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Resumen

La proteccion de las estructuras civiles muy grandes y sus habitantes de desastres
naturales como un terremoto es importante desde el punto de vista de la investigacion y ha sido
vista con gran interés a través de los afios. La motivacion general de este trabajo es el disefio y la
validacion de un sistema de control activo de vibracion para estructuras civiles bajo el efecto del
terremoto bidireccional, también el anélisis de la velocidad del sistema.

Las entradas sismicas bidireccionales en los edificios induciran vibraciones acopladas a la
torsién de la traduccion en los edificios que son mas graves con graves dafios estructurales y
deben tenerse en cuenta. Es un aspecto importante del sistema de control estructural detectar la
respuesta de la estructura continuamente y actuar superiormente para mitigar la vibracion
causada por las ondas sismicas. Un criterio mas importante al disefiar un controlador es su
estabilidad. Todas estas cuestiones son el factor motivador de este trabajo. La primera parte de la
tesis se centra en el modelado y control de retroalimentacion de estructuras de construccién
inelastica. Nuestra primera contribucion es el disefio del algoritmo de control PD / PID. Es el
control mas simple y mejor, ya que se realiza eficazmente sin el conocimiento del modelo. En la
segunda parte, combinamos las clasicas técnicas de control difuso PD / PID (Proporcional-
Integral-Derivativo) y tipo-2 para compensar las incertidumbres presentes en el edificio. La
metodologia para ajustar las ganancias de PD / PID se obtiene utilizando el teorema de
estabilidad de Lyapunov y se verifica la estabilidad del sistema. El disefio de control establecido
requiere cierto conocimiento del sistema para afinar las ganancias PD / PID. Asi que en la parte
final, sugerimos un controlador de modo deslizante discreto (FDSMC) que no necesita los
parametros del sistema. Generalmente, el control de tiempo discreto o control de muestreo es el
mas adecuado para el control estructural. La estabilidad del controlador propuesto se verifica
utilizando el candidato de Lyapunov. La parte mas crucial de nuestro trabajo es la capacidad de
manejar la incertidumbre estructural mediante el esquema de adopcion en linea. Como criterio
importante, la estabilidad en lazo cerrado de nuestra metodologia propuesta se expresa
tedricamente. También hemos probado nuestros controladores para excitaciones sismicas
bidireccionales. La otra contribucion de este trabajo de tesis es el desarrollo de un actuador
torsional (TA) para mitigar la vibracion torsional.

En el marco de este estudio, se establecid una disposicion de mesa de sacudidas de dos ejes en el
Departamento Control Automatico de CINVESTAV-IPN. El rendimiento del controlador se
valida experimentalmente en funcion de las caracteristicas estructurales especificas de la
excitacion y construccion, y de las incertidumbres. Se utiliza un amortiguador de masa activa
(AMD) vy el actuador de torsion (TA) para generar la fuerza requerida para minimizar las
vibraciones. Se usaron sefiales de terremoto para excitar el prototipo del laboratorio. En el
estudio experimental, los controladores propuestos proporcionaron supresion significativa de la
vibracion.



Abstract

Safeguard of large civil structures and human residents from natural hazards such as
earthquakes is very important from the research point of view andhave been seen with great
interest over the years. The mainmotivation of this workis the designing and validation of
anactive vibration control system for building structuresunder the effect of the bidirectional
earthquake and to perform its stability analysis.

The bidirectional seismic inputs in buildings will induce translation-torsion coupled vibrations in
buildings which are more severe with severe structural damage and should be taken into
consideration. It is an important aspect of the structural control system to sense the response of
the structure continuously and performs superiorly to mitigate the vibration caused by seismic
waves. One more important criterion while designing a controller is its stability. All these issues
are the motivating factor of this work. The first part of the thesis focuses on the modeling and
feedback control of inelastic building structures. Our first contribution is the design of the
PD/PID control algorithm. It is simple and finest control as it performs effectively without the
knowledge of the model. In the second part, we combine the classic PD/PID (Proportional-
Integral-Derivative) and type-2 fuzzy control techniques to compensate the uncertainties present
in the building. The methodology for tuning the gains of PD/PID is obtained using Lyapunov
stability theorem and the stability of the system is verified. The stated control design requires
some knowledge of the system in order to tune the PD/PID gains. So in the final part, we
suggested a discrete sliding mode controller (FDSMC) which does not need the system
parameters. Generally, discrete-time control or sampling control is most suited for the structural
control. The stability of the proposed controller is verified using Lyapunov candidate. The most
crucial part of our work is the ability to deal structural uncertainty using on-line adoption
scheme. As an important criterion, the closed-loop stability of our proposed methodology is
expressed theoretically. Also we have tested our controllers for bidirectional seismic excitations.
The other contribution of this thesis work is the development of a torsional actuator (TA) in
order to mitigate the torsional vibration.

Within the framework of this study, a two-axis shake table setup was established in the
Control Automatic Department of CINVESTAV-IPN. The controller performance is
experimentally validated based on the specific excitation and building structural characteristics,
and uncertainties. An active mass damper (AMD) and the torsional actuator (TA) are used to
generate the force required to minimize the vibrations. Earthquake signals were used to excite
the lab prototype. In the experimental study, the proposed controllers provided significant
vibration suppression.
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Chapter 1
Introduction

Historic studies related to earthquakes such as in 1985 Mexico City, 1994 Northridge, 1995
Kobe, 1999 Kocaeli, 2001 Bhuj, 2008 Sichuan, 2008 Chile, and 2012 Emilia expose that
earthquakes have caused severe damage in civil structures all over the world. The process
of modification or to control the building structures from severe damages has became a
salient topic in structural engineering. The control of building structures from the hazardous
earthquake waves is an area of great interest for the researchers that is growing rapidly
[40][41]. The challenging part of the job lies on the protection of super structures in the whole
of geographic locations from the seismic events thus providing a means of safer environment
for the human occupants. The extensive damages due to an earthquake can be noteworthy
and so there is utter necessity to develop an effective methods for protection.

The structural control methodology and its applications during earthquakes was first
suggested by the researches more than a century ago. Although, Yao in 1972 [146] had
proposed the first idea of structural control that played a major role in the advancement
of the field of structural engineering, but major developments have been noticed during the
last 25 years where the structures with preventive systems have been developed. In the area

of structural design and its control, the following points should be taken care of:
e The pattern in which the ground and earthquake vibrates during earthquake.
e The design techniques of buildings to withstand earthquakes.

e Innovative strategies for the response control of building structures.

Passive and active control systems plays an important role in the response reduction

of civil engineering structures subjected to strong seismic vibrations. Passive, active and
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semi-active control systems are the most important class of structural engineering. The two

techniques that can be utilized for the control of structural vibrations are:

e Implementation of smart materials in the construction of buildings [59].

e The use of control devices like actuators, dampers and isolators in the building struc-
tures [94].

A worldwide popularity and high demand of structural control and its application had
given rise to various researches leading to the publication of many textbooks for example
[36]. [59] had suggested different types of passive, active, semi-active, and hybrid control
systems in his review paper that opens up the importance of control theory in the vibration
control of structures. [40] had focused on in depth studies about active, semi-active and
hybrid control devices along with some control strategies. The main factors affecting the

performance of structural control can be categorized as

e Excitation criteria (e.g., unidirectional or bidirectional earthquake and winds).

e Structural characteristics (e.g., natural frequency, degree of freedom and nonlinearity

in structures).

e Design of the control system (e.g., devices types and quantity, device placements,

system models and control algorithm) [147].

Although the most of research has been vested on the seismic analysis considering uni-
directional seismic waves, very less researches has been conducted on bidirectional seismic
waves. The fact cannot be denied that the earthquake has indeed an arbitrary direction,
represented by a bidirectional ground movement [30][54]. The bidirectional seismic inputs in
buildings will induce translation-torsion coupled vibrations in buildings which is more severe
with severe structural damage and should be taken into consideration [154]. The intensive
research in the field of earthquake engineering revealed the fact that one of the prime fac-
tor of building collapse in recent times is asymmetric building structures under the grip of
bidirectional seismic ground motions [90].

The active devices are capable of adding forces onto the structures. If the control forces
for these active devices are generated by unstable controller then it may cause unusual
vibrations to the building structure thus effecting the performance. So it is utter necessary

to analyze the stability of the controller. Also it is very important to study the controllers
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performance and effectivity under the effect of bidirectional forces. The bidirectional forces
acting on the building will result in torsion in the building which is an important area
of research and should be taken into consideration. Apart from that, the experimental
verification of these controllers in mitigation of bidirectional seismic waves were not given
due consideration. Hence, the implementation of a controller will be a challenging if these
issues are not handled in an efficient manner. The motivation of this work is to validate
the performance and abilities of the structural vibration control system by analyzing and

handling the above issues in an effective manner.

1.1 Objectives

It is an important aspect of structural control system to sense response of the structure
continuously and give efficient response in order to mitigate the vibration caused by seismic
waves. Several types of controllers were implemented to attenuate the structural vibrations
due to unidirectional earthquake. So more focus should be vested in control action involving
bidirectional forces. Torsion is an important aspect in buildings under the effect of earth-
quake and needs to be dealt in efficient manner. The designed controller should possess the
capability of measuring the response and act on the controller mechanism of the damper and
actuator in order to minimize the vibrations main intention is to perform the regulation of
output so as to keep the system states such as position and velocity very close to zero. An
innovative and efficient control design will broaden the effectiveness of the bidirectional vi-
bration mitigation. One more important criteria while designing a controller is its stability.
The controller instability will result in the unsuitable system operation and consequently
may incur significant damages to the building ultimately causing harm to humans. Another
important aspect is parameter uncertainty incorporated in the buildings. So it is essential
to design an innovative controller that requires minimum system parameters. Stability and
robustness are the important criterion that should be taken into consideration while propos-
ing a high-performing controller. Finally, the performance of the proposed controller should
be verified under the impact of bidirectional seismic waves.

Based on the above discussions, the objectives of this thesis can be enlisted as follows:

e A need of developing a novel mechanism to control the lateral-torsional vibration due

to bidirectional forces on the structure.

e To propose a high performance controller design that involves least information of
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structural parameters.
e Validