductive control device has all the prac-
tical good points of the brushless motors one usually meets in modern en-

gineering systems.

3.1.6 Electro and magnetorheological dampers

Electrorheological (ER) and magnetorheological (MR) dampers are semi-
active control devices that use electrorheological or magnetorheological flu-
ids to produce controllable dampers [6] [3]. They potentially offer highly
reliable operation and can be viewed as fail-safe in that they become passive
dampers for control hardware malfunction.

This typology of dampers is based on controllable fluids. The essential
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Figure 3.9: MR damper with semi-active behaviour [7]

characteristic of controllable fluids is their ability to reversibly change from
a free-flowing, linear viscous fluid to a semisolid one with a controllable
yield strength when exposed to an electric or magnetic field.

Figure 3.9 depicts the scheme of an MR damper and its semi-active behav-
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iour. The control force u(t) can be modeled with mathematic models as the

Bouc-Wen one [2].
3.1.7 Bumpers

Bumpers devices (Figure 3.10) are usually adopted as limiters for the deck
displacements in bridge structures. Under external forces or kinematic exci-
tations the deck shows free displacements into a limited region. This region
can be differently characterized depending from the structure typology [8].

Figure 3.11 depicts the force-displacement characteristic of bumper devices

Figure 3.10: Bumper [9]

one can adopt for cable-stayed or suspended bridges. The indication free
in the picture stands for the free displacement range for the structure; the
indication spring represents the bumper participation. The elastic force can
be designed specifically to prevent undesiderable high frequency vibrations
generated after the impact between structure and bumper.

Two situations have to be highlighted:

e Cable-stayed and suspended bridges with great self-centering capac-
ity can be equipped with bumpers between the deck and the piers or
between the deck and the bends. The bumpers fix the domain where



52 Structural control of cable-stayed and suspended bridges

force

displacement

free spring

Figure 3.11: Bumpers characteristic

the deck moves freely under external excitations, they work only when
the displacement exceeds the limit value of displacement. After the
excitation event the structure is able to return into the initial config-

uration.

e For structures unable to show self-centering characteristics, the bumpers
fill the space between the object to be protected and the base. Under
external excitations, the structure is able to show large displacements

and the centering is reached by the control device.

3.1.8 Elasto-plastic dissipators

The elasto-plastic dissipators are used to reduce structure vulnerability and
assure its integrity, by buffering seismic effects. Their main role is to dissi-
pate the input energy in hysteretic cycles and to reduce the applied forces
to the object to be protected.

Dissipator devices are usually used between bridge deck and piers. They are
coupled with viscous devices able to be stiff for the high velocity induced
by strong earthquake and soft for low velocities due to thermal loads [8].

The mechanism of energy dissipation is the elasto plastic flexure of steel
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Figure 3.12: Dissipator device [9]

elements. Optimized shape, for example E-shape, see Figure 3.12, allow
diffusion of plasticization over most of the volume and by preventing lo-
calization and concentration of deformation, provide extended low fatigue
cycles. The characteristic force-displacement of these dissipators devices is
typically bi-linear, see Figure 3.13. The control force u(t) can be described
by means of appropriate mathematic models (like the Bouc-Wen model [2]).
This device typology is developed by numerical simulations in Chapter 5.

Dissipators devices are very durable, only periodic observations are required
in particular after seismic events and the maintenance is needed only in case

of ruptures.
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K1=Fy/10 kN/mm
K2=K1/100 kN/mm

(kN)

150
(mm) Su

Figure 3.13: Dissipator characteristic force - displacement [9]

3.1.9 Fluido dynamic devices

These devices consist of a steel cylinder filled with a sylicon fluid divided in
two chambers by a piston, see Figure 3.14.

The piston incorporates a valve which allows the silicon fluid to move from
one chamber to the other, according to the piston movements. The device
is usually connected to the structure with two spherical hinges. The force

u(t) generated can be described by the law
u = By" (3.42)

where [ is a constant, ¢ is the velocity, n is an exponent that may range

between 0.2 and 0.1 according to the following typologies:

e 0.1 is normally adopted for viscous dampers. This value maximizes

the energy dissipated in the hysteretic cycles [8].
e 0.2 is normally adopted for lock-out devices.

The choice of an exponent 0.2 minimises the reactions of the device for slow
movements (creep, temperature effects), and maximises the reaction for dy-
namic effects (earthquake). The value 0.1 maximizes the energy dissipated

in the hysteretic cycles [8].
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The life span of these devices is about 35 years. An inspection to the

Figure 3.14: Fluido dynamic device [9]

devices is advised after the first 10 years and subsequently every 5 years.
Maintenance consists in verifying the anticorrosion protection of the metal

parts and replacing the dust bellows.

3.2 Summary of Chapter 3

Chapter 3 gives the main features of different devices for systems of vibra-
tion protection. Table 3.1 provides a brief overview on the control forces

produced.

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.
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Device typology Control force
Hydraulic u = —megiff;y — mypi — by

. . s (%)0 UopmgS -
Pneumatic T,Au+ Au = ), uf — R@(%)Oy

. k1 ® [Te Js?+(J+Tef)s+L+ka®2]s

Electromechanical u= T(Tlesil)ua Tt 20y
(DC motor)
Electromagnetic u = poS(Ni)%p(y)
Electro-inductive mathematic model (for ex. Bouc-Wen)
Electro and magne- mathematic model (for ex. Bouc-Wen)
torheological
Bumper elastic linear spring

Elasto-plastic

mathematic model (for ex. Bouc-Wen)

Fluido dynamic

u=py"

Table 3.1: Overview of control forces produced by devices

Uout

U*

v

Mew, bev, Cev
Ky

Tty

Cev

P1, P2

Laplace variable

control force

compensator output (actuator input)
forces acting on the piston
displacement of the control valve
mass, resistance and rigidity factor of the control valve
proportionalyty factor of the control valve
time constant of the control valve
damping factor of the control valve
chamber pressures

piston area

piston initial position

piston displacement

chamber volumes

volume flow rate

compressibility factor

leakage factor

open port function

overlap displacement

saturation displacement
displacement of the object

piston equivalent mass

piston resistance factor

piston absolute displacement

flap displacement

gas external pression

gas pression in the chamber

flow rate factor

mass density
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k1, ko
5, v, kf

M0

&ZN.

Ts

gravity acceleration

ratio of the specific heat at constant pressure to the specific
heat at constant volume

mass of the gas

molecular mass

gas constant

absolute temperature

time

pressure constant value for for small piston displacement
rotor angular velocity

load torque moment
proportionality factor

torque applied by a motor
moment of inertia

coeflicient of viscous resistance
armature inductance
resistance of the armature
starting torque

characteristic slope

flux

armature voltage

factors of motor type

factors of motor parameters
frequency of alternate current
circuit inductance

magnetic permeability

current

number of spires

non-linear function

circuit resistance
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Chapter 4

Non linear control systems

4.1 Introduction

The dynamic characteristics of the elements of vibration protection systems
were assumed to be linear in Chapter 2. While analysing actual engineering
systems, one has often to use non-linear dynamic models. This Chapter is
therefore devoted to nonlinear systems.
The nonlinearities can be found in the whole mechanical system or only in
the control system with different influences depending if it is of passive or
active nature.

The main reasons for the existence of nonlinearities in vibration protection

systems are listed below [1][3].

e Passive elastic elements can be considered as linear only under small
deformations. When the deformations are large, one observes the non-
linearity of the overall elastic characteristics caused either by material
properties (rubber), constructive peculiarities of the element (pres-

ence of some initial compressive force, use of a conical spring etc.), or

61
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Figure 4.1: Nonlinear characteristics

the presence of barriers. Figure 4.1 displays schematically the most
typical nonlinear elastic restoring characteristics. The characteristic
shown in Figure 4.1a corresponds to a linear vibration isolator with

high stiffness buffers. The governing equation is given by

fly) =cy if —Ai<y<A
flyy=cA+ci(y—A) if y>A (4.1)
fly)=—chitaly—»~A1) if  y<A
Using the Heaviside step function
1 af y>0
H_{O if y<0 (4.2)

one can represent eq. 4.1 in the form of a single equation
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fy) =c1y+ (a1 —c)Ar+ (e —er)(y + A)n(y + A1)+
+(e1—c)(y — A)n(y — A) (4.3)

Letting ¢ = 0 yields a system representing clearance, see Figure 4.1b.
Figure 4.1c shows the characteristics of an elastic element with some

initial compressive force F, i.e.

f(y) = cy + Fsign(y) (4.4)

Some smooth nonlinear restoring forces are displayed in Figures 4.1d
and 4.1le. The symmetric characteristic of Figure 4.1d can be approx-

imated by a linear-plus-cubic function of the displacement

fly) =cy +y° (4.5)

Figure 4.1e shows the characteristic of a nonlinear elastic element
with rigid barriers. This type of the nonlinear restoring force may be

conveniently approximated as follows

2cA
_ 2, Ty

fly) = —tang (4.6)

e Nonlinear characteristics may also contain some dissipative elements.
Elements utilising interface friction are frequently used. As a first

approximation, they obey the Coulomb’s law

£() = hosign(y) (4.7)

In some cases, the internal friction in the material of the elastic ele-

ment should be taken into account.
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e Nonlinear elements can be used in active systems of vibration protec-

tion. Typically, the nonlinearity has a constrained output

fy) =kyy if Jy<A (4.8)
f(y) = kyAsign(y) if |y|>A '

see Figure 4.1f.

4.2 Analysis of nonlinear systems

In nonlinear systems, harmonic excitations usually excite periodic vibra-
tions, the first harmonic being dominant. In order to investigate these
vibrations, use will be made of the method of harmonic linearization.

Let there exist a nonlinear element with the following characteristic

f=1y9) (4.9)

where y stands for the input whilef(y,y) denotes some nonlinear function.
In accordance with the method of harmonic linearization, it is assumed
that the function y(¢) is approximately the sum of a harmonic process of

frequency w and a constant component
Y = ag + acoswt, Uy = —awsinwt (4.10)

Substituting eq. 4.10 in eq. 4.9 yields a periodic function whose Fourier’s

series is as follows
f(ap + acoswt, —awsinwt) = fo + ficcoswt + fissinwt + ... (4.11)

The Fourier coefficients are calculated by the formulae

fo= 2L f02” f(ap + acosp, —awsing)dp = fo(ao,a)
fo 1 15 oo + acost, —awsing)eostdd  fulana)  (412)
fis = %fo% f(ag 4 acosp, —awsing)sinpdp = fis(ag, a)
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To apply the method of harmonic linearization means that the higher har-
monics of the process 4.11 are ignored since they have little influence on the
parameters of approximation 4.10.

Clearly, the nonlinear function 4.9 in the equations of motion may be re-
placed by any other function f*(y,y) provided that the latter has the same
three first terms in the Fourier series and eq. 4.10 holds. Now it possible

to realize the linearization process considering the following linear function

[ 9 =qy+ry+i (4.13)

Comparing eqs. 4.14 and 4.11 it is concluded that the right hand sides of

these equations are identical if the factors ¢, r, and ¢ are defined as follows

_ flc(ao, a),r _ fls(CLO; a),’i — fO(a07a) — qag (4.14)
a aw

Thus, under the above assumptions, the nonlinear function 4.9 can be re-
placed by the linear function 4.13 with factors g, r, and ¢ given by eq.
4.14. This replacement is called the harmonic linearization of nonlinear
functions while factors 4.14 are referred to as the harmonic linearization
factors. Notice that these factors depend on the parameters a and ag of
the process y(t). For this reason, the linearization factors are determined
only after an approximate solution of the linearised equation of motion has
been found.

Let 4°(¢) denote the harmonic component in y(t) , i.e.
y=ao+°, g=1" (4.15)
then, eq. 4.13 can be written down in the form

w9 =a’ +r3" + fo (4.16)
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One of the linearization factors coincides with the constant term in the
Fourier series which makes the linearization more convenient.

In addition to the harmonic linearization method one can also mentioning;:
e the method of linearization based upon the distribution function;
e the method of statistical linearization.

They are based on a probabilistic approach to the linearization problem.

Details can be found in [1] [2] [3] [4].

4.3 Non linear passive systems in the frequency
domain

The group of passive systems span from typical elements, like beams and
columns, to passive control devices with their specific role of vibration mit-
igation.

Consider a nonlinear single-degree-of-freedom system with the following

equation of motion
mij + u(y,y) = Q(t) (4.17)

Here m denotes the mass of the object to be isolated, y denotes the dis-
placement of the elastic vibration isolator relative to the equilibrium point,
u denotes the force applied to the vibration isolator in the direction y. Q(t)
stands for the vibration action which implies either an active force or the in-
ertia force acting on the object in its relative motion. In the latter case this
is simply the product of the object mass and the base acceleration changed
of sign [1][3].

One assumes first that the dissipation force is proportional to the relative
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velocity in the vibration isolator . The force acting on the object to be

protected can be represented as

u(y, y) = ue(y) + by (4.18)

where u¢(y) stands for the elastic restoring force and b is a constant factor.
Let us also assume that the vibration action is a single frequency harmonic

function of time

Q(t) = Fcoswt (4.19)

Inserting eqs. 4.18 and 4.19 into 4.17 yields
my + by + ue(y) = Feoswt (4.20)

The solution of this equation is sought by means of the harmonic lineariza-

tion method in the form
y = ag + y°(t) = ag + acos(wt + B) (4.21)

To this end, one linearizes the nonlinear elastic force

ue = ug(ao, a) + ca(ao, )y’ (4.22)
where
1 2
ug = —/ ue(ag + acosg)de (4.23)
27 Jo
1 2m
Cg= — ue(ag + acosp)cospdd (4.24)
wa Jo

Substituting eq. 4.22 in 4.20 one obtains the linearized equation

mi® + by° + ug + cqy’ = Feoswt (4.25)
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Considering eq. 4.21, one gets the following equations for the static dis-
placement ag, the vibration amplitude a and the phase angle ¢ between the

vibration and the excitation

up(ap,a) =0 (4.26)
Fy
= 4.27
“ V(A% — w?)? + 4n2w? ( )
2nw
where

F
oGl b oo F (4.29)

m 2m m

The relationship between the static displacement ag and the vibration am-
plitude a due to eq. 4.26 is the same holding for free vibration. Comparing
eqs. 4.24 and 4.29 it is easy to see that A(ag, a) defines the frequency of free
vibration of amplitude a relative to static displacement ag. By expressing
ag in terms of a with the help of eq. 4.26 one can obtain the following

explicit formula

A2 =G L /27T ue[(ao(a) + acosg|cospdp (4.30)
0

m mwam

The dependence A(a) is referred to as the backbone curve. Inserting A(a) in
eq. 4.27 one can determine the vibration amplitude a. The most convenient
way of solving this equation is graphical. So it is possible to plot the graph
A(a) considering A in eq. 4.27 as an independent variable. If n is small,
which is normally the case, this graph takes the form shown in Figure 4.2.
The backbone curve A(a) is also plotted in this figure. The points of the
curves’s intersection determine the solutions of eq. 4.27.

Figure 4.2 shows that eq. 4.27 may have a number of solutions in the case
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Figure 4.2: Backbone curve and resonance curve

of the nonlinear elastic restoring force. This implies that a number of differ-
ent oscillatory regimes with different amplitudes and phases may occur, all
the solutions being close to harmonic. The initial conditions are of crucial
importance for establishing a particular regime. In practice however, the
initial conditions are not strictly determined as they depend upon many
random factors. For this reason one has to face the possibility of any of
the above regimes. Multiplicity of the steady-state solutions is one of the
typical features of the non-autonomous nonlinear systems which one deals
with.

The amplitude- frequency characteristic a can be obtained by computing
the vibration amplitude from eq. 4.27 for any frequency w of the input sinu-
soidal force from w = 0 to the maximum limit value in the range of interest.

The graph of this curve is called the response curve or the resonance curve
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Figure 4.2 [1] [3].

Before one proceeds to analyse the form of the resonance curves let us note
that the amplitude of the driving force F' is usually a frequency-dependent
function. For this reason, the general form of the equation for the amplitude-
frequency characteristic is given by

i Fl (w)
~ V[2(a) — W22 + 4nZw?

(4.31)

a

Let us determine the intersection points of the resonance (eq. 4.31) and
backbone (eq. 4.30) curves. At the intersection pionts it is verified A = w,
so from eq. 4.31 the following dependence of the amplitude on frequency

results
Fi(w)
2nw

(4.32)

This equation determines the locus of the points of intersection of the res-

e

. F (@
linear 1 (@)

2nw

non linear

@
2‘0

Figure 4.3: Linear and non linear resonance curve with respective backbones
curves (eq. 4.32)
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onance with the backbone curve. This curve intersects the backbone curve
at the same points at which the resonance curve intersects the backbone
curve, point A in Figure 4.3. In the same figure it is also depicted the linear
elastic resonance curve with natural frequency Ag.

Since F1 > 0 and the denominator of eq. 4.31 is larger than 2nw for any A
and w, the resonance curve lies under the curve 4.32 for the same values of
w.

The behaviour of the resonance curves far from these points essentially de-
pends on the particular form of the backbone curve and function F;(w). Let

us consider for example
Fi(w) = F1 = const (4.33)

then curve 4.32 is a hyperbola. This hyperbola intersects a hard backbone
curve only once, see Figure 4.4, while it intersects a soft backbone curve
either twice, Figure 4.5, or never, Figure 4.6 (see also 4.8). Assume that
the driving frequency is so slowly varied that the free vibration response is
neglected and only the steady-state vibration is considered. Determining
the vibration amplitude a for any frequency it is possible to plot the res-
onance curve. Increasing frequency w, see Figure 4.4, one can determine
the points of the resonance curve corresponding to the AM portion of the
curve. A further increase in w requires a jump from point M to point M’
with an accompanying decrease in the amplitude. Starting at point B and
decreasing w the amplitude follows the BN portion of the curve and then
jumps to the point N’ .It is not possible to get the M N portion of the
curve because the regimes corresponding to this portion are unstable. It is

possible to demonstrate that the region between the two jumps (NN'M M)
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w=Afa)

a(w)

[

Figure 4.4: Hard backbone curve, points of intersection

represents the instability domain. Jump phenomena are typical for nonlin-
ear systems and often manifest themselves in practice.
Let us assume now that the amplitude of the driving force is proportional

to the square of the frequency
Fi(w) = &’ (4.34)

where &y is a constant coefficient.
Substituting eq. 4.34 into 4.32 one obtains the line equation

o— 2%“’ (4.35)

This line intersects a soft backbone curve at one point only (for n # 0) and
a hard backbone curve at several points. The form of the resonance curve

for the system with a hard backbone curve depends upon the number of the
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Figure 4.5: Soft backbone curve, points of intersection

points of intersection. One of the most typical forms is indicated in Figure

4.8 [1] [3].
4.3.1 Example

An example of the bifurcation of the dynamic equilibrium can be processed
by a numerical model usually used to implement non linear behaviour in
mechanic system. The Bouc-Wen model is implemented in Matlab environ-
ment to simulate a one degree of freedom elasto-plastic non linear oscillator

with the following characteristics [2] [7]:
e mass m = 1K g, damping ¢ = 0.38 N sec/m, stiffness k = 15N/m;
e Bouc-Wen parameters: A=n=1,a=0.5, 5=~ =0.57.

In order to find the region of bifurcation of the equilibrium, that is the two

branches on the left and on the right of the jump of the transfer function,
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Figure 4.6: Soft backbone curve, no point of intersection

it is necessary to conduct two different tests characterized by a sinusoidal
displacement excitation of the type Asin(wt) with constant amplitude A =
+1m and variable frequency w/27 from 0 to 10 Hz. Increasing w first and
then decreasing in a second step the resulting curves are reported by Figure
4.9. The non coincidence of the two branches of the transfer functions
outside the instability region, on the left of the two peaks, depends on the
time step of calculation and the result is therefore an approximation. The
mechanical system appears like an hard system. Similar results are reported
in [7] for a passive control system tested in laboratory.

Figure 4.10 depicts few hysteretic cycles around an input displacement
near 1 Hz. It is worth underling that the bifurcation is not evident with a

lower elastic limit and with a perfectly plastic behaviour of the oscillator.
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Figure 4.7: Space suddivision for hard and soft systems behaviour

4.4 Active systems

4.4.1 Vibration amplification in nonlinear systems

In this section the influence of nonlinearities in actively protected systems is
discussed. The active feedback on the resonance phenomena is approached
with the method of harmonic linearization. In addition, an investigation of
the global system efficiency is reported [1] [3].

Consider a simple one-dimensional active system (Figure 4.11) composed

by

e a linear object with applied forces F1, ..., F,. Without systems of vi-
bration protection those forces result in the uncontrolled displacement

¢(t) of point A,

e a vibration isolator element with the total reaction R(¢) and the dy-
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Figure 4.8: Typical form of resonance curve for excitation proportional to
the square of frequency (eq. 4.34)

namic compliance operator e4(s) at point A as introduced in Chapter
2.

The controlled displacement has the following form

y(s) = ((s) + eals)R(s) (4.36)

The total reaction R(t) results from different contributions

e the elastic reaction force R, = cy + f(y), with f(y) being some non
linear characteristic,

e the linear dissipative reaction force Ry = by;

e the control force u = w(s)y produced by a linear feedback of the
absolute displacement of point A.
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from O to 10 Hz
fram 10 to 0 Hz

Transfer function

Frequency [Hz]

Figure 4.9: Bifurcation of dynamic equilibrium for Bouc-Wen numerical
model; detail in the range 0-6 Hz

So the dynamic equation of the global system results from eq. 4.36
[d(s) +bs +c+w(s)y+ f(y) = d(s)((s) (4.37)

Here d(s) = ezl(s) denotes the dynamic rigidity operator at point A.
Provided that all dynamic excitation are harmonic with frequency w, the
process ((t) is harmonic, too. In this case the method of harmonic lin-
earization can be applied to find an approximate solution. Assuming that

the solution in the form
y(t) = ag + acos(wt + ) = ag + y°(t) (4.38)
and replacing the nonlinear function f(y) by the linear one
F*(y) = folao, @) + q(ao, a)y’ (4.39)

leads to the linearised equation

[d(s) +bs +c +w(s)](ao +3" () + folao, a) + q(ao, a)y” = d(s)¢(s) (4.40)
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Figure 4.10: Hysteretic cycles of the Bouc-Wen numerical model near to
the input excitation of 1 Hz

Separating the constant and harmonic terms yields
[d(s) + bs + ¢+ w(s) + qy° = d(s)(Cocoswt) (4.41)

[d(0) + ¢+ w(0) + glao + fo(ao,a) =0 (4.42)

Using eq. 4.42 to express ag in terms of a and substituting the result into
the linearization factor g(ag,a) one obtains ¢g(a) which is only function of
a. Eq. 4.41 renders the following expressions for the vibration amplitude a

and the phase ¢
a = Cold(s)|(ld(s) + bs + ¢+ q(a) + w(s)|) ! (4.43)

¢ = argd(s)[d(s) + bs + ¢+ q(a) + w(s)] (4.44)

An evaluation on the efficiency of the system can be done considering the
condition a > (p in a plot of the resonance curve a(w) of eq. 4.43. This can

be done assuming the system asymptotically stable, so S = jw. For a good
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Figure 4.11: Linear object with non linear vibrations isolator

performance of the system it is necessary to remain sufficiently far from the

critic value of a = (p.

4.4.2 Nonlinearities in feedback

Sensors, compensators and actuators may have nonlinear characteristics. If
the active feedback of the vibration protection system contains a nonlinear
element, the analysis of the efficiency and stability of the system cannot
be carried out by the methods shown for linear active systems of vibration
protection [1] [3].

Assume one of the elements of the control has the nonlinear characteristic
shown in Figure 4.12. This characteristic consists of a dead zone (|y| < A),
a linear part with gain k and a saturation zone (|y| > d). For instance, this

characteristic is representative of a hydraulic system (see Figure 3.2).
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Making use of the method of equivalent linearization one can replace the
qv

Jv)

d A

-/

Figure 4.12: Nonlinear characteristic and equivalent linearization

nonlinear characteristic f(y) by a linear element (see Figure 4.12)

fity) = ay + fo (4.45)

whose parameters ¢ and fy depend on the input parameters. The charac-
teristic can be casted in the form

fly)=—-k(d—=A)+k(y+d)H(y+d) —k(y+ A)H(y + A)+
+k(y —A)H(y — A) — k(y — d)H(y — d) (4.46)
Let the input of the nonlinear element be
Yy = acoswt (4.47)

Through the harmonic linearization method it is possible to evaluate an
analytical form for the amplitude. It is worth evidencing from the solution
that the equivalent gain is equal to zero if a < A which implies that vibra-

tions within the dead zone are not controlled by the feedback. An increase
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in the vibration amplitude increases the gain which approaches k£ and then
when a > d decreases up to zero. Thus, the feedback turns out to be inef-

fective both for very small and very large amplitudes.

Fy b y

(v |—
ms® +bs+¢ K

- }(!

Figure 4.13: Non linear active system; f(z) is the non linear element of
characteristic in Figure 4.12

The amplitudes of the higher harmonics can be estimated by means of
the expressions for the Fourier coefficients of the periodic process f(asinwt).
As an example it is considered the system shown in the block diagram in
Figure 4.13. This system consists of the mass m mounted on the elastic ele-
ment and the damper and involves the feedback with the nonlinear element
f(y) whose characteristic is depicted in Figure 4.12. In the system under

consideration

e(s) = (ms® +bs +c) L w(s) = ki (4.48)
The variable y(t) is governed by the following equation
y = (ms> +bs+ ) F(t) — ki(ms® +bs +¢) " f(y) (4.49)

One determines now the amplitude of the approximate harmonic solution

assuming F'(t) = Fycoswt. Applying the method of harmonic linearization
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one forms the linearized equation
y = (ms® + bs + ¢) " [Fycoswt — k1q(a)y] (4.50)
Solving eq. 4.50 one obtains
y = acos(wt + ¢) (4.51)
where a is determined by the equation
a = Fy[(c + kig(a) — mw?)? + b2w? /2 (4.52)

Equation 4.52 can be solved by a graphical method. It allows to describe

the resonance curve which represents the approximate solution of eq. 4.49

[1].

4.5 Summary of Chapter 4

Chapter 4 is devoted to report the main characteristics of non linear systems
where the nonlinearities can be found in the object to be protected or in the
vibration protection system. The harmonic linearization is presented like a
method of analysis of nonlinear systems.

Considerations on the evaluation of efficiency of non linear systems are also

reported. Passive and active systems of vibration protection are considered.

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.
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a, agp

an flca fls
¢

f*

q, 7,1
y(t)

nonlinear characteristic
input of function f

fixed values for y
constant coefficients
Heavy side step function
force fixed value

cubic coeflicient

constant, semi-perimeter of circle with radius 1
coeflicient

coefficient

frequency

time

coefficients

Fourier coefficients

angle

linear function

coefficients

harmonic component in y(t)
control force

mass of the object

input vibration action
elastic restoring force
constant coefficient

phase angle

coefficient

coefficient

system natural frequency
frequency dependent force
constant coefficient
uncontrolled displacement
reaction force

elastic reaction force
linear dissipative reaction force
Laplace variable
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transfer function
dynamic compliance
dynamic rigidity
coeflicient
proportional coefficient
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Chapter 5

Passive control of cable-stayed
bridges toward semi-active
control

5.1 Introduction

The benchmark problem introduced in Appendix B accounts for the bi-
directional nature of the seismic excitation.

The balance of control devices in the two directions and the introduction of
semi-active control concepts are the main points in this chapter. The study
has only been developed at a numerical level, using the bridge modelling of
the benchmark problem. Nevertheless, the device force-displacement rela-
tionship fits the results of laboratory tests conducted for the characterization
of the reference electroinductive device [1].

A comparative study of the results with the control strategies suggested by

the benchmark organizer is the starting goal [2].

Different typologies of elasto-plastic passive devices can be located be-

87
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tween deck and piers. They differ for the shape and the dimension of the
hysteretic cycles. Active cables, able to reduce the vibrations, could be sim-
ulated by a scheme which uses the first natural mode shapes of the structure.
Analyzing just the first four moe shapes it is possible to meet both bending
and torsion vibrations [2] [1].

When compared with previous studies [5], the present structural problem
is complicated by the bi-directional nature of the seismic excitation and by
its coupling with the snow action: they represent the environment excita-
tion to be contrasted. The confinement of the vibration requires a balance
between the devices along the bridge and the devices transversal to it, in
the horizontal plane.

Furthermore, semi-active structural control schemes are pursued both fol-
lowing the remarks discussed in [1] and by tuning the devices to the actual

value of the external loads.

5.2 Control scheme implementation

5.2.1 Structural idealization

The bridge is first equipped with a series of passive elasto-plastic devices
located in the eight positions shown in Figure 5.1. Indeed, the passive
devices are located symmetrically with respect to the deck longitudinal axis
under the bridge deck: two devices between the ground and Bent 1 (see
Figure 5.1), two devices between Pier 2 and the deck, two devices between
Pier 3 and the deck, two devices between Pier 4 and the deck. These devices

are able to guarantee energy dissipation in two orthogonal directions, the
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| \?%?

4‘3 kgé% Pier 4

B Passive devices
locations

e
iént 1

Figure 5.1: Passive devices location along the bridge span

one along the deck and the direction transversal to it. The idea is to sustain
the deck on an ideal dissipative surface, not just by the cable linear elastic
behaviour. The flow scheme of Figure 5.2 7] [8] presents the benchmark
model and the control system design developed: the implemented passive
devices show potentially different characteristics in the longitudinal and

transversal directions.

5.2.2 Passive devices simulation

The passive device idealization is pursued by the Bouc-Wen endochronic

hysteretic model in the form

i = Ay — Bylz" — ylylz|z[" ! (5.1)
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Figure 5.2: Simulink flow diagram developed in this study
u=(1-a)kz+ aky (5.2)

where z is the auxiliary variable controlling the hysteretic behaviour, u is
the processed force, and A, 3, a, 7, n are parameters defining the amplitude
and the shape of the cycles [12].

The Bouc-Wen parameters for the different devices considered throughout

this chapter are summarized in Table 5.1.

5.3 Phase I vs. Phase 11

Tables 5.2 and 5.3 present a series of results collected toward a compari-

son of Benchmark Phase I with Phase II. The devices parameters originally
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A N « B=r K[KN/m]
Type 1 1 1 002 40 (V, = 1000KN) _ 80000
Type 2 11 002 20 (V,=2000KN) 80000
Type 3 1 1 0.02 8 (V, = 5000KN) 80000
Type 4 1 1 0.00001 8 (V,, = 5000K'N) 80000
Type 5 1 1 0.02 160 (V,, = 250K N) 80000
Type 6 1 1 0.02 40000 (V, =1KN) 80000
Type 7 1 1 0.00001 40000 (V,, = 1KN) 80000
Type 8 1 1 0.02 80 (V,, = 500K N) 80000
Type 9 1 1 0.02 10 (V,, = 4000KN) 80000

Table 5.1: Device parameters

selected for Phase I [5] are also adopted for Phase II, but together in the
longitudinal and transversal directions.

In Phase IT a greater number of design situations are investigated, see Ap-
pendix B for more details on the differences between Phase I and Phase II.
Both seismic incidence directions of 15° and 45° are considered in Tables
5.2 and 5.3. The 15° incidence angle will be the only considered in the
successive analyses.

The cable-stayed bridge benchmark in Phase II introduces 18 criteria for
the evaluation of the performances of the control solutions, they express
ratios to the uncontrolled case. The uncontrolled case includes rigid-links
(i.e., shock transmission devices) where the devices are located. Appendix
B reports the definitions of the criteria, but they can briefly reassumed as

following

e the first six criteria consider the ability of the controller to reduce

peak responses,

e the second five criteria consider normed responses over the entire time
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B-Wen parameters Fhase | Phase Il Type 1
Snow K ,=80000 K ;=10 KN ves yes
Incidence angle V,=1000 KN 15° 45°

Accelerogram EIC Ilex Geb EIC Mlex Geb EIC hlex zeb

Base e 0346 | 0535 0365 | 03 | 0382 | 0379 | 0368 0407 038

shear Jiz - . ; 1015 1122 | 1039 | 0994 104 0997

Deck o 108 11 113 | 0986 1192 16 | 0858 | 115 1636
g shear iz . . - | o093 1005 0992 | 0987 0883 0991
£ Base I 0269 | 058 | 0389 | 027 0407 0742 | 0375 0421 o085
g mem Jiz : : - | 10ss qos2 1052 | 0981 1037 0993
x  Deck i 0684 | 036 | 0949 | 0642 0892 | 2693 | 0746 0795 2660
a  mem iz . 1009 0993 1001 | 0097 1001 1002

Cable Js

tens. 0216 | 00479 043 | 0271 0446 | 0346 | 0276 | 0415 0321

Deck Js

displ 135 | 181 | 248 | 1384 2587 10195 2193 | 2981 12799

Base Je 0493 | 107 | 0677 | 0248 0289 | 0357 | 025 | 0322 0402

shear Jre . . ; 1013 1054 | 105 | 0979 1004 1026
g  Deck Jax 197 181 321 | 1485 | 1207 1004 | 1136 | 1274 2122
5 shear Jiz - . - | ogrs 09%8 0993 | 0983 0973 1003
$  Base Jux 0522 | 144 099 | 0209 0392 | 0886 | 0319 | 0447 1084
E mer. Jiz . . ; 1005 1051 | 1038 | 0983 0938 1073
5  Deck Jiox 131 1 a3 083 | 1007 | 2961 | 0926 1091 356
= | mom 1oz . . ; 1002 1004 | 1003 | 1003 | 1003 1005

Cable a1

tens. 00343 | 00114 | 00276 | 0032 0018 0033 | 0032 | 002 0032

Paak i 000198 000198 000198 | 0002 0002 0004 | 0003 0002 0004
L | foree iz : : - 0 0 0 0 0 0
g Sggﬁ-e iz 0886 | 0812 136 | 0835 1409 | 4449 | 1163 1356 5683
b= Jisz . . - 0002 0003 | 0002 [ 0002 | 0002 0002
T Peak Juax 000552 0.00657 000998 | 0.005 0009 0021 | 00068 = 001 0024
s i - . . 0 0 0 0 0 0

Total Jise 000021 0.00021 000023 | 0001 0001 0002 | 0001 0001 0003

pow. 15z - - - 0 0 0 0 0 0

Table 5.2: Phase I [5] -II - Comparison of the results achieved by elasto-
plastic parameters. The snow action is not included. The columns 15° and
45° refer to two different angles of incidence of the seismic action
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B-Wen parameters Fhase | Phase Il Type 1
Snow K ,=80000 K ;=10 KN ves yes
Incidence angls V,=1000 KN 147 45°
Accelerogram EIC Ilex Geb EIC Mlex Geb EIC hlex zeb
Base e 0346 | 0538 0365 | 0345 0438 | 038 | 0449 | 0428 0377
shear Jiz ; 102 1121 1039 | 099 | 1033 0997
Deck i 108 11 113 | 097 | 1223 1604 | 0864 | 1185 1732
g shear Jz : - | o093 1006 0993 | 0985 0985 0991
£ Base I 0269 | 058 0389 | 0278 0421 | 076 | 0391 0418 0878
g mom iz : - | 1095 1097 1052 [ 091 1038 099
x  Deck i 0684 | 036 | 0949 | 0624 0897 | 2760 | 076 | 0813 2786
a  mem iz . 1009 0993 1001 | 0098 1001 1002
Cable Js
tens. 0216 | 00479 013 | 0266 015 | 0354 | 0274 | 0453 0328
Deck s
displ 135 | 181 | 248 | 1393 2595 10506 217 | 2983 13331
Base Je 0493 | 107 | 0677 | 0283 | 0335 | 0366 | 0289 0372 0416
shear Jre ; 1013 1053 | 105 | 0979 1004 1026
g  Deck Jax 197 181 321 1146 | 1205 1977 | 1138 1264 2254
g shear Jiz - - | ogre 09ss 0993 | 0993 0973 1003
$  Base Jix 0522 | 144 099 | 0307 0397 0931 | 0329 0454 1161
E mer. Jiz ; 1006 105 | 1038 | 0983 0938 1073
5  Deck Jiox 131 1 43 | 0839 | 0997 3129 | 094 | 1081 3383
= | mom 1oz ; 1002 1004 | 1003 | 1003 | 1003 1005
Cable Jiy
tens. 00343 | 00114 | 00276 | 0032 0018 0033 | 0032 | 002 0033
Paak . 000198 000198 000198 | 0002 0002 0004 | 0003 0002 0004
L | e Jize . . - 0 0 0 0 0 0
g Sggﬁ-e iz 0886 | 0812 136 | 0863 1441 4584 | 1135 1302 592
b= Jisz . . ; 0002 0003 | 0002 [ 0002 | 0002 0002
T Peak Juax 000552 0.00657 000998 | 0.005 0008 0022 | 0006 001 0025
s i - . . 0 0 0 0 0 0
Total Jise 000021 0.00021 000023 | 0001 0001 0002 | 0001 0001 0003
pow. 15z - 0 0 0 0 0 0

Table 5.3: Phase I [5] -II - Comparison of the results achieved by elasto-
plastic parameters. The snow action is included. The columns 15° and 45°
refer to two different angles of incidence of the seismic action
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record,

e the last seven criteria consider the requirements of the control system

itself.

The simulations with snow extra load presents more onerous outputs but
they are similar to the ones obtained in the case without snow. The snow
action is neglected in Tables 5.4 and 5.5.

Table 5.4 presents the comparison among the performances achieved by the
first four devices in Table 5.1. In the first three cases the deck displacements
Je is inversely proportional to the device elastic limit. When a perfectly-
plastic behaviour (Type 4) is considered for the device a bit of increment
in the displacements is obtained. The hysteretic cycle of the last device is
similar to the one of the electro-inductive tested in laboratory as detailed
in a dedicated chapter and introduced in [1].

Figures 5.3 and 5.4 present the hysteretic cycles for elasto-plastic and
elasto-perfectly-plastic behaviour of the device in the longitudinal direction.
They are related to a device of Type 1 located at Pier 2. The Gebze earth-
quake is considered with incidence angle of 15° without snow. Table 5.4
emphasizes how a better performance is achieved at the cost of higher deck
displacements.

Figure 5.5 presents a trend of deck longitudinal displacement to Bent 1,

Pier 2, 3, 4. The are always uniform but not coincident (v. Figure 5.6).



Chapter 5: Passive control of cable-stayed bridges toward semi-active 95

1500

1000

300

Force [KN]

-500 [ |
-1000 | Ji o

1500 - [
!

-2000 !
-0.8 0.2 04 06

08 0.4 02 0
Displacement [m]

Figure 5.3: Gebze earthquake. Longitudinal device of Type 1 connecting
nodes 84-313, elasto-plastic behaviour

5.4 Improving the response

Plotting in a diagram (Figure 5.7) the longitudinal and transversal displace-
ments of the deck relative to Pier 2 more than one order of magnitude of
difference between them is showed. Also evaluating the transversal result-
ing force (Figure 5.8) and the hysteretic cycle, the dissipative behaviour
is approximatively negligible. This means that the transversal devices are
likely to be unnecessary. Some results are presented in Table 5.5 where
several devices and characteristics are discussed. The conclusion that no
transversal devices are necessary is achieved.

Following the remarks of [6], Table 5.6 shows the performance of a set of

passive devices at different intensities of seismic excitation. It is evident that
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B-Wen param. Type 1 Type 2 Type 3 Typed
Accelerogram EIC  Mex Geb | EIC | Mex | Geb | EIC  Mex Geb | EIC | Mex  Geb

Base | Jy | 03 0382 0279|024 0414 0423 | 0331 0474 0498 | 0328 047 0498
e | g, | 1015 1122 1030 [ 1022 | 1112 1o | 1013 12 104 | 1013 | 1112 1041
Deck | Jy |0966 1192 16 | 1033 1223 1451|1945 1265 1054 | 1042 1257 1058
e | 0, |oge3 1006 0002 | 0983 1016 0091 | 0963 1025 0095 | 0063 1036 0995
Base | Jy | 027 0407 0742 | 0208 0433 0861|0376 0585 0461 | 0371 0579 0457
MOM- | Jy, | 1085 1082 1052|1089 1075 1048 | 108 1073 1035 | 108 1074 1036
Deck | Jy |0842 0802 2693 | 0712 0881 1898 | 0811 095 081 | 0803 0909 082

Feak responses

MM 1 J, | 1000 o083 1007 | 101 0983 | 1 | 101 0991 1 | 101 0991 1
Cable | J;
tens. 0271 0149 0246 | 0281 0149 0264 | 0286 07155 0188 [ 0286 0155 07188
Deck | Jq
displ 1264 2587 104135 162 | 2531 | 7195 | 2286 4191 2550 | 206 | 4255 2580

Table 5.4: Phase II - Seismic input angle 15° - no snow. Comparison of the
performance achieved by adopting devices of different type

B-Wen Longitudinal Type 2 Type 2 Type 2
B-Wen Transversal Type S Type & Type 7
Accelerogram EIC Mex | Geb EIC Mex | Geb EIC Mex | Geb

Base | Ji [ 0204 0414 0423 | 0294 0414 0423 | 0294 0414 0423
seat |y 1002 12 toss | 1022 1112 ode | 1021 1112 1046
Deck | o | 1033 1223 1451 [ 1033 1223 1451 | 1033 1203 1451
shear |y, | oges 1016 0991 | 0962 1016 0091 | 0962 1015 0.991
Base | Ji | 0298 0433 0661 | 0298 0433 0661|0298 0433 066

Peak responses

mom- g, {1080 1075 1048 | 1089 1075 1048 | 1089 1075 1048
Deck | Jy | 0713 0831 1808 | 0713 0881 1398 | 0713 0831 1898
mom- g, | 101 o099z 1 | 101 0993 1 | 101 0993 1
Cable Js

tens. 0281 0149 0264 | 0281 0149 0264 | 0281 0149 0264
Deck | J;

displ 162 2531 7195 | 162 2531 7195 | 162 2531 7195

Table 5.5: Phase II - Seismic input angle 15° no snow, different devices in
the longitudinal and transversal directions
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Input Multiplier 1 06 03
Accelerogram EIC Mlex zeb EIC Max zeb EIC Mlex Geb

Base  Jin | 0294 0414 0423 | 0308 0446 0465 | 0354 0517 0512
- sear g 1022 1412 1046 | 1021 1108 1043 | 1016 1416 104
o | Deck  Jy | 1033 1223 1451 | 1092 1246 1201 | 1181 1266 0992
E oSy, | oo 1016 0091 | 0963 1023 0093 | 0963 1026 0996
o | B®©  Jiy | 0298 0433 0661|0335 0488 0537 | 0402 0667 0478
2 mom- g, 41083 1075 1048 | 1081 1069 104 | 1079 1078 1031
a | Deck  Jy | 0713 0881 1898 | 0774 0938 1128 | 0804 0908 074
[ai]
Sopmemo g, | 101 0gez 1 101 0993 1 | 1008 o099z 1
i Cable | Jg
O tens. 0281 0149 0264 | 0286 0151 0206 | 0284 0161 019
Deck J
displ. 162 2531 7195 | 1954 3412 3914 | 2588 5008 2724
Base  Jy ; ; - o201 0405 0409 | 0208 0448 0465
e e | - - | 1021 112 1044 | 1021 1108 1043
g | Deck | Jy - - - 1018 1216 1515 [ 1092 1246 1.201
= s, ; ; - |ooez 1013 0991|093 1023 0993
o | BasE us ; ; - | o291 0423 0885 | 0335 0488 0537
2 mem. gy, ; ; - | 1091 1081 1047 | 1081 1088 104
o | Deck | Jy - - - 0693 0863 2143 | 0774 | 0938 1128
[ai]
sopmemoy, ; ; ; 101 0993 1 101 0993 1
& | Cable
O tens. ; ; - |o28 0149 o029 |0288 04151 0206
Deck Jg
displ. : : - | 1534 2526 8203 | 1954 3412 3914
Base | J,, ] ] ] ] ] - o291 0405 0408
oo | . . . . - o2 142 1044
g | Deck @ Jy ; ; ; ; ; - | 1018 1216 1515
=] snear ; ; ; ; ; - |02 1013 0991
2 Base | J, - - - - - - 0291 | 0423 | 0685
2 mom. gy, ; ; ; ; ; - 1091 1081 1047
2 | peck U ] ] ] ] ] - | o693 o0ssz 2143
i
S meme g, ; ; ; ; ; ; 101 0993 1
8 | cable
& tens. - - - - - - 0278 0149 @ 029
Deck J
displ. ; : : : : - | 1534 2508 8203

Table 5.6: Phase II - Scaled accelerograms, seismic incidence angle of 15°,
no snow, semi-active solution performance
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Load conditions 157 na snow 15° snow 457 10 5naw 45° snow
Accelerogram EIC Mex  Geb | EIC Mex | Geb | EIC Mex |~ Geb | EIC Mex | Geb
%Q Base | Jy, - - - 0346 0469 @ 0483 - - - 0452 0524 048
& shear [ Jy, - - - 1014 | 1108 | 1043 - - - 0998 1033 099
| Dedk | dy, ; ; - 1092 1263 1048 | - ; - 0853 1199 133
g shear [ Jy, - - - 0954 1026 0893 - - - 0988 0887 099
g Base | Uy ; ; . | o353 0557 omas | - ; - | 0494 | 0803 0557
g mom Ji - - - 108 | 1.085 | 1.038 - - - 0988 | 1035 0892
b Deck | Jy - - - 0734 0902 1073 - - - 0787 | 0832 1072
iR
mom Jiz - - - 101 | 0992 1 - - - 0997 1001  1.001
Cable Js
tens. - - - 0281 0153 | 0201 - - - 0297 0173 0193
Deck | J;
displ - - - 2048 | 3853 3706 - - - 2235 4597 4444
E Base | Ji | 0331 0474 0498 | 038 | 0507 0506 | 0408 0525 0491 | 0467 | 0567 0503
& shear | Jy, | 1013 1112 1041 | 1015 0 141 | 1046 | 1006 1043 0997 | 1.001 | 1034 0997
- Deck | Jy | 1448 1265 1054 [ 1117 | 127 1015 | 097 1228 1204 | 0977 | 1190 1278
ﬁ shear [ Jp, | 0983 1.025 0995 | 0964 | 1028 0994 | 099 009 0092 | 0989 0887  0.991
§ Base | Jy |0276 0585 0461 [ 038 | 0613 0489 | 0477 065 0538 | 0511 | 0673 0565
g morm Ji 108 1073 1035 | 1079 | 1087 | 1038 | 099 1033 0992 [ 0983 | 1035 0882
§ Deck | Jy 0811 0959 081 [ 0814 | 0873 095 | 0804 0855 0861 | 0835 | 0812 0953
morm Ji 101 0891 1 101 | 0991 1 099 1001 1002 | 0997 1001 1.002
Cable Js
tens. 028 0155 0183 | 0283 0157 0183 | 0293 0173 0195 [ 0307 | 0177 0201
Deck | J;
displ. 2286 4191 2559 | 2277 4449 2762 | 239 5056 3447 | 2236 5301 3821

Table 5.7: Phase II - Snow load, semi-active solution performance, seismic
incidence angle of 15°
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Figure 5.4: Gebze earthquake. Longitudinal device of Type 1 connecting
nodes 84-313, elasto-perfectly-plastic (with & = 0.00001) behaviour

the efficiency decreases with the intensity of the seismic excitation. But, if
a semi-active control system is implemented in the device, and the force
limit value is tuned on the seismic excitation intensity, one can pursue sim-
ilar performances for different seismic excitation intensities. Analogously,
Tables 5.7 compares the performances in the two cases of snow and no snow
for the two incidence angle of the seismic excitation, 15° and 45°. Also in
this case, the availability of a semi-active adaptor allows one to pursue the

same efficiency in the two cases.
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Figure 5.5: Uniform deck longitudinal displacements to Bent 1, Pier 2, 3, 4
(node 134, 118, 84, 68)

5.5 Remarks on the wind load on the benchmark
cable-stayed bridge

The seismic load showed a modest transversal response in the bridge bench-
mark so that the relevant passive control devices resulted rather ineffective.

Attention is therefore focused on the wind load.

5.5.1 Simulating a wind load record

The Italian recommendations [5] drives the designer in the evaluation of
the wind pressure on a structure. In particular it is possible to evaluate the
mean value of the wind pressure and the peak value. This last is influenced
by the gust effect.

Two considerations at first have to be done:
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Figure 5.6: Details Figure 5.5

o the cables and the towers can be considered a local problem and they

can be analyzed separately from this study,

e only the deck response is here evaluated.

The mean value p,, of the wind pressure is function of the distances z of
the structure from the ground. The deck is located at 50 m of height so the

mean wind pressure can be expressed as follow

(5) = b 53)
Pmi®) =16 ‘
Um(2) = Vpefaiono, (5.4)

where vy, is the mean wind velocity, v, is the reference value of the wind ve-
locity and without specific statistic observations can be setted to 30 m/sec,

ay is the topography coefficient and it is evaluated 1.1 for a unfavourable
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Figure 5.7: Longitudinal vs. transversal displacement, connection devices
deck-Pier 2 (nodes 313, 84), Gebze record

assumtion, «, is the return coefficient and considering a period of 1000 years
it is assumed 1.23, a, is the profile coefficient and for the position assumed
of 50 m from the ground it consists in 1.13. So the mean wind velocity
results v, = 45.8m/sec, the mean wind pressure p,, = 1.31 K N/m?2.
The peak value of the wind pressure can be calculated as p,,G where G is
the coefficient representing the gust influence. G can be processed as

G=1+1122% =162 (5.5)
ay

where o, has the same value previuosly used and o4 is the dynamic coeffi-
cient and can be calculated as 0.63 depending on the structural geometry.
This values of wind pressure will be used to generate a wind pressure time

history from a basic signal with the frequency content shows in Figure 5.9
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Figure 5.8: Force vs. transversal displacement, transversal device deck-Pier
2 (nodes 313-84), Gebze record

[11]. The wind pressure is transformed in forces considering the lateral sur-
face of the deck between two nodes of the finite element model (it consists of
about 45 m?). So 65 nodes along the deck are loaded with the time history
in Figure 5.10. The wind forces will be applied uniformly to all the deck

nodes in the horizontal direction normal to the deck axis.

5.5.2 Wind time history on the cable-stayed bridge model

The bridge benchmark control problem considers only the seismic load as
detailed in Appendix B, so the implementation of the wind load required
special developements. The seismic load was removed. The benchmark
statement allows to define forces in every node of the all structure. So 65

new force time hystories are defined and included by an external data file
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Figure 5.9: Frequency content of the basic signal for the wind pressure
simulation

as wind force on the cable-stayed bridge. Then simulated wind forces are
saved in a .mat data file composed by 66 rows. The first one contains the
time vector and the other 65 are the wind forces applied to the 65 nodes
along the bridge deck. The wind forces are incorporated in the model as
they were produced by an external device connected to the deck and the
ground. Figure 5.11 reassumes the model block in Simulink [7] where the
wind load is implemented. It is possible to see how the seismic load is setted
to zero. The wind load comes from the .mat file at the first time step of
calculation. The control forces have one step of delay because they must to

be processed.

5.5.3 Numerical simulation and results

The passive control devices applied to the cable-stayed bridge for the wind
load simulation are Type 1 with elastic limit of 1000 K N, this typology is
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Figure 5.10: Wind history, nodal forces on the finite element model

extended to all the devices in longitudinal and transversal direction. Figure
5.12 depicts the hysteretic cycle of the passive transversal device at Pier
2. Like previously found for the seismic load, also for the wind load the
dissipative behaviour is negligible. This means that the transversal devices
are likely to be unnecessary also for the wind load.

Figure 5.13 presents the transversal displacement versus the longitudinal
one for the passive device at Pier 2. The wind load transversal to the deck
appears without influence also in longitudinal direction.

The other devices at Bent 1, Pier 3 and 4 presents similar negligible dissi-

pative effects.

5.6 Summary of Chapter 5

This chapter is part of the international cable-stayed bridge benchmark and
covers the moving from Phase I to Phase IT (Appendix B). It mainly consists

in considering a bi-directional nature of the seismic excitation. Passive
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Figure 5.11: Implementation of the wind load, developed in this work, for
the bridge Simulink model

devices solutions and simple open loop semi-active control designs were

investigated. An extension of the benchmark problem to the wind load is

also included.

Table 5.8 maps the principal results.

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.
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Results

Contents

Tables 5.2 and 5.3

They show the passage from Phase I (mono-
directional seismic excitation) to Phase II (bi-
directional) with similar passive dissipative devices.
The results are comparable.

Table 5.4

It shows the responses of different passive dissipa-
tive devices to the same input excitation. The deck
displacement is inversely proportional to the device
elastic limit. Better performance is achieved at the
cost of higher displacement.

Table 5.5 and Fig-
ures 5.7 - 5.8

Under bi-directional seismic excitation, the dissipa-
tive behaviour shown by transversal devices is negli-
gible.

Table 5.6 and 5.7

Open-loop semi-active control system. The limit
value is tuned on the seismic excitation intensity or
on the presence of extra load. One can pursue similar
performances.

Figures 5.12 - 5.13

Under wind excitation, the dissipative behaviour of
transversal devices is negligible.

Table 5.8: Map of results in Chapter 5
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Figure 5.12: Hysteretic cycle under wind load at Pier 2, transversal behav-
iour, device Type 1
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Figure 5.13: Transversal vs longitudinal displacement, passive device Type
1 at Pier 2, wind load
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Chapter 6

Decentralized control solution
for the bridge benchmark

6.1 Introduction

This chapter pursues the development of an innovative semi-active, totally
decentralized control system for the cable stayed bridge benchmark intro-
duced in the previous chapter.

The decentralized strategy is referred in the literature as potentially useful
for the systematic reliable control design of different kinds of real world
large scale systems [1]. Thus, the application to the cable-stayed bridge
benchmark with diffuse sensors and devices appears suitable. The decen-
tralization is thought as "total" in the sense that neither control device
depends on any other. Seismic excitation only is considered in the study.
This chapter also discusses the implementation of semi-active devices which
use a low order control scheme for their decentralization from the nodes
where they are located.

A comparison of the decentralized semi-active control system is done with

115
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passive and active control systems. Eventually, this chapter considers ro-
bustness with regard to local failures, as well as the ability of decentralized

semi-active systems to cope with different levels of seismic intensity.

6.2 A decentralized semi-active control system

The development of a semi-active decentralized control system first of all

requires summarizing a few theoretical developments.

6.2.1 Decentralized control

The cable-stayed bridge benchmark problem investigated in this study deals
with a long span, cable-stayed bridge with two main towers and over a
hundred cables attached to it. A decentralized setting is suggested for the
control design, due to the large dimension of the bridge. In fact, control
devices and the sensors are at hundreds of meters distance among each
other, with predictable complications in term of connecting and processing.
The problem of decentralization is widely studied in several works [1] [2] [3]
[4] [5], with particular emphasis on active cases. The performances of the
decentralization, when applied to flexible structures, are slightly worse than
the centralized control system but they lie into acceptable ranges.

On the other side, the decentralization of the control systems, compared to
its centralization, presents several good points, of which two in particular

have to be underscored:

e system decentralization performs satisfactorily even under adverse
conditions. Local failures can be examined and if the system decen-

tralization is totally distributed, none of the device depends on any
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other. It is therefore acceptable to foresee the failures of one control

device at a time.

e Furthermore, the advantages of designing decentralized control schemes
result from the reduction of transmission costs within the feedback
loops, the reduction of the overall computational efforts and the pos-

sibility of a more effective power supply of the devices.

6.2.2 Semi-active choice

Cable-stayed bridges are very complex systems not only for the understand-
ing of their dynamical behaviour but also in terms of design and implemen-
tation of feedback. Moreover, they may require a significant number of
sensors and actuators installed at appropriate locations for effective con-
trol, and these may strongly interact with the bridge dynamics [5] [6].
Passive devices were proved in Chapter 5 to be useful in the seismic pro-
tection of the bridge. Moreover, they do not require external energy supply
and feedback processes. However the induced forces can be significantly
powerful, thus resulting in high forces transmitted to the structures, on the
connections.

Semi-active approaches for cable-stayed structures present several good points

in comparison with passive and active solutions, which should be underlined:

e a semi-active approach allows one to improve passive solutions by on-
line adjustments of the damping or stiffness of adaptable devices; this

is done according to feedback signals and control commands.

e semi-active control strategies simplify the design and implementation

of the control system in comparison with active solutions; this is also
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due to the requirements of low power supply and low maintenance

costs.

Reference [9] reports a semi-active low order scheme for a simple short two-
span bridge. The scheme is low order in the sense that it uses feedback only
from the nodes which are directly influenced by the devices. Usually, the
design of semi-active controllers is based on the assumption of an ideally
fast response of the controllable devices. A first order actuator dynamics
allows one to incorporate a delayed response of the device to the feedback
control signal. This is a more realistic approach to the control design in real

operational conditions.

6.2.3 Semi-active algorithm

Each semi-active device is implemented by using a simple on/off skyhook
control law. The device is controlled by two force levels. This control law is
developed so as to have a lower vibration amplitude between the two points
to which the device is connected.

Considering that the device is connected between the tower (or the bent)
and the deck, the choice between a high or low a response level of the device
is based on the following control law: the control force u is chosen depending
on the product of the relative velocity v,..; between the two connected nodes
and the absolute velocity of the device connection node on the deck. If the
product is positive or zero, the control force u is adjusted to its high level.

Otherwise u is set to the low level. This concept is summarized by:

UpUrel > 0 = u = high (6.1)
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UpUrer < 0 = u = low (6.2)

Consequently, a high control force value is used only while needed, otherwise

the lowest possible force value is adopted [3].

6.2.4 Mathematical model

Appendix B reports the main details of the benchmark control problem
statement. The model resulting from finite element formulation has the
form

M¥ + C¥ + Ky = —MTjj, + Au (6.3)

where ¥y is the second time derivative and y the first time derivative of
the response vector y with dimension 909. M, C' and K are the mass and
stiffness matrices of the structure, u is the vector of the control force inputs,
1Jq is the seismic ground acceleration, I' is a vector of zeros and ones defining
the loading of the ground acceleration to the structure, and A is a matrix
defining how the forces produced by the control devices act in the structure.
In order to make the model more manageable, the high frequency dynamics
is neglected and the model is reduced from 909 to 419 d.o.f.

The dynamic equations of the structural model are integrated directly. For
each step, one has the desired output in order to implement the semi-active
algorithm in eqs. 6.1 and 6.2. Considering that ;4 is the velocity of the
deck node to which the ith device is connected, 1;; is the velocity of the
support node for the same ith device. The semi-active control law can be
expressed as:

(Yid — Yiv)Vid > 0 = u = high (6.4)

(Yid — Yiv)Via < 0= u = low (6.5)
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From eq. 5.2 one can state for the ith device
u; = (1 — a)kzi + ak(Yia — yiv) (6.6)
where z; is processed for each device (see eq. 5.1)
i = Alia — 9iv) — BWia — Bav)zil™ — ¥ (ia — Giv)zilzi "~ (6.7)

The control forces have thus been defined by two processes: the Bouc-Wen
model [12] and the semi-active skyhook control law. Figure 6.1 presents
a detail of the finite element mesh with the semi-active control device be-
tween Pier 2 (node 314) and the deck (node 151); the control forces in the
longitudinal and the transversal direction are depicted.

The low order decentralized control scheme consists in 8 sub-systems se-

i,
e ‘f
7 el

Control
device

Figure 6.1: Detail of the semi-active control device implementation between
Pier 2 (node 314) and the deck (node 151), control forces
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Figure 6.2: Structure decomposition, 8 sub-systems

lected by the positions of the control devices along the bridge structure.
Figure 6.2 depicts the sub-systems distribution. Each sub-system processes
independently its own control forces, in the longitudinal and transversal
directions, having feedback only from the nodes where the devices are con-
nected.

The dynamic equations of the system 6.1 could also be managed by a
transfer function approach (Chapter 2 introduces, as an example, a sys-
tem equipped with a feedback process, see eq. 2.13). The transfer function

of the bridge model can be written as follows

(Ms? + Cs + K)y(s) = —MTs%y,(s) (6.8)

MT's?
(Ms?+Cs+ K)

y(s) =— Yg(s) (6.9)
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The control forces expressed by eq. 6.6 represent the control feedback of

the process. So one could consider the whole system as

é\/[Fs2
Ms?2+Cs+K
y(s) = ( MTs? ) Yg(s) (6.10)

1= (—arzsesry) Wa)

where W, is the transfer function of the system producing the control forces.
In this specific study, however, it is not possible to explicitate W, because
the control system shows strongly non linear components. Figure 6.3 depicts
the nonlinear term (N L block in the scheme) as expressed by eq. 6.7.

The bridge benchmarck model with the non linear vibration protection

£ J TS Y
Ms* Cs+ K

1 (1-ck NL T Y

Figure 6.3: Transfer function scheme with a non linear term

strategy has to be solved by integrating the differential equations directly
and considering the non linear behaviour separately. Its implementation is

presented in the remaining part of the chapter.

6.2.5 Implementation of the semi-active total decentralized
control system

In this chapter the cable-stayed bridge is equipped with 8 semi-active de-

vices in the longitudinal direction and 8 in the transversal one. The po-
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sitions where the devices are located are the same as those used for the
passive control system, discussed in Chapter 5. The devices working in the
longitudinal direction are located symmetrically with respect of the deck
longitudinal axis under the bridge deck: two devices between the ground
and Bent 1, two devices between Pier 2 and the deck, two devices between
Pier 3 and the deck, two devices between Pier 4 and the deck. The same
arrangement is used for the devices working in the transversal direction.
These 16 devices together are able to guarantee the energy dissipation in
the two horizontal orthogonal directions, the one along the deck and the
other in the direction transversal to it.

The devices are semi-active in the sense that they are able to change their
hysteretic dissipative cycles by increasing or decreasing the elastic limit
force. The hysteretic behaviour is determined by the Bouc-Wen model, the
same as the one used for the passive control system of Chapter 5.

The model of the total decentralized semi-active control system is imple-
mented in Matlab and Simulink [13]. The implementation is not immediate
and covers a great number of blocks and sub-blocks of the Simulink code.
Some figures try to describe the basic ideas.

Figure 6.4 depicts the global Simulink flow scheme, where the semi-active
devices are implemented with potential different characteristics in the longi-
tudinal and transversal directions. For the implementation of the Skyhook
on/off algorithm the inputs of the semi-active devices blocks account for
the absolute and relative velocity values of the nodes where the devices are
connected. The relative values of the displacement are also included, as
they serve for the implementation of the Bouc-Wen model.

The distribution of the 8 devices in the longitudinal direction is shown
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Figure 6.4: Simulink flow diagram developed in this work, level 0 blocks

in Figure 6.5. The inputs account for the absolute and relative velocity
values and the displacement of the nodes where the devices are connected.
The Bouc-Wen model is implemented separately for each device as Figure
6.6 clarifies. The Bouc-Wen parameters for the different configurations of
the semi-active devices throughout this chapter are summarized in Table
6.1. The device parameters are defined by an external Matlab script file.
The parameter regulating the elastic limit force of the hysteretic cycle is
processed by the Skyhook on/off algorithm implemented by a switch as de-
picted in Figure 6.7.

The possibility to select different parameters for the devices is a must. Con-
sider the devices at Bent 1. They are connected directly to the ground, so

the velocity is just absolute. In other words, the relative velocity between
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A N « B=r K[KN/m]
Type 1 1 1 0.02 40 (V,, = 1000KN) 80000
Type 2 1 1 0.02 20 (V, = 2000KN) 80000
Type 3 1 1 0.02 8 (V, = 5000KN) 80000
Type 4 1 1 0.00001 8 (V,, = 5000K'N) 80000
Type 5 1 1 0.02 160 (V,, = 250K N) 80000
Type 6 1 1 0.02 40000 (V, =1KN) 80000
Type 7 1 1 0.00001 40000 (V,, = 1KN) 80000
Type 8 1 1 0.02 80 (V,, = 500K N) 80000
Type 9 1 1 0.02 10 (V,, = 4000KN) 80000
Type 10 1 1 0.02 320 (V, = 125KN) 80000

Table 6.1: Semi-active parameters

the connection nodes multiplied by the velocity of the deck nodes yealds

either a positive value or a zero (see eq. 7.2). At any rate the Skyhook

algorithm produces a high level of control forces. To manage this local be-

haviour, lower elastic limit values for the devices are implemented.

6.3 Summary of Chapter 6

In this chapter, issues concerning the application of decentralized control

solutions for large structures are discussed. A semi-active decentralized con-

trol system is implemented for the cable-stayed bridge benchmark control

problem. In Chapter 7, numerical simulations are performed and bases for

a comparison with different control techniques are introduced.



126 Structural control of cable-stayed and suspended bridges

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.

u
Uref

Y
M,C K

Yy
u
r

A

Yref
z

A767a777n

k
S
Wy

NL

control force

relative velocity

displacement

matrices of mass, damping and stiffness

vector of displacement

vector of control forces

vector of zeros and ones defining the loading of the ground
acceleration on the structure

matrices defining how the control forces act in the structure
ground displacement

auxiliary variable controlling the hysteretic behaviour
parameters defining the amplitude and the shape of the hys-
teretic cycles in th Bouc-Wen model

device stiffness

Laplace variable

transfer function matrix of the system producing the control
forces

nonlinear operator
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Chapter 7

Semi-active protection of cable
stayed bridges

7.1 Introduction

This chapter summarizes the results achieved by the implementation of the
semi-active decentralized control system discussed in Chapter 6.

Different numerical simulations using the proposed decentralized semi-active
control have been conducted. The results have been discussed with the aid
of two utility functions. Eventually, an active control strategy has been

developed with the aim of defining a target for the performance evaluation.

7.2 Utility functions

The utility functions ¢; and ¢ have been introduced herein to provide an
improved tool of system evaluation. They are defined in the below general

form

6
¢ = izl fi:;%_z (7.1)
e (2

135
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Index Weights ¢; | Weights ¢,
J1: Base shear longitudinal direction 30 15
J1, Base shear transversal direction 1 1
Jaz Deck shear longitudinal direction 1 15
Jo. Deck shear transversal direction 1 1
J3; Base moment longitudinal direction 30 15
J3. Base moment transversal direction 1 1
J4z Deck moment longitudinal direction | 1 15
Js4, Deck moment transversal direction 1 1
Js Cables tension 30 21
Jg Deck displacement 4 15

Table 7.1: Weights for two utility functions of the form 7.1

where p; are the weights and J; ., the evaluation criteria with i = 1, ..6 for
the directions « and z. In Table 7.1 the weights adopted for the calculus
of the utility functions are listed. The first one emphasizes base shear,
base moment in longitudinal direction and cable tension, while the second
function is more general. It is worth underling that co with a weight of
15 in Jg is more onerous for a vibration protection system which reduces
the internal actions by managing the displacements (passive and semiactive
ones).

In the remaining part of this chapter, all the numerical results for ¢; and co
have been reported (see Tables 7.2, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9); c¢1 has also
been reported in the histograms (see Figures 7.2, 7.3, 7.7, 7.8, 7.9, 7.10,
7.11).

7.3 Active control results as target

An active control scheme based on a linear quadratic gaussian regulator

(LQG) has been introduced in order to define a target for further simula-
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tions. The LQG active control system, suggested by the benchmark problem
statement [1] [2], shows the same location of the control devices as those
discussed in Chapter 5. This will make a comparison of the different control
strategies consistent.

In [3] the LQG active control algorithm has been widely discussed. It con-
sists in a technique developed from the LQR (linear quadratic regulation)
scheme [4], for a stochastic external excitation. In LQG control, the regu-

lation performance is measured by a quadratic function of the form
o
E(u) = / (yI'Qy + 2yT Nu 4+ u? Ru)dt (7.2)
0

The weighting matrices @, N, and R have been specified by the user and
define the trade-off between regulation performance and control effort. The
first design step seeks a state-feedback law u = — Ky that minimizes the
cost function Z. The minimizing gain matrix K is obtained by solving an
algebraic Riccati equation. This gain is called the LQ-optimal gain [5] [6].
In this study, the best configuration for LQG control parameters for the
bridge benchmark control problem was obtained by numerical simulations
and the results have been used in the following steps as a target.

Figure 7.1 depicts the implemented Simulink flow diagram. The a/d-d/a
converter where the problem of hardware saturation is included and the
sensors block in which a noise presence is added should be taken into account

for a more realistic approach to the control problem.

7.4 Numerical simulations

The bridge benchmark statement (Phase II) comes with an example serv-

ing as a guide to the benchmark participant. This example is a standard
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centralized active control applied to the benchmark problem. The active
controller implements a LQG (linear quadratic Gaussian) regulator with
longitudinal actuators placed between deck and Bent 1, Towers 2-3, Pier 4.
The proposed control strategy has also been compared to the passive so-
lution, to provide a broader perspective with regard to quality. Table 7.2
shows the results of the active solution and the main passive solutions for
the case of 15° of seismic incidence, without any extra snow load. Table
7.3 reports some details of the semi-active simulations and Table 7.4 the
respective results. They serve for a comparison of an active strategy to the
total decentralized semi-active one. Only peak values in the evaluation cri-
teria have been reported, together with the two newly introduced additional
utility functions.

Figures 7.2, 7.3 depict histograms with the variation of the utility function

¢ 1 for the different solutions.

Earthquake Eqnum
--------------------------------- Evaluati LI
Elcentra 1 | Excitation e )
ol exico 2 c ) Ewaluation
Gehze 3 e (e Outputs
o Contral force (f) Sensors (ym) . > ym
Bridge hodel Measurement
Outputs
® f
Clock Time u | u ws V5 WM
device fo
Caontroller and Sensors

Cyntrol Devices AJD - DiA Converters

Connedion
CQutputs

Ll
Device forces

Figure 7.1: Simulink flow diagram for the active control implementation

The configurations of the semi-active devices cover several scenarios.
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Criteria
Accelerogram

Active

EIC = Mex

Geb

Passive Type 1
EIC | Mex Geb

Passive Type 2
EIC | Mex  Geb

Passive Type 3
EIC | Mex  Geb

Base |J1x
Shear |J1z
Deck | J2x
shear |J2z
Base |J3x
Mom. | J3z
Deck | J4x
Mom. | J4z
tens. J5
disp J6

0.331
1.022
0810
0.967
0.324
1.097
0612
1.009
0.248
1.028

0415
1117
0.828
0.998
0.396
1.079
0.766
0.992
0121
1.783

0474
1.037
0941
0.994
0456
1.046
0855
1.001
0182
2403

0300 0382 0379
1015 11221 1.039
0966  1.192 1600
0963 1.006 08992
0270 0407 0742
1095 1.082 | 1.052
0642 0892 2692
1.009 08993 1.001
02710149 0346
1364 2587 10195

0294 0414 0423
1022 1112 | 1.046
1.033 11223 1451
0.963  1.016 0991
0298 0433 0661
1.089 1075 | 1.048
0713 0.881  1.898
1.010 | 0993 1.000
0281 0149  0.264
1620 2531 7195

0331 0474 | 0498
1013 1 1.112 ) 1.041
1148 1 1265 1.054
0963 1.025 | 0996
0367 0585 0461
1.080 1073 1035
0811 0959 0810
1.010 1 0991 1.000
0286 0155 0188
2286 4191 2558

c_1
c_2

0.367
0.559

0409
0.695

0489
0.863

0364 | 0448 | 0932
0629 0.892 2455

0385 | 0463 | 0767
0.594 | 0.896 | 1.840

0447 | 0596 | 0506
0842 | 1.196 | 0.888

Table 7.2: Active

and passive results - no snow, incidence angle 15°

Simulation A

high control force

low control force

NOTE

transversal dev.

longitudinal dey.

Type 1 (vy=1000KM)
Type 1 (y=1000KMN)

Type 8 (vy=500KN)
Type 8 (Wy=500KN)

Bent 1: devices type 1 for
the two directions

Simulation B

high control force

low control force

NOTE

transversal dev.

longitudinal dey.

Type 2 (Wy=2000KM)
Type 2 (Wy=2000KM)

Type 8 (Wy=500KM)
Type 3 (Wy=500KMN)

Bent 1: devices type 2 for
the two directions

Simulation C

high control force

low control force

NOTE

transversal dev.

longitudinal dey.

Type 8 (vy=500KN)
Type 8 (Wy=500KM)

Type & (Wy=250KN)
Type 5 (Wy=250KN)

Bent 1: devices type 3 for
the two directions

Simulation D

high control force

low control force

NOTE

transversal dev.

longitudinal dey.

Type 8 (vy=500KN)
Type 8 (vy=500KN)

Type 5 (Wy=250KN)
Type 5 (Wy=250KN]

Bent 1: devices type 10
for the twao directions

Simulation E

high control force

low control force

NOTE

transversal dev.

longitudinal dey.

Type 3 (vy=5000KM)
Type 3 (Wy=5000KMN)

Type 2 (Vy=2000KIN)
Type 2 (Wy=2000kK1)

Bent 1: devices type 2 for
the two directions

Table 7.3: Simulations details

Simulation cases A, B and C present rather low values of the elastic limit of
the Bouc-Wen model. Actually at Bent 1 the devices parameters are always
set on high force levels for formally discussed reasons. The simulation case
D was introduced to study the possibility of achieving a better response
by setting a lower elastic limit for the devices at Bent 1. The result was
positive.

Figure 7.4 presents the intensities of the three records. The worst among
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Criteria Simulation A Simulation B Simulation C Simulation D Simulation E
Accelerogram | EIC Mex | Geb | EIC  Mex | Geb [ EIC  Mex  Geb | EIC | Mex  Geb | EIT | Mex  Geb
Base |J1x|0311 0375 0377|0313 0366 0382|0320 0397 0348 (0320 0.393 0351|0301 0432 0423
Shear | Mz [1.027 1117 1041 [ 1023 1124 1047|1073 1138 1083 [ 1072 1135 1.087 |1.023 1.085 1.048
Deck | J2x |0.906 1160 1986 | 1.299 2738 2446 |0.941 1138 2069 (08948 1122 1.797 [1.057 1.235 1452
shear [ J2z |0960 0995 0995 | 0856 0999 0998 (0983 0872 0975|0934 0966 0877|0962 1025 0991
Base |J3x|0.246 0365 0906 | 0668 1606 1162|0238 0380 0959 (0240 0.385 0843 |0.308 0444 0662
Mom. [J3z 1082 1078 1055 1088 1087 | 1056 (1139 1084 1.025]1.138 1.092 1037 |1.089 1.100 1.050
Deck | J4x |0597 0793 3446 | 2579 5206 4839|0555 0865 3692 (0550 0.957 3305 |0.728 09721901
Mo, [ J4z 1009 0992 1001|1008 0993 1001 (1022 1050 099111032 1048 0991|1010 0892 1000
Cable
tens. | JB (0265 0152 0408 | 0375 0375 0441 (0265 0158 0419|0267 0154 0402|0284 0157 0264
Deack
disp J6 | 1.640 19587 12.835]|11.698 22815 17.163]1.342 2136 13.230{1.338 2495 12.576|1.686 2.953 7204

c_ 10368 0409 1116 [ 0954 1738 1396 |0.358 0428 1147|0359 0443 1074|0394 0492 0767
c_2|0652 0776 2058 (2603 5031 4032|0607 0813 3181|0605 0877 2856|0713 0980 1.843

Table 7.4: Semi-active results - no snow, incidence angle 15°

them, due to the effects it implies, is represented by Gebze one.

Figure 7.5 shows the semi-active processed force at Pier 2 in the longitudi-
nal direction under the El Centro record for the simulation D, Figure 7.6
for the simulation E. The parameters of simulation E are too high to show
a semi-active behaviour of the device. The semi-active simulation case D
appears to be the best performing of all the tested cases. Device setting
Type 2 in Table 7.2 shows the best results among passive solutions. The
semi-active simulation D and the passive solution set with Type 2 parame-
ters are compared with the active target, for all the load cases available in
the benchmark.

Figures 7.7, 7.8, 7.9 and 7.10 present the comparison in terms of utility
function ¢_1. Tables 7.5, 7.6 detail the numerical results of benchmark
evaluation criteria for peak responses. The simulation results show the
good performance of the semi-active total decentralized control system. In
the light of El Centro and Mexico, it is close to the active solution (in some
cases even better) and, generally, much better than the passive solution.

In case of Gebze noise, the effectiveness of the semi-active system is not so
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Figure 7.2: Utility function ¢_1 for the different semi-active solutions - no
snow, incidence angle 15° (EIC=El Centro input, etc.)

evident but it remains within good ranges. To improve this lack of perfor-

mance, a higher elastic limit of the device could be more suitable.

7.5 System efficiency for different seismic intensi-
ties

Theoretically the most evident quality of a semi-active control system is its
ability to adapt its configuration to the level of external excitation. For
passive systems, it is evident that their efficiency decreases as the seismic
excitation intensity increases. By contrast, the semi-active strategy is able
to tune the force limit value on the seismic excitation intensities. Table 7.7
shows the performances of the semi-active simulation case D at different
intensities of the seismic excitation: the availability of the semi-active pro-

tection system allows one to pursue the same efficiency in all the cases.
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Figure 7.3: Utility function ¢_ 1 for active and passive solutions - no snow,
incidence angle 15° (EIC=EI Centro input, etc.)

Figure 7.11 underlines the good performance achieved by the semi-active

solution in terms of utility function ¢_1 for different seismic intensities.

7.6 Robustness considerations

The semi-active control system implemented in this chapter, for its decen-
tralized nature with devices independent from each other, suggests to check
the robustness in the occurrence of local failures. The failure is simulated
by reducing the device stiffness from 80000 K N/m to 800 K N/m. So three
simulations are processed with an incidence angle of 15°, without the extra
load of snow. The three failures considered are at Bent 1, Pier 2 and Pier
4, respectively. The results are reported in Table 7.8.

The control behaviour remains satisfactory in all cases. Only for the Gebze
seismic record, a better response in terms of utility function ¢ 1 is reported.

This is an interesting result. It can be justified by a redistribution of the
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effect induced by the failed device on the global geometry of the bridge.
This effect results in a loss of symmetry in the problem. The evaluation
criteria in the transversal direction compensate the failure effects, resulting

in a better performance.

7.7 Remarks on improving responses

Case D performs suitable responses very close to the active solution, some-
times even better. When noise intensity is reduced by a multiplier 0.6 or
0.3, the performances are very good. So case D can be considered suitable
for sites where a hazard analysis indicates at rather light frequent seismic
excitations.

In order to improve the response shown by simulation D, the high level of
on/off Skyhook algorithm (see Chapter 6) [7] is set with Type 1 parameters.
The elastic limit so increases from the level of V,, = 500K N to 1000KN.
Table 7.9 details the evaluation criteria for the load case with 15° of seismic
incidence angle, without snow extra load and with two values of multipliers
of the input, 1 and 0.3. The response is effectively improved.

Figures 7.12, 7.13, 7.14 and 7.15 present the structural responses in terms
of acceleration for the El Centro input signal. In particular Figure 7.12 and
7.14 are relatives to the deck in the longitudinal and transversal directions,
respectively. The longitudinal direction is strongly involved in the seismic
motion.

Figure 7.13 and 7.15 present the results for the top of the tower at Pier 2,

the intensity of the accelerations is much greater than the one at the deck.
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7.8 Summary of Chapter 7

In this chapter a semi-active, decentralized solution is applied to a cable-
stayed bridge benchmark control problem. This control strategy is com-
pared with a passive and an active solution. It results close to the latter (at
times even better) and generally better than the former solution. In par-
ticular, a semi-active configuration, referred in this work as case D, shows
good performances.

A robustness study has also been conducted with the semi-active solution
and it reveals suitable robustness against local failures of the control de-
vices.

Finally a new semi-active configuration has been tested in order to find the
best tuning of the device parameters and to improve the performances of

case D.

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.

Ji evaluation criteria (i=1,..18)
ci utility function (i=1,2)
Di weights

displacement

control force

LQG quadratic function
weights matrices

gain matrix

time

yelding level

T Qe <
=
=y

!
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Figure 7.4: El Centro, Mexico, Gebze record
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Figure 7.5: Semi-active device at Pier 2, El Centro record, simulation D
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Figure 7.6: Semi-active device at Pier 2, El Centro record, simulation E
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Figure 7.7: Utility function ¢_1 - no snow, incidence angle 15° (EIC=El
Centro input, etc.)
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Figure 7.8: Utility function ¢_ 1 - snow, incidence angle 15° (EIC=EI Centro
input, etc.)
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Figure 7.9: Utility function ¢_1 - no snow, incidence angle 45° (EIC=El
Centro input, etc.)
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Figure 7.10: Utility function ¢_ 1 - snow, incidence angle 45° (EIC=EI Cen-
tro input, etc.)
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Criteria Active [ Semi-activeD | Passive Type 2
Incidence angle 15° no snow
EIC  Mex Geb  EIC | Mex Geb  EIC | Mex  Geb
Base [J1x|0.331 0415 047410320 0393 0351|0294 0414 0423
Shear |J1z| 1022 1117 10371072 1135 1097 [1.022 1112 1046
Deck [J2x| 0810 0828 0941|0848 1122 1797 |1.033 1223 1451
shear |J2z|0967 0998 0934|0984 0966 0977|0963 1016 0991
Base [J3x|0.324 0396 0456|0240 0385 0843|0293 0433 0661
Mom. |J3z] 1097 1079 1.046[1138 1092 1037 [1.089 1075 1048
Deck [J4x|0612 0766 0955]10550 0957 3305|0713 0851 1898
MWom. |J4z]|1.009 0992 1.001(1.022 1.045 0991 [1.010 0993 1.000
Cable
tens. | J5 | 0248 0121 0182|0267 0154 0402 |0281 0149 0264
Deck
disp. | J6 |1.028 1783 2403|1338 2495 12576(1620 2531 7.195
c_1|0367 0409 048910359 0443 1074|0335 0463 0767
c_2|0559 0695 0863|0608 0877 2956 |0694 0896 1840
Incidence angle 15° snow
EIC  Mex Geb  EIC | Mex  Geb  EIC | Mex  Geb
Base [J1x|0358 0485 0480]0364 0435 0347 |0340 04358 0421
Shear |J1z|1.022 1115 1.037]1.079 1133 1.089 [1.022 1110 1.044
Deck [J2x|0853 0861 0973103848 1149 1856 |1.033 1242 1485
shear |J2z|0967 0999 0934|0984 0964 0976 | 0962 1015 0991
Base [J3x|0.336 0416 046310258 0377 0837|0307 0438 0637
Mom. |J3z] 1095 1.093 104501136 1105 1029 [ 1090 1088 1047
Deck [J4x| 0642 0771 0979|0569 0945 3304 |0699 0866 2039
Wom. |J4z]1.009 0993 1.001(1.024 1.045 0991 [1.010 0992 1.000
tens. | J5 | 0246 0113 0173|0264 0153 0400|0273 0150 0230
Deck
disp. | J6 |1.054 1822 2546|1342 2447 1251215622508 7.866
c_1]10380 0435 049910377 0451 1068|0397 0471 0807
c_2|0579 0719 0894|0620 0878 2953|0639 0837 1976

149

Table 7.5: Comparison benchmark evaluation criteria peak values - inci-
dence angle 15°, snow and not
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Criteria Active | SemiactiveD | Passive Type 2
Incidence angle 45° no snow
Accelerogram | EIC | Mex  Geb | EIC | Mex  Geb | EIC | Mex | Gsb
Base |J1x|0371 0415 0425|0356 0386 0424 | 0358 0447 0364
Shear [J1z]0.991 1.044 0995811145 1095 0942 10999 1042 0996
Deck |J2x|0630 1.028 0937|0864 1297 2144 | 0895 1194 1244
shear |J2z|0.984 0970 0.98911.056 1050 1.033 |0.987 0932 0990
Base |J3x|0362 0404 0491|0337 0411 1114 | 0422 0465 0667
MWom. |J3z]0979 1027 099311118 1112 0922|0984 1038 0993
Deck |J4x|0600 0681 0736|0807 03873 3419|0719 0805 1867
MWom. |J4z]0.997 1.000 100210992 1004 1011|0896 1000 1002
Cable
tens. J5 10285 0122 0185|0285 0155 0370 (0280 0158 0245
Deack
disp. | J6 1243 2126 2701|2084 3028 154432223 3060 8857
c_1|0408 0425 0495(0445 0471 1285 | 0463 0504 0808
c¢_2|0589 0764 0872|0775 0974 34938 | 0791 0969 2 041
Incidence angle 45° snow
Accelerogram | EIC | Mex | Geb | EIC | Mex | Geb | EIC | Wex  Geb
Base |Jx|0431 0494 0433|0471 0407 0434 | 0442 0465 0366
Shear |J1z| 0987 1036 099811142 1096 0943 10994 1032 0996
Deck |J2x|0735 1052 0964|0869 1331 2225|0903 1192 1297
shear |J2z|0982 0874 098911052 1052 1032|0986 0934 0989
Base |J3x|0384 0430 0505|0371 0404 1165|0440 0466 0716
fom. |J3z]0.980 1.027 099311116 1113 0924 | 0983 1037 0992
Deck |J4x|0633 06968 0763|0817 0862 3604 |0.755 0767 2.048
hWom. |J4z]0.997 1.000 100210991 1002 1011|0996 1000 1002
Cable
tens. J5 10282 0119 0179|0287 | 0155 0375 (0277 0161 0258
Deck
disp. | J6 [ 1258 2152 2873|2042 2076 159242261 3100 9721
c_1|0432 0457 0507|0480 0473 1327 | 0494 0512 0564
¢_2|0615 0789 0908|0789 0972 3621|0818 0973 2216

Table 7.6: Comparison benchmark evaluation criteria peak values - inci-
dence angle 45°, snow and not
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Input multiplier 1 [ 0.6 [ 0.3
Criteria Incidence angle 15° no snow

Accelerogram EIC Ml zeb EIC Ml Zeb EIC hle Geb

Base J1x 0320 0393 0351 0187 0215 0223 | 0090 0111 0112

Shear J1z 1072 1135 | 1097 | 0613 0680 0636 | 0306 0337 0312

Deck J2x 0948 1122 1797 | 0560 | 0B38 0976 | 0292 | 0353 0476

shear J2z 0984 0966 0977 | 0577 0603 0601 | 0283 0303 0297

Base J3x 0240 0 0385 0843 | 0145 | 0231 0437 | 0078 | 0126 0219

Mlom. J3z 1138 1092 | 1037 | 0655 0656 0629 | 0328 0325 0316

Deack Jdx 0550 | 0957 3305 | 0355 0575 1646 | 0196 0278 0794

Mlom. Jdz 1022 1048 | 0991 | 0606 0595 0602 [ 0303 02958 0300

Cable

tens. J5 0267 0154 0402 [ 0160 0093 0219 | 0082 0046 @ 0101

Deck

disp. J6 1338 | 2495 12576 0807 1609 6388 | 0423 0800 2089
c_1 0359 0443 1074 | 0214 | 0284 0570 | 0109 | 0136 0274
c 2 0608 | 0877 2956 | 0366 | 0543 1521 | 0191 | 0272 0722

Table 7.7: Comparison benchmark evaluation criteria peak values for dif-
ferent seismic intensity - no snow, incidence angle 15°
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Figure 7.11: Utility function ¢_1 for different seismic intensity - no snow,

incidence angle 15° (EIC=EIl Centro input, etc.)
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Input multiplier Device failed at Bent 1 | Device failed at Pier 2 | Device failed at Pier 4
Criteria Incidence angle 15° no snow
Accelerogram EIC Ilex Geb EIC Ilex Geb EIC Ilex Geb
Base J1x 0318  03% 0476 | 0320 0361 | 0357 | 0323 | 035 0426
Shear J1z 1023 0 1122 1648 | 1018 | 1123 | 1123 | 1022 | 1122 1.199
Deck J2x 0917 | 1134 2036 | 0910 1132 | 1310 | 0908 | 1163 1523
shear J2z 0966 | 1006 1245 | 0966 1005 | 1019 | 0865 1008 1.041
Base J3x 0237 0381 0732 | 0240 0373 | 0492 | 0242 | 0379 0480
ko, J3z 1100 | 1083 1385 | 1100 | 1084 | 1058 | 1106 1083 1125
Deack Jax 0576 0970 1956 | 0554 0919 | 1892 | 0556 | 08942 1846
o, Jaz 1008 0992 0992 | 1008 0990 | 0993 | 1008 0991  1.022
Cable
tens. J5 0267 0156 0334 | 0267 0159 | 0268 | 0275 | 0165 0267
Deck
disp. J6 1.395 | 2627 TB79 | 1337 2446 6470 | 1300 @ 2519 6376
c_1 0358 | 0436 0863 | 0357 0428 | 0668 | 0359 0434 0685
c_2 0613 | 0895 205 | 0601 0860 | 1676 | 0598 0880 1698

Table 7.8: Comparison benchmark evaluation criteria for failed device in
different locations - no snow, incidence angle 15°

Input multiplier 15°, no snow - input multiplier 1 | 157, no snow - input multiplier 0.3
Criteria Simulation case D improved by Type 1
Accelerogram EIC Mle Geb EIC hlex Geb
Ease J1x 0317 0358 0.337 0.080 0112 0.112
Shear J1z 1.022 1.130 1.145 0.308 0333 0.312
Deck J2x 0919 1158 1.006 0.294 0.359 0476
shear J2z 0960 1.008 1.039 0.289 0.303 0.297
Ease J3x 0.236 0.367 0477 0.079 0129 0.219
Mo, J3z 1.086 1.092 1.075 0.328 0322 0.316
Deck Jdax 0.569 0.969 1.814 0.195 0.293 0.794
Mo, J4z 1.010 0.992 1.036 0.303 0.298 0.300
Cable
tens. J5 0.265 0159 0.284 0.082 0.046 0.101
Deck
disp. J6 1.339 2700 5.205 0420 0378 2.991
c_1 0.355 0437 0549 0.109 0.140 0.274
¢ 2 0604 0.908 1578 0.191 0.288 0.722

Table 7.9: Comparison benchmark evaluation criteria for improved high
semi-active limit - no snow, incidence angle 15°, multiplier 1 and 0.3
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Figure 7.12: Deck longitudinal acceleration at Pier 2, El Centro record

without snow load and 15° of incidence, simulation D improved, multiplier
1

15

Longitudinal acceleration [misec?]
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Figure 7.13: Tower (top) longitudinal acceleration at Pier 2, El Centro
record without snow load and 15° of incidence, simulation D improved,
multiplier 1
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Figure 7.14: Deck transversal acceleration at Pier 2, El Centro record with-
out snow load and 15° of incidence, simulation D improved, multiplier 1

Transversal acceleration [m/sec?]
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Figure 7.15: Tower (top) transversal acceleration at Pier 2, El Centro record

without snow load and 15° of incidence, simulation D improved, multiplier
1
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Chapter 8

Control solutions for
suspended bridges

8.1 Introduction

This chapter extends the control experiences collected for the cable-stayed
bridge benchmark to a single span suspended bridge model. A commercial
finite element code furnishes the tool for numerical implementations.

The wind is regarded as the most aggressive dynamic external excitation,

in terms of displacement and internal actions [1] [2].

8.2 Main geometry

The global geometry for the suspended bridge is freely ispired by the Shimotsui-
Seto Bridge in Japan, spanning from the Mt. Washu side to the Hitsuishi-
jima Island side. This bridge is a single span truss— stif fened suspension
bridge with overhanging span type. The main dimensions can be summa-

rized as follows:

e length, 1446 m;

157
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o tower height, 149 m;

e vertical distance of the main girder quote from the towers foundation

quote, 31 m;
e main girder section: 30 m for width and 13 m for thickness.

The main girder is a steel frame, the towers have been built in concrete
and the main cables with suspenders are also in steel. Figure 8.1 shows the
bridge profile and the deck section. These informations were taken from the

website [3].
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Figure 8.1: Shimotsui-Seto bridge: profile and deck section, main dimen-
sions
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8.3 Structural model

A finite element model has been implemented by the commercial code AN-
SYS CivilFEM [4]. For the aim of this control study, the following consid-

erations have been introduced:
e The constitutive law is linear elastic for all the materials.
e The deck can be discretized by an equivalent girder.

e The dynamic excitation considered is the wind load. The static effect

of the materials weight has also been accounted for.

Three types of elements have been used in the basic (uncontrolled) numerical

model:
e beams for the towers,
e trusses for the cable and the suspenders,
e shells for the deck.

The sections geometry adopted for the model elements can be summarized

as given below:

e the towers are composed of vertical beams of varied rectangular sec-
tions (from 20x10m and 12x6m) and of horizontal beams of a square

section (6 m).

e The main cables truss has a circular section with a diameter of 0.62

m; the suspenders have a diameter of 0.12 m.

e The deck shell elements are 5 m thick.
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Figure 8.2: The Shimotsui-Seto bridge: finite element mesh

Figure 8.2 depicts the bridge mesh; it consists of 464 elements and 392

nodes.

8.3.1 Boundary conditions and materials

The whole model is fixed to the ground (by assigning zero displacements
in three directions) at the bottom of the towers, at the edges of the main
cables and at the deck’s ends. In the uncontrolled model, the towers are
rigidly linked to the bridge deck.

The loads considered are the gravity load and the external wind load, ap-
plied uniformly along the deck, in the horizontal direction transversal to the

deck axis. The mean wind pressure is calculated as presented in Chapter 5
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for the cable-stayed bridge, following [5]:
pm = 1.3LKN/m? (8.1)

In this case, the gust coefficient is also G = 1.62.

Considering the wind pressure on the steel frame girder of the deck, it is
possible to calculate the nodal forces applied to the shell nodes in the finite
element model. The distance between the nodes is 13m; the equivalent
width of the steel frame girder is bm.

The wind signal is simulated as a white noise segment sampled at the time
interval of 0.5sec. The frequency content is limited to 1 Hz (see Figure
8.3). Figure 8.4 depicts the whole nodal force time history selected for the
numerical simulations. The initial ramp from 0 to the mean value of the
force moves the deck in 10 sec from the initial static configuration to the
mean value of the random noise which acts for a total duration of 35 sec.

Figure 8.5 reports the boundary condition as applied to the bridge model.
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Figure 8.3: Wind load frequency content
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Figure 8.4: Wind load time history

Table 8.1 reports material parameters (Young and Poisson modulus, mass
density) associated with the elements in the finite element model.

It is worth noting that the mass density value for the deck girder has

Structural element Young mod- Poisson Mass

and material ulus [KN/m?] modulus density
[KN/m?g]

Tower beams (high 50000000 0.2 2.4

performance concrete)

Cables trusses (steel) 210000000 0.3 7.0

Deck shells 900000 0.3 0.1

Table 8.1: Material parameters

been selected considering a linear weigh of 150 K N/m of the deck [1]. The
Poisson modulus is the steel one. The elastic Young modulus of the girder
has been fixed after several runs of modal analysis on the uncontrolled model
so as to tune the natural frequency for the horizontal displacement of the

deck in the transversal direction.
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Figure 8.5: Bridge boundary conditions

8.3.2 Structural verifications values

For the purpose of this control issue, some structural verifications have been

considered:
e the maximum tension in the main cables and in the suspenders,
e the shear in the transversal direction at the base of the tower,
e the bending moment in the transversal direction at the tower base,

e the bending moment in the transversal direction of the deck in the

proximity of the tower.

The corrisponding limit values are:
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e The cable wire strenght is assumed to be 1800 M Pa, according to [1].
Therefore, for the main cable, maximum tension is 540000 KN (for
each one of the two main cables) and for the suspenders 20000 K N
(for each of the 150 suspenders).

e The limit value for the shear at the base of the towers in the transver-
sal direction is calculated, according to [6], as 160000 K N, without
any specific shear steel reinforces. The positive contribution of the
compression in the tower is not considered with its static values of
610000 K N but with its minimum value under the dynamic condition
simulated in this study. The fluctuation of the wind load can reduce

the compression down to 200000 K N.

e The bending moment limit value in the transversal direction at the
tower base is calculated as 900000 K Nm including the interaction
with the axial compression, this without any specific longitudinal steel

reinforcement.

e It is not possible to collect specific technical details for the deck. It
is assumed with reference to [1], that the longitudinal connection in
the deck structure is equivalent to six steel beams of square section
(0.6m). The beams are placed as shown in Figure 8.6. Considering
a design yelding tension for the steel of 320 M Pa, the limit bending
moment for the transversal displacement of the deck is 700000 K Nm.

Table 8.2 reports a summary of these limit values.
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B Longtudinal connections

Figure 8.6: Longitudinal steel beams locations

Main cable tension limit 540000 KN
Suspender tension limit 20000 KN
Transversal shear, tower base 160000 KN
Transversal bending moment, tower base 900000 KNm
Transversal bending moment, deck 700000 KNm

Table 8.2: Limit values adopted in the structural verifications

8.3.3 Static analysis

The uncontrolled model is initially implemented in a linear static analysis
with the mass density of structural materials. The resulting displacements
field could be used to correct the nodes positions in the overall bridge model:
the nodes vertical coordinate is lifted up to the same vertical displacement
resulting from the analysis. With this procedure the configuration of the
bridge coincides with the design problem and includes also the initial stress
state induced by the mass density.

In Table 8.3 the tension in some bridge cables evaluated in different positions
along the main span is reported. They are far from their limit values. The
shear and the bending moment checks are omitted because they are not

influenced by the static load.
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Position Static tension in Static tension in
the main cable [KN] the suspender [KN]

Near the tower 46000 704

Quarter-span 24000 950

Mid-span 497 780

Table 8.3: Static tension in the cables

8.3.4 Modal analysis

Usually, the bridge structures show usually low natural frequencies in its
first mode of vibration. For this particular bridge model, it was necessary
to tune the stiffness parameters in order to move the structure toward a
real behaviour. A modal analysis has been performed and the elastic Young
modulus of the shells the main girder is composed of is tuned to the value
reported in Table 8.1. Actually this elastic modulus is compatible with the
longitudinal steel connection guessed for the deck (see Figure 8.6).

With this introduction the bridge presents a frequency of 0.1017H z and a
period of 9.83sec in the mode shape excited by the transversal horizontal
wind action. Figure 8.7 depicts the deformed shape of the bridge.

As a matter of fact the model for the extraction of the natural frequencies
is set by fixing down the mass density of the cables to zero. This procedure
has been adopted in order to exclude the cables mode shapes which are
numerous and could distort or over-charge the calculus. The mode shape

extraction is performed by the Lanczos method [4].

8.4 Transient analysis in large displacements

The geometry of the bridge and the boundary conditions suggest to perform

the transient analyses with the time history of Figure 8.4 in large displace-
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Figure 8.7: Bridge natural mode shape in transversal horizontal direction,
deformed and undeformed

ments establishing the equilibrium on the deformed shape. It means that
the relation between displacements and strains in the structure is not lin-
ear and the solution is determined by numerical iterations with a tangent
stiffness method (Newton Rapson) [7] [8].

The first runs on the finite element model show low values of the structural
response in terms of displacements. In particular, the horizontally transver-
sal displacements in the mid span are restricted to 1-2 m. In order to push
the bridge’s horizontally transversal displacements towards more significant
values and to assess the structure in extremely heavy conditions, a series of

back-analyses have been performed. The displacements were eventually set



168 Structural control of cable-stayed and suspended bridges

in the bridge mid span, 4-9 m, by means of a 2.5 multiplier of the original

wind signal [9].

8.4.1 Control schemes implemented

This control matter concerns certain previously presented issues with regard
to the cable-stayed bridge. Attention is focused on the reliability and ro-
bustness of the control solutions, on the reduction of computational efforts
and on the simplification of data transmission connections [10] [11].
Passive control strategies have been implemented herein for the protection of
the suspended bridge model and compared with the uncontrolled ones. Fig-
ures 8.8 and 8.9 depict the control devices typologies applied on the bridge
structure. The former simulate a bumper device, the latter a bumper with
a damper contribute.

Due to the implemented control schemes, the deck is free to translate longi-
tudinally with respect to its axis and it is limited to move by bumper devices
within £1.5 m. The dynamic forces have been applied in the transversal
direction; the control devices have been located between the towers and the
deck and have been simulated with different characteristics, summarized in

Table 8.4. The bumper device have been simulated by a linear element

Tower
Deck GAP Spring noole

nocle
0 AMW—o

Figure 8.8: Control device with gap and spring
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Figure 8.9: Transversal control device with gap, spring and damper

Name Gap [m] Spring [KN/m] Damper
GAPlargeDAMPED 1 15000 0.15
GAPmediumDAMPED 0.5 15000 0.15
GAPlargeUNDAMPED 1 25000 -

Table 8.4: Devices connecting deck and towers, characteristics

available in the element library of the finite element code [4] connecting one
node on the deck and another node on the tower, directly. This element
is contach2. It is able to simulate the contact between two surfaces and
simulate a spring, as well.

For the damped bumpers, it was necessary to couple two linear elements:
contachb2, with a rigid spring, and, in a series, the linear element combinl4
which simulates a spring and a damper in parallel. A frame structure is

built to combine these two elements (see Figure 8.10).

8.4.2 Comparison between different solutions and structural
verifications

Several simulations were performed on the bridge model in different con-

figurations in order to analyse its response under the wind signal. Only
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Figure 8.10: Micro-structure on the deck to couple linear elements contac52
and combinl4

the most significant have been presented herein. The values of the internal
actions are always far from the limit values in Table 8.2.

Some pictures not only summarise the results but also compare the re-
sponses of the uncontrolled configuration (rigid link) and the three selected
control schemes to the transversal passive devices in Table 8.4. As previ-
ously mentioned, the controlled models always see bumpers in the longitu-
dinal direction at the deck extremities with gap 1.5 m.

Figure 8.11 shows the positive effects of the control devices in reducing the
bending moment in the deck structure near the tower positions. The damp-

ing contribution in the devices increases the positive effects. The bending
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moment is reduced also in the mid-span (see Figure 8.12). The sign of the
bending moment in the controlled cases has been inverted because the cur-
vature is opposite, as one can see in the last figures of this chapter.

Figures 8.13 and 8.14 reports the curves for the tower base bending mo-
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Time [sec]
Figure 8.11: Bending moment in the deck plane near to the tower

ment in the plane transversal to the deck axis and the shear force transversal
to the deck axis. The moments remain at similar levels for the controlled
and uncontrolled models; the shears appear sensibly reduced by the control
devices. The best responses are influenced by the gap presence.

The transient in the tension forces of the cables is reported in the pictures
below. Moreover Figures 8.15 and 8.16 consider the forces in the suspenders
near the towers and in the mid-span, respectively. With rigid links, the sus-
penders forces near the tower are around zero. For the controlled case, they

appear to be similar. In the mid-span, the controlled solutions show effects
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Figure 8.12: Bending moment in the deck plane on the mid-span

close to the uncontrolled. An amplification is reported in the last 10 seconds
of the signal for the device with gap 0.5 m.
Figure 8.17 reports the main cable tension forces in its most stressed posi-
tion, near the tower. In this case the presence of rigid links for the uncon-
trolled case reduce the tension in the cable.

Figure 8.18 reports the deck transversal displacements on the mid-
span. They have been increased for the controlled solutions but they remain
within the acceptable range for a flexible structure. Figure 8.19 depicts the
transversal displacements of the deck near the tower, the effects of the gap
on the control devices and the contribution of the spring and the damper
(when in function).

Finally Figures 8.20 and 8.21 give the top view of the deformed shape of
the bridge under the wind load. The effect of the control device has been
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Figure 8.13: Tower base bending moment in the plane transversal to the
deck axis

represented in a different structural scheme of the bridge. It appears to be
more regular in its curvature for the controlled cases, with a positive effect

on the crossing traffic.

8.5 Summary of Chapter 8

In this chapter passive control solutions have been applied on a long span
suspended bridge in order to mitigate the dynamic effects of the wind load.
Several strategies have been compared with each other and with the uncon-
trolled configuration. The performance of different solutions results similar,
but the positive contributions of the damping arises from several factors.
The controlled configurations of the bridge result more effective than the

uncontrolled ones, in particular for the wind effects on the deck, but also
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Figure 8.14: Shear force in the tower base transversal to the deck axis

on the shear forces at the tower base. The internal actions are always far

from their design limit values.

Notation

All symbols used in this chapter have been defined chronologically, as they

appear in the text.

Pm mean value of wind pressure
G gust coefficient for the wind pressure peak value
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Figure 8.15: Tension force in the suspender near to the tower
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Figure 8.16: Tension force in the suspender in the mid-span
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Figure 8.17: Tension force in the main cable near to the tower
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Figure 8.18: Horizontal displacement of the deck in the mid-span transversal
to the deck axis
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Figure 8.19: Horizontal displacement of the deck near the tower transversal
to the deck axis
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Figure 8.20: Top wiew of the deformed shape of the bridge with rigid links
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Figure 8.21: Top wiew
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Chapter 9

Conclusions

This document deals with control systems of cable supported bridges. In
each of the solutions offered herein, robustness and simplicity are given
priority. Accordingly, emphasis is put on passive and semi-active control
systems and a decentralized control solution is investigated.

Furthermore, when it comes to the cable-stayed bridge benchmark, two
kinds of dynamic loads are taken into consideration, namely the seismic
and the wind effects. This study provided useful elements which were sub-
sequently applied in the analysis of the impact of wind on the suspension
bridge structure.

The possibility of simulating control solutions for large structures by means
of commercially available and accessible finite element codes is also worth
promoting. This should facilitate structural control as a regular activity in
civil engineering, and pave the path towards further innovations in struc-

tural design.
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Appendix A

Laplace transforms

A.1 Introduction

The definition of the Laplace transform is achieved by the expression:

F(9)= LIfO) = [ f(t)eat (A1)

where f(t) is any function of the independent variable ¢ (usually denoting
the time). F(s) is function of the Laplace variable s [1] [2].
Conventionally one marks the original function of time with a lower case
letter, while the function in the s-domain is shown by the same letter in
upper case. The transform starts at t = 0.

For example, the transform f(¢) of the step function jumping to the value

A =5 at time ¢t = Osec can be evaluated as

F(s) = / F(t)estdt = / bestdt — —2est| = 2 (A2)
0 0 S S

The first order derivative transform is

SI0) = [Cwanwe a4

g(t) = df (t)/dt (A.4)

G(s) = Llg(t)] = L[
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by integration by parts and going backward, one introduces the relation

b b
/ udv = uwv|® —/ vdu (A.5)

Then with u = f(t), and v = e*!, one writes

LI f(O)] = —f(0) + sL[f ()] (A.6)

In systems initially undeflected and at rest, the Laplace variable s can di-

rectly replace the d/dt (or D) operator in differential equations.
D=s (A.7)

with s = 0 + jw and j the imaginary unit. It is a superset of the phasor
representation in that it has both a complex part, for the steady state
response, but also a real part, representing the transient part.

If the real part is neglected the frequency response is provided and the
system is characterized not in its transient but as stabilized. The Laplace
variable s is related to the rate of change in the system.

Table A.1, A.2, A.3 provide the most popular transforms and the related

relations.

A.2 Applying Laplace transforms

The process of applying Laplace transforms to analyze a linear system in-

volves the basic steps listed below [1] [2].

e Convert the system transfer function, or differential equation, to the
s-domain by replacing D with s (note: If any of the initial conditions

are non-zero these must be also added).
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Time domain Frequency domain

f(®) f(S)

Kf(t) KL[f(1)]

S1(t) + fot) + f3(t) + f1(s) + fo(s) + f3(s) +

e SLLF(6)] = /(07) ]

50 ls(0] 05007~ T
S SLIO] = 0 -

g2 i)

Jo 1) at e

f(t—a)u(t —a),a>0 e~ L[f(t)]

e " f(t) f(s—a)

f(at),a >0 )

tf(t) 4

£ (1) (—1)"Gh"

7 [ f (u)du

Table A.1: Laplace transform table

e Convert the input function(s) to the s-domain using the transform

tables.

e Algebraically combine the input and transfer function to find an out-

put function.

e Use partial fractions to reduce the output function to simpler compo-

nents.

e Convert the output equation back to the time-domain using the tables.

A.3 Applications of the tables

Some examples clarify the application of the tables presented above.
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Time domain Frequency domain
4(t) unit impulse 1
A step é
t ramp %2
t2 =
t".n>0 S,f%
e~ % exponential decay ler -
sin(wt) LR
cos(wt) T
te=at (s+1a)2
12e—at (sf;)s
Table A.2: Laplace transform table

Time domain Frequency domain
6—at5in(wt) (s+a)2+w2
e~ %cos(wt) (S+Z;Ea+w2
e~ sin(wt) (s+a)2+w2
e~ [Beoswt + (=28 sin(wt)] (sfj)j;fwz
2| Ale~cos(Bt + 0) s+(;4_5j + A:_C::fg;te
2t| Ale~cos (Bt + 0) Groagi? + GratHiF
(c—a)e= ¥ —(c—b)e~ bt stc

b—a (s+a)(s+b)
e—at_—bt 1
" bha (s+a)(s+b)

Table A.3: Laplace transform table
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e A differential equation is converted to the s-domain as follows
. . 9 9
Li4+7t+8x=9]=[s"+T7s+8=—] (A.8)
s

If the initial conditions are non-zero, say #(0) = 1, #(0) = 2, z(0) = 3,

they must be added. So eq. A.9 results

9
L[a‘é+7a’v+8w:9]:[32+7s+8—39:g] (A.9)
e The equation
f(t) = bsin(5t + 8) = bcos8sen5t + 5sen8cosbt (A.10)
is converted from the time to the s-domain by writing
5 S
L[f(t)] = 5cos8 R + 5sen8 R (A.11)

e going from the s-domain to the time domain, the function

5 6

(A.12)

can be processed into

ft)=5+6e"" (A.13)

A.4 Modelling the transfer function in the s-domain

The transfer functions of mechanical and electrical systems can be converted
to the s-domain, as shown in the following mass-spring-damper example
depicted in Figure A.1. In this case one assumes that the system starts
undeflected and at rest, so that the D operator may be directly replaced
with the Laplace s. If the system did not start at rest and undeflected, the
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Figure A.1: Mass-spring-damper system

D operator would be replaced with an expression which includes the initial

conditions.
f=MD%z + K;Dz + Kz (A.14)
ft) 2
o) MD? + K4D + K, (A.15)
f@), _ F(s) . o
L[M] = X0 = Ms? 4+ Kys + K, (A.16)

In the equations above the operator D is simply replaced with s. Indeed it
is only valid if the initial conditions are zero, otherwise the following more

complex form must be used

LA

[ df(07) d"f(0~)
dtn

] =s"L[f(t)] —s""1f(07) — sn_27 T (A.17)

A.5 Finding the output equation

The input to a system is normally expressed as a function of time which can
be converted to the s-domain. As an example of this conversion, consider a

step function jumping to the value A starting at time ¢ = 0 sec is
fit)y=0,t<0 (A.18)

FO)=A,t>0 (A.19)
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therefore

F(s) = LIf(1)] = = (A.20)

In the previous section a differential equation, modelling phisical systems,
was converted into a transfer function in the s-domain. It is the ratio of the
output divided by the input. If the transfer function is multiplied by the
input function, both in the s-domain, the result is the system output in the
s-domain.

Output functions have complex forms that are not found directly in the
transform tables. It is often necessary to simplify the output function before
it can be converted back to the time domain. The partial fraction methods
allow the functions to be broken into smaller, simpler components. The fol-
lowing example shows how to use the partial fraction expansion: the roots
of the third order denominator polynomial are first calculated: they provide
three partial fraction terms. The residues (numerators) of the partial frac-
tion terms must still be calculated. It is generally done by multiplying the
output function by a root term, and then finding the limit of the product

as s approaches the root.

Given,
X(s) 1
F(s) Ms?+ Kys+ K, (A-21)
F(s) = é (A.22)
the output is
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Assume, K4 = 3000Ns/m, Ky = 2000N/s, M = 1000K g, A = 1000N: eq.

A .23 becomes
1

(s2+3s+2)s (A-24)

X(s) =

The values of the parameters A, B, C in the following equation are required
in order to reduce the function in a simpler form and to convert it back to

the time domain

1 1 A B c

X(s) = ((32 +3s—|—2)s) TGt D(s+2)s s Ts+lst2 (A.25)
A= il 5 (A.26)
B=lim [+ V(G g0 = ! (A.27)
= lim [(s+ 2><m>] =2 (A.28)

The output has now the following simpler form
X(s) = ( ! ) = 05, -1 , 05 (A.29)

(s243s+2)s s s+1 s+2

After simplification with the partial fraction expansion method, the output

function is easily converted back to a function of time as shown below

_ .05 -1 0.5
x(t) = L7YX(s)] =L 1[?+ P +3+2] (A.30)
x(t) = L‘l[%] + L—l[sjr—ll] + L_l[s()fQ] (A.31)
z(t) = [0.5] + [(=1)e™ "] + [(0.5)e™?] (A.32)

z(t) =05 —e 4 0.5e % (A.33)
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A.6 Inverse transforms and partial fractions

The flowchart in Figure A.2 shows the general procedure for converting a
function from the s-domain to a function of time. In some cases the function
is simple enough to immediately use a transfer function table. Otherwise,
the partial fraction expansion is used to reduce the complexity of the func-

tion. Figure A.3 shows the basic procedure for the partial fraction expan-

Start with a function of s™.
NOTE: This does not apply
for transfer functions.

#.7

P
}f:/{s lbé\\
~fumction im™, . .
- “ simplify
Voo the transform > ;‘llmpmctioﬁ the
- . tables?
- ~

L
nosy”

s
_Gan the~_
o fmctonbe. |
\\illmphf:e%.,/ §
~
no

Use partial fractions to
break the function into
smaller parts

e

Match the function(s) to
the form in the table
and convert to a time
function

Done

Figure A.2: The methodology for doing an inverse transform of an output
function

sion. In the cases where the order of the numerator is greater than the one
of the denominator, the overall order of the expression can be reduced by a
long division. After this the denominator can be reduced from a polynomial
to a product of roots. Calculators or computers are normally used when the

order of the polynomial is greater than two. An example in which the order
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Figure A.3: The methodology for doing an inverse transform of an output
function

of the numerator is greater than the one of the denominator is presented
below. A long division of the numerator is used to reduce the order of the
term until it is low enough to apply partial fraction techniques. It must be
noted, however, that this type of output function occurs in systems with

extremely fast response rates that are infeasible in practice:

_ 55°+3s%4+85+6
B s2+4

X(s) (A.34)

It can not be solved using partial fractions because the numerator is of
the 3rd order and the denominator is only of order 2. Therefore a long
division can be used to reduce the order of the equation and write it as a

new function that has a reduced portion that can be solved with partial
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fractions. So eq. A.34 it is reduced in

—12s—6

=5s+3 A.
x(s) =bs+ 3+ 2 (A.35)
and the partial fraction method can be applied to
—12s -6
_— A.
82 +4 ( 36)

A.7 Mass-spring-damper vibration: example

A mass-spring-damper system with sinusoidal input is written by its transfer

function

X(s)

1
_ M
Fo) @t st I

(A.37)

The parameters values are assigned as M = 1Kg, K = 2N/m, K4 =

0.5Ns/m. The sinusoidal input is converted to the s-domain, from

f(t) = 5cos(6t) (A.38)
to
5s
F(s) = 7136 (A.39)

This can be combined with the transfer function to obtain the output func-

tion,
55
X(s) = (s2 4 36)(s2 +0.5s + 2) (A-41)
X(s) = -4 B ¢ D (A.42)

5+6j T5—6j " s—0254139)  s—025—139;
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The residues for the partial fraction are calculated and converted to a func-
tion of time. In this case the roots of the denominator are complex, so the
result has a sinusoidal component.

—307

(—125)(36 — 35 + 2)
(A.43)

A= lim | (s +65)(5s)

s——65 (s —67)(s + 67)(s% + 0.5s + 2)] B

One finds then B, C' and D by the same way: the output function in s-

domain is simplified and the result can be converted in function of time.

A.8 Further topics

A.8.1 Input functions

In some cases a system input function consists of many different functions,
as shown in Figure A 4.

The step function can be used to switch function on and off to create a

Sy

)

0 1 3 4 r

Figure A.4: System input function comprised of many different functions

piecewise function. This is converted by the Laplace transform tables to

the s-domain as follow

F(£) = Btut) — 5(t — Dyu(t — 1) — 5(t — 3)u(t — 3) +5(t — 4)u(t — 4) (A.44)

5 5e—s be—3s be—4s
52 2 g2 + 52

F(s) = (A.45)
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A.8.2 [Initial and final value Theorems

The initial and final values an output function can be calculated using the

following theorems Final Value Theorem
z(t = 00) = lin%[sX(s)] (A.46)
5—
Initial Value Theorem

z(t — 0) = lim [sX(s)] (A.A47)

§—00

A.9 A map of techniques for Laplace analysis

Figure A.5 presents a map to be used to generally identify the use of the

various topics covered in this Appendix
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Appendix B

Cable-Stayed Bridge
Benchmark Statement

B.1 Introduction

The cable-stayed Emerson Memorial Bridge in Cape Girardeau, Missouri
(USA), opened to the road traffic on December 13, 2003 [1] [2]. It was se-
lected as Bridge Benchmark Problem.

From an initial Phase I of the Bridge Benchmark Problem, a new Phase 11
was established. Although a significant amount of expertises was accumu-
lated during Phase I, the assumptions made regarding the excitation (acting
longitudinally and simultaneously) limited the extent to which Phase I mod-
elled a realistic situation. The main characteristic in Phase II of the bridge
Benchmark is the bi-directional nature of the seismic excitation. For sake
of completeness, a better comprehension, the different aspects of the global

model are detailed in next session.
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B.1.1 Bridge mechanic characteristics

The mechanical characteristics and the complex behaviour of the full-scale
benchmark bridge are simulated [1] [2] by a three-dimensional evaluation
model.

At the design stage of the Bill Emerson Memorial Bridge, various solutions
were considered including full longitudinal restraints at the tower piers,
no longitudinal restraints and passive isolation. When the temperature
effects were considered, it was found that fully restraining the deck in the
longitudinal direction would result in unacceptably large stresses. Based on
examination of various designs, it was determined that incorporating force
transfer devices would provide the most efficient solution. So the builted

structure contains the following solutions:

e sixteen 6.67 M N shock transmission devices are employed in the con-
nection between the towers and the deck. These devices are installed
in the longitudinal direction to allow for the expansion of the deck
due to temperature changes. Under the dynamic load these devices

are extremely stiff and are assumed to behave as a rigid link.

o In the transverse direction earthquake restrainers are employed at the

connection between the tower and the deck.
e The deck is constrained in the vertical direction at the towers.

e The bearing at Bent 1 and Pier 4, see Figure B.1, are designed to
permit the deck the longitudinal displacement and the rotations about

the vertical and transversal axes.
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The global geometry of the bridge can also be completed describing some

other structural elements. The bridge is composed by:

two towers
128 cables
An approach bridge on 11 piers and Bent 15.

The total length of the Emerson Memorial Bridge and his approach
is 1205.8 m. The bridge approach is 570 m. The main span is 350.6
m, the side spans 142.7 m.

A cross section of the deck is reported in Figure B.2. The bridge has
four lanes plus two narrower bicycle lanes, for a total width of 29.3
m. The deck is composed of steel beams and prestressed concrete
slabs. A concrete longitudinal barrier is located in the center of the
transversal bridge sections, and a railing is located along the edges of

the deck.

The H shaped towers have the height of 102.4 m at Pier 2 and 108.5
m at Pier 3. Each tower supports a total of 64 cables. The towers
are constructed in reinforced concrete, the cross section of each tower
varies five times along the height of the tower, as shown in Figure B.3.
Section A is used at the top of the legs, Section B in the middle of
the legs, and Section E at the bottom of the towers. Some of these
elements have variable sections. Section D shows the cross section in
the bottom strut, and Section C shows the cross section of the strut

located in the middle of the tower.
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e The material quantitative details are reported in [1][2].

B.1.2 Load inputs

The external loads acting on the bridge are of different nature: the seis-
mic load, with dynamic influence on the structural skeleton, and the snow
load introduced with the aim of investigating the robustness of the control
systems proposed. The structural response is determined under the simul-
taneous action of the three translational components of the ground motion,
two in the horizontal plane and one in the vertical direction. The structural
response depends on the incidence angle (the angle between the ground mo-
tion components and the structural axes). Additionally, the excitation is
expected to vary at each of the supports due to the length of the struc-
ture. The distance between the supports of the bridge suggests to consider
the noncontemporary incidence of the seismic action on all the connections
ground-bridge, by introducing a time delay. Phase II was developed to ex-
tend the problem to consider such issues.

This Bridge Benchmark Problem furnishes a model where the ground accel-
eration may be applied in any arbitrary direction using the two horizontal
components of historical earthquakes with a specific incidence angle.
Multi-support excitation is also considered in Phase II of the Bridge Bench-
mark. The prescribed ground motion is assumed to be identical at each
support, although it is not applied simultaneously. It is assumed that a
support undergoes a specific ground motion, and the motion at the other
three supports is identical to this motion but delayed proportionally to the
distance between adjacent supports, divided by the speed of the Love-wave

of a typical earthquake (nearly 3 Km/sec). The total response of the struc-
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ture is obtained by superposition of the responses due to each independent

support input [3].

142.7m 350.6m 142.7m 570.0m
(4687) | (11507) (468 (18707)

\gl—b

(T)Cable Number

Figure B.1: Bridge Emerson Memorial Bridge
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Figure B.2: Transversal section of the bridge deck

B.1.3 Soil characteristics

Writing about the ground and the seismic action, a main aspect concerns
the potential amplification due to the soil. In the benchmark problem it
is not considered because no layered soil was found and so the bridge is

regarded as connected directly on the bedrock [1] [2].

B.2 Evaluation model

In this section some characteristics of the evaluation model are provided.

The evaluation model represents the tool used to develop different design
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Figure B.3: Cross section of the towers

models. It starts from a finite element method discretization of the real
structure. A three dimensional finite element model of the bridge is devel-
oped in Matlab [4]. A linear evaluation model is used in the Benchmark
study, however, the stiffness matrices used in this linear model are those of
the structure determined through a non-linear static analysis corresponding
to the deformed state of the bridge with dead loads [1] [2].

The finite element model employs beam elements, cable elements and rigid
links. The non-linear static analysis is performed in Abaqus [5], and the
element mass and stiffness matrices are exported to Matlab for assembly.
Then, the constraints are applied, and a reduction is performed to reduce
the size of the model to something more manageable. The reduced model
finally consists in 419 d.o.f.

To make possible to place control devices between the deck and the tow-
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ers the connections are disconnected. The user must define devices at this
nodes (between deck and towers).

The nodes deck-towers are not the only ones available for placing the con-
trol devices. Note also that the uncontrolled structure used as a basis of
comparison for the controlled system, corresponds to the model in which the
deck-towers connections are fixed (it does not mean that the node on the
towers and on the deck are coincident but that the dynamically stiff shock
transmission devices between these nodes are present with their mechanical

characteristics).

B.2.1 Finite element model description

The finite element model (fem) is drawn in Figure B.4. It consists of 579
nodes, 420 rigid links, 162 beam elements, 134 nodal masses and 128 cables
elements. The towers are modelled using 50 nodes, 43 beam elements and

74 rigid links. Some other details define the fem model:

e constraints applied to Piers 2, 3, 4 to restrict the deck from lateral

movements.

e At Pier 1, some boundary conditions restrict the motion to allow only
the longitudinal displacement (z) and the rotations about the axes y

and z.

e Rigid links (see FigureB.5) are used to connect the cables to the tower
and to the deck. The anchorage points are above the neutral axes of
towers and deck. So the length and the inclination angle of the cables

in the model agree with the design drawings and the cross section of
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the deck is infinitely rigid. It is a current hypotesis in the flexible

bridge analysis.

e The moment produced in the towers by the the movement of the cables

is considered.

e The average value of variable sections is used in the finite element

model.

e The cables are modelled by truss elements and the nominal tension is

assigned to each cable.
A suitable use of the model is performed considering some items:

e The fem model described above is used directly in cases when the
control devices are employed in the longitudinal direction between
the deck and the tower. The control devices can be also placed in the
transversal direction and not only as a connection between the deck

and the towers.

e If the users employ no control devices in longitudinal direction be-
tween the deck and the towers, the shock-transmission devices are
included and the model is modified by four longitudinally-directed,
axially-stiff beam elements that force the deck to move with the tower
in the longitudinal direction. The uncontrolled structure used as a

basis of comparison corresponds to this last case.

e The program included with the benchmark files detects whether or

not the user has placed devices in the longitudinal direction (between
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towers and deck), and builds the appropriate model.

The Illinois approach (Figure B.1) is not included in this model (see Figure
B.1) because the bearing at Pier 4 does not restrict longitudinal motion and
rotation about the x axis of the bridge, the Illinois approach was found to
have a negligible effect on the dynamics of the cable-stayed portion of the
bridge [1] [2].

Element Type f b
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&
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Figure B.4: Finite element model of the benchmark problem

B.2.2 Non linear static analysis

Cable-stayed bridges exhibit nonlinear behaviour due to:
e variations of the catenary shape of the inclined cables
e cable tensions that induce compression forces in the deck and towers

e large displacements
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Figure B.5: Tower model

A nonlinear static analysis was performed using the commercial finite ele-
ment program Abaqus [5], giving the model the tangent stiffness matrix at
the deformed equilibrium position.

In modeling the cables, the catenary shape and its variation with the axial
force in the cable are modelled using an equivalent elastic modulus [1] [2].
The cable element is a large-displacement truss element that has a modified

modulus of elasticity, Feq, given by

(B.1)
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where A, is area of the cross-section, T, is the tension in the cable, w is its
unit weight, L, is the projected length in the X — Z plane, and E. is the
modulus of elasticity of the material. The cable stiffness contribution to the
global stiffness matrix is only applied when the cable is under tension and
is omitted otherwise. The cable elements are modelled as truss elements in
Abaqus, and their equivalent elastic module are used in the nonlinear static
analysis.

The deck was modelled using the method described in [6] [1] [2], i.e., as a
central beam, the spine, which has no mass. Lumped masses are employed
to model the mass of the deck, which are connected to the spine using rigid
links (see Figure B.6). The masses are included toward a more realistic
modelling of the torsional response of the deck to lateral loads.

The deck is made of two main steel girders along each longitudinal edge
of the deck supporting the concrete slab (see Figure B.2). Thus, the deck
is treated as a C-shaped section as shown in Figure B.7 [6][1] [2]. Here
the steel beams represents the flanges of the section, and the concrete slab
represents the web of the C-shaped section. The axial stiffness of the deck
is calculated by converting the area of the concrete slab into an equivalent
area of steel using the ratio of the two elastic module. The area of the
equivalent section is 1.844 m?. The moments of inertia about the vertical
and transverse axes are also obtained converting the concrete slab to an
equivalent steel structure. The barriers and railings were not taken into
consideration because they are not structural elements. The inertia of the
typical deck section has values I,,=160.67 m?, I,,=0.6077m*. The neutral
axis is located at 1.77 m above the bottom of the steel beams.

The calculation of the torsional stiffness of the deck section takes into con-
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Cable element Cable element

Beam element

™ Rigid links

Lumped mass Lumped mass

Figure B.6: Cross section of the deck in the f.e.m. model

() Shear center

.Ma:.:. center

Figure B.7: C-Shape section modelling of the deck

sideration both pure and warping torsional constants. The pure torsion

constant is determined by [6]

n bitg’
Je=>_ 3 (B.2)
i=1

where b; and t; are the length and thickness of the rectangles forming the

deck cross-section. The warping constant is calculated as [7]

2 , 2A
Fw = Z{Izz +e A(]- - %)} (B3)

where d is the distance between the webs of the two steel beams located
along the edges of the deck, e is the distance between the neutral axis and
the middle of the concrete slab, and A is the equivalent cross sectional area.

I,y and I, are the moments of inertia of the deck about the ¥ and Z axes,
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as determined previously. The torsional stiffness of the deck was obtained
using the formula [6]

E, T,

kaqZC%L7+-zszﬁ

(B.4)

where G is the steel shear modulus of elasticity, Je, is the equivalent tor-
sional constant, .J is the pure torsion constant, F is the modulus of elasticity
of steel, and L is the length of the main span. So J.q results 0.0677 mA.
The calculation of the mass of the deck accounts for the steel beams, the
rigid concrete slab, the barriers and the railings. The total mass of the
deck per unit length was determined to be 2,645.7 kg/m. To preserve the
behaviour of the C-shaped section, the deck is represented as two lumped
masses, each having a mass equal to half of the total mass of the deck. The
masses are joined to the beam element by a rigid link as shown in Figure
B.6. The vertical distance between the lumped mass and the center of the
beam is equal to the distance between the shear center and the mass center
of the C-shaped section shown in Figure B.7.

Because the mass moment of inertia of the main deck is different from the
one induced by the lumped masses, it is necessary to connect those quan-
tities. In the calculation, the correction consists in finding the difference
between the moment of inertia of the lumped masses and that of the actual
deck section. This difference in the mass moment of inertia is added to the
node at the center of the deck to achieve the correct value of mass moment
of inertia in the section model. The mass moment of inertia of the lumped
masses with respect to the j-th axis (either the X, Y, or Z axis), I;, is

calculated using the formula

I; = 2Mr? (B.5)
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where M is the mass of each lumped mass, and r is the perpendicular
distance from the mass to each axis. The actual mass moment of inertia of
the deck with respect to the j-th axis, I,,;, is calculated using the equation

n

L =Y (Imi + mr}) (B.6)
=1

where I,,,; is the mass moment of inertia of each of the component of the deck
with respect to its own centroidal axis, m; is the mass of each component,
and r; is the perpendicular distance between the centroid of each component
and the jth axis. Thus, the corrected mass moment of inertia of the section
becomes

Aj =Imj — I (B.7)

The value of this parameter about each axis for a typical section of the
deck are Ax=-4.43 105 kgm?, Ay=-4.45 105 kgm?, A;=18.3 10° kgm?.
Negative values indicate that the contribution of the lumped masses to the
mass moment of inertia of the section is larger than the mass moment of
inertia of the actual section. Thus, to achieve the correct mass moment of
inertia for the section, a negative value is assigned to the spine to balance
the larger value included by the lumped masses when the rigid links are

condensed out [1] [2].

B.3 Control and monitoring properties

The control devices and the sensors can be placed in the bridge model. For
example dissipation devices can be placed between the deck and the piers
connecting two nodes. Everywhere devices can be placed connecting differ-

ent couples of nodes. The effect of these connections is to introduce forces
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directly on the nodes.

The sensors can measure different physical parameters (displacement, ve-
locities, accelerations,.. see also Appendix C) and they too can be placed
everywhere on the bridge model, for example on the towers or along the
deck. This model scheme allows to the user to implement a large variety of
control schemes [1] [2].

To evaluate the proposed control strategies, appropriate evaluation criteria
and control design constraints are specified within the problem statement.
The Benchmark user must define sensors, devices and algorithms to be used
in the control strategy. In Figure B.8 the flow scheme is reproduced.

The sensors must be defined to measure the output of the evaluation

.| Evaluation model
Ll

- Control . <
Control device(s) |4_u Algorithm [© Sensors

¥p

Figure B.8: Flow scheme representation of the model

model ¥,,. Bridge Benchmark users must develop models for the sensors

which take the following form

S

x :gl(wsvymayfvt) (B8)

S

' = g2(2°, ym, Yy, 1) (B.9)
where z°® is the continuous-time state vector of the sensors and y, is the

continuous-time output of the sensors in volts [V]. y; is the continuous-



214 Structural control of cable-stayed and suspended bridges

time output vector from the control device model, which may include forces
produced by individual control devices, device stroke or device acceleration.
It is used for the evaluation of the control strategy and is available for
feedback in the control algorithm.

Passive, active, and semi-active control devices (or combinations of them)
may be used in designing control systems. For active/semi-active control

systems, the associated discrete-time control algorithm must take the form
Thi1 = 93(2h, YR, k) (B.10)

u® :g4(xiayzvk) (Bll)

where zf, is the discrete-time state vector of the control algorithm at each
sampling time ¢t = kAt, y; is the discrete-time input to the control algorithm
from the sensors (which should be discretized in time and quantized to
represent an A/D converter), and uy, is the discrete-time control command
from the control algorithm.

Dynamic models of the control devices selected by the user are not required
for this benchmark study. Ideal control devices may be assumed. Note that
the program allows the user to place control devices at constrained nodes
although errors will result in the simulated responses. To interface with the

benchmark bridge model the control device models must take the form
f=95(Ye, ur, t) (B.12)

yr = 96(Ye, Up, t) (B.13)

where y. contains the continuous-time responses from the evaluation model

that influence the control forces, and f is the continuous-time force output
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[kN] of the control devices applied to the structure. Researchers/designers

who choose to employ dynamic models of their control devices should use

the form
& = gr(2, ye, up, t) (B.14)
f = g8(xd7y67ukat) (B15)
yr = g9(x?, ye, u, 1) (B.16)

where z? is the continuous-time state vector of the control device.

B.4 Evaluation criteria

For cable-stayed bridges subjected to external dynamic loading, critical re-
sponses are related to the structural integrity of the bridge. Thus, in eval-
uating the performance of each control strategy developed, the shear forces
and moments in the towers at key locations must be considered. Addi-
tionally, the tension in the cables should never approach zero, and should
remain close to the nominal pretension.

A set of eighteen criteria have been developed to evaluate the capabilities of
each control strategy. Because the earthquake is assumed to have two hori-
zontal components at a specified incidence angle, several of these criteria are
evaluated in both the z (longitudinal) and z (transverse) directions. The
first six evaluation criteria consider the ability of the controller to reduce
peak responses, the second five criteria consider normed responses over the
entire time record, and the last seven criteria consider the requirements of
the control system itself.

The first two evaluation criteria are non-dimensionalized measures of the
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shear force at key locations in the towers. The elevation of these key loca-
tions correspond to the tower base and the deck level. The latter criterion
was selected because this elevation corresponds to a drastic reduction in the
cross-sectional area of the towers. Evaluation criteria one and two are given

by
max; | Fp; (t)]

J1 = max| ] (B.17)
Fop
it| Fai(t

J = maa|ma%ul Fa(t)] (B.18)
Fod

where Fy;(t) is the base shear at the ith tower, F}*" = max; | Fopi(t)| is the
maximum uncontrolled base shear (of the values at the two towers), Fy;(t)
is the shear at the deck level in the ith tower, Fj*" = maw;|Foq;(t)| is the
maximum uncontrolled shear at the deck level, and |.| indicates absolute
value. The values of Fjp*, Fji%*, and all other values used to normalize
the evaluation criteria, are provided in [1].

The second set of evaluation criterion are non-dimensionalized measures of

the moments in the towers at the same key locations, given by

it My (t

J3 = mag| et W, (B.19)
MOb
it | Mai (t

Js = maz|maZitl Mai (O] (B.20)
MOd

where My (t) is the moment at the base of the ith tower, the maximum un-
controlled moment at the base of the two towers is M = max; +| Mo (t)],
Mgy;(t) is the moment at the deck level in the ith tower, and M;*™* =
max; ¢| Moq;(t)| is the maximum uncontrolled moment at the deck level in
the two towers.

The fifth evaluation criterion is a non-dimensionalized measure of the devi-

ation of the tension in the stay cables from the nominal pretension, given
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by
|Ti(t) — Toi| /Toi
T(”]?'laiv
C

where Tp; is the nominal pretension in the ith cable, T,;(t) is the actual

Js = maz[mawx; ] (B.21)

tension in the cable as a function of time, and 7"

= maz;+(|Ta0i(t) —
Toi|/Toi) is the normalized actual cable tension of the uncontrolled system.
This criterion is selected to reduce the likelihood of failure or unseating of
the cables.

The sixth evaluation criterion is a measure of the peak deck displacement

at piers 1 and 4.

Jo = maz[max; | ] (B.22)

T (t)
0
where xy; is the displacement of the bridge deck at the ith location and zqp
is the maximum of the uncontrolled deck response at these locations. This
criterion is included to consider the likelihood of impact of the deck at these

locations.
The seventh and eighth evaluation criteria are non-dimensionalized mea-

sures of the normed values of the base shear and shear at the deck level in

each of the towers, respectively, given by
max;|| Fy ()]

J7 = max| TFor )] (B.23)
_ maz| M0zl Fai®)]]
Jo = me Rl (B.24)

where || Fpp(t)|| is the maximum of the normed value of the uncontrolled
base shear of the two towers, and ||Fyg(t)|| is the maximum of the normed
value of the uncontrolled shear at the deck level of the tower. The normed

value of the response, denoted ||.||, is defined as

=15 [ (e (8.25)

t
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where t; is defined as the time required for the response to attenuate.

The ninth and tenth evaluation criteria are non-dimensionalized measures
of the normed values of the overturning moment and moment at the deck
level in each of the towers, respectively, given by

maz;|| My (t)]|

Jg = max| Mo (B.26)
— maz| ™%l Mai (O]l
o =marlnr o (B.21)

where || Mop(t)]| is the maximum of the normed value of the uncontrolled
moment at the base of the two towers, and ||Moq(¢)|| is the maximum of
the normed value of the uncontrolled moment at the deck level of the two
towers.

The eleventh evaluation criterion is a non-dimensionalized measure of the
normed value of the deviation of the tension in the stay cables from the

nominal pretension, given by

|| T%i(t) — Toil|/Toi
|| Tocl|

Ji1 = maz[mawx; ] (B.28)

where Tj; is the existing pretension in the ith cable, T,;(t) is the actual
tension in the ith cable as a function of time, and ||To.|| = maz; +(||Ta0i(t) —
Toil|/Toi) is the maximum of the normed value of the actual cable tension
for the uncontrolled system.

The twelfth evaluation criterion deals with the maximum force generated

by the control device(s) and is described as

fi(t)
w

Ji2 = mazx[maz; +( )] (B.29)

where f;(t) is the force generated by the ith control device over the time

history of each earthquake, and W = 510000K N is the seismic weight of
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bridge based on the mass of the superstructure (not including the founda-
tion).
The thirteenth criterion is based on the maximum stroke of the control

device(s). This performance measure is given as

d
i),
0

Jiz = maz[maz; 4+( (B.30)

where y(t) is the stroke of the ith control device over the time history of
each earthquake, and z{'® is the maximum uncontrolled displacement at
the top of the towers relative to the ground. When devices are used that do
not have an associated stroke (for ex. tuned liquid dampers), this evaluation
constraint is zero.

The fourteenth evaluation criterion is a non-dimensionalized measure of the
maximum instantaneous power required to control the bridge, and is defined
as

[ Pi(t)]

J14 = mam[W] (B?)].)

where P; is a measure of the instantaneous power required by the ith control

»maxr

device, and #('** is the peak uncontrolled velocity at the top of the towers

relative to the ground. Values for z{j'**

are provided in [1] each of the
earthquakes specified. For active control devices, P;(t) = [y&(t) fi(t)|, where
yd(t) is the velocity of the ith control device. When semi-active devices
are employed, P;(t) is the actual power required to operate the device. For
passive control devices, this criterion is zero.

The fifteenth evaluation criterion is a non-dimensionalized measure of the
total power required to control the bridge, and is defined as

[y’ P(t)dt]

B.32

J1s = max|
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This criterion is zero when passive device(s) are used.
The sixteenth evaluation criterion is a measure of the total number of control

devices required in the control system to control the bridge.
J1s = numbero fcontroldevices (B.33)

The seventeenth evaluation criterion is a measure of the total number of

sensors required for the proposed control strategy.
Ji7 = numbero f sensors (B.34)

The final evaluation criterion provides a measure of the resources required

to implement the control algorithm and is given by
Jlg == dzm(xﬁ) (B.35)

where xi, is the discrete-time state vector of the control algorithm.
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Appendix C

Sensors, compensators and
amplifier

C.1 Introduction

Sensors, compensators and amplifier play an important role in the control
system design, they are the background for an effective structural monitor-
ing in order to perform the more powerful control strategy. Some literature
[1] [2] [3] refers about the main contructive details, modelling and use of the

monitoring elements commonly met in engineering applications.

C.2 Sensors

C.2.1 Measurements of relative displacements

Any electric displacement gauge, potentiometer, strain-gauge, either induc-
tive or capacitive etc., can be used for measuring displacement of a partic-
ular point of the object relative to the base or any other point. Relative
displacement results in a change in a certain parameter of the electric cir-

cuit, e.g. resistance, inductance or capacitance, which in turn changes the

223
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output variable, say, voltage or current.

Displacement gauges are commonly used in vibration protection systems for
measuring processes with relatively low frequencies. In this case, elastic de-
formations of the gauge component are usually negligible which allows the

gauge to be viewed as a massless element with the following characteristic

o= f(y) (C.1)

where y is the displacement to be measured and o is the output variable.

As a rule, function f(y) is linear for small y such that
o= kyy (C.2)

The nonlinearity of the characteristic equation (eq. C.1) must be taken into
account for significant relative displacements which are typical for resonant
regimes. The dependence o(y) often is bounded and can not exceed fixed

saturation maximum and minimum values.

C.2.2 Measurements of absolute displacements

Absolute displacements and absolute accelerations are measured by means
of transducers of the seismic type. Design solutions are very different how-
ever in all cases the output electric signal depends on displacement of the
"seismic mass" relative to the transducer housing, see Figure C.1, this de-
pendence being linear for small displacements. It is easy to show that the
relative displacement of the mass my is related to the absolute displacement
of the housing as follows

Mmgs? T2s?

At) = t) = t
(*) mgs2 + bgs + Csx( ) T2s2 + 2(Tss + 13:( )

(C.3)
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where ¢ and b, are the rigidity and the resistance factor, respectively, while

Ts and (s are the time constant and the damping factor, respectively,

ms . bs bo— M
_7CS — a8 I— s — o
Cs 2./csm Cs

Therefore, the transfer function of the transducer measuring absolute dis-

T, = (C.4)

placement is given by

_ k,,TSQs2 _ kgs?
O T2s2 420 Tes +1  T2s2 +2(Tys + 1

(C.5)

Wz (S)

Here k, denotes the proportionality coefficient between the output signal o
and the seismic mass displacement A(t).
For the accelerometer which measures absolute acceleration Z(¢) one obtains

ks
1252 +2(Tes + 1

(C.6)

Wi ()

Due to the properties of the resonance characteristics |ws; (iw)| and |wsz (iw)|,
a transducer measuring absolute displacement can only be used for measur-
ing high frequency processes (w > 67T, ') while an accelerometer is used
at relatively low frequencies (w < 27T, !). For this reason, accelerometers

are generally used in active systems.

.
TN

Figure C.1: Device scheme for absolute displacements measurement
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C.2.3 Measurements of rotation angles

In some cases, there is the need of measuring the rotation of objects regardes
as a rigid bodies.

Relative rotations can be measured indirectly, for this purpose, the relative
displacements at several points of the object are measured and then divided
by the distance between these points. Devices for measuring the relative
displacements can be deemed as massless. For small rotation angles, one

gets

o =kyp (C.7)

For measuring absolute angles of rotation and accelerations, torsional vibra-
tion gauges are used. Their transfer functions are similar to those given by
egs. C.5 and C.6. Gyroscopic transducers, which are single-degree-of- free-
dom gyros with an elastic element for compensating the gyroscopic moment
and a damper, are used for measuring low-frequency angles of rotation. The
transfer function of these transducers may be represented in the following

form
_ kys
CT282 + 2 Tys + 1

Wy (C.8)

where Here T, 92 and (4 are the system time constant and damping factor.
o =wg(s)0 (C.9)

with 6 denoting the absolute angle of rotation. The sensitivity of the trans-
ducer is dependent on the gain k; which is proportional to the angular

velocity of the gyrowheel.
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C.2.4 Measurements of forces

In order to measure the forces acting on the objects or the forces in vibrating
components of the object, diverse load gauges are used. They are usually
strain-gauge transducers and may be considered as being massless linear

elements for which

wip(s) = kp = const. (C.10)

C.3 Compensators and amplifiers

C.3.1 Integrators and differentiators

Signals are frequently integrated and differentiated in control systems. In-
tegration of signal proportional to relative displacement is performed for
example for creating astatic systems, while differentiating is utilised for in-
troducing damping into the system [4] [5].

Resistance and capacity (RC) circuits are used as integrators and differen-

R

_ T ]
| I

a b

o~

@]
—

C

Figure C.2: Simple RC-circuits as integrator and differentiator

tiators. Figure C.2a shows a simple RC-circuit where ugys = we(s)ui, with
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the following transfer function

R RC's T.s

we(s) = R+ (Cs)" I 1+RCs 1+T.s (C.11)

where T, = RC is the time constant. If the signal frequency w satisfies the
condition T.w < 1, this circuit is close to being ideally integrating. Thus,
RC-circuits differentiate low frequency signals.

The transfer function of the circuit in Figure C.2b is given by

() e S |
R+ (Cs)™!  1+CRs 1+T.s

we(s) (C.12)

If T.w > 1 this circuit becomes an integrating one. It is clear that the time
constant T of the integrator must increase with decreasing signal frequency.
For this reason, when integrating very low frequency signals which is often
the case in vibration protection systems, it is expedient to use electronic
DC amplifiers with capacitive feedback. For large gains, this amplifier is an

ideal integrator with the following transfer function
we(s) = —(Tes) ™! (C.13)

Notice that in the case of harmonic input, the phase of a differentiator out-
put leads the input phase by 7/2 whereas the phase of an integrator output
lags behind the input phase by 7/2. This is the reason for referring to in-
tegrators and differentiators as lead and delay circuits, respectively.

Active vibration protection systems can also utilise some mechanical devices
which combine the functions of sensors and compensators. Such a mechani-
cal facility consisting of a spring ¢ and a linear damper b is shown in Figure
C.3. Values of ¢ and o7 are related to y(t) by the following expressions

_ bs T.s

= = .14
c-l-bsy 1—|—Tcsy (C.14)
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c _ 1
c—i—bsy_ 1—|—Tcsy

(C.15)

=

where T, = b/c. Therefore, this system can be used as a differentiator and

as an integrator.

c (o)

7SS

Figure C.3: Mechanical device scheme combining functions of sensor and
compensator

C.3.2 Frequency filters

In active systems there is often a need to avoid feedback signals whose
frequencies lie in a certain frequency band. In this case, frequency filters

are used. Figure C.4a shows a RC-circuit which is a high frequency filter.

C
i on e B S e
i1 R, R, U, U, R U,
I A L N
a b

Figure C.4: RC circuits as frequency filters
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The output voltage u.y+ is related to the input voltage u;, as follows

Ry Ry 1+ Tis

= Uin, = Uin, = We(8)uip (C.16
R2+(RI1+OS)_1 Ri+ Ry 1+ Ths ( ) ( )

where T1 = CR; and Th = CR1R2/(R1+ R2). If Ry > R, then, the system

Uout

does not pass signals with frequencies smaller than Tl_l. If the frequency

of the signal is sufficiently high, then

R2 le

~_————n~1 C.17
R1 T2w ( )

|we(iw)]

Figure C.4b shows a circuit which is a low frequency filter. Here

Ry + (Cs)™1 1+ Tis

out = in — T Win — We in C.18
Hout Ri+Rs + (Cs)flu 1+ TQSU v (S)u ( )

where T1 = CRy and Ty = C(R;1 + R2). If Ry > Ra, the system does not

pass the signals with frequencies considerably higher than T2_1. Mechanical
filters may be designed as well. For example, one obtains for the system
depicted in Figure C.5 that

bis+c 1+ T5s
z = z
(b+0b1)s+c 1+Ts

where T} = (b + b1)/c and Ty = by/c. If b > by, then T7 > Tb and filter

(C.19)

(.19 does not pass high frequencies.

C.3.3 Amplifiers

DC and AC amplifiers are used to amplify electric signals. At the frequen-
cies relevant to active vibration protection systems the amplifiers may be

considered as being non-inertial with the following transfer function
we(s) =k (C.20)

Mechanic, pneumatic, hydraulic and pneumomechanic amplifiers can be

involved in active systems as well [1][2][3].
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Figure C.5: Scheme of a mechanical filter
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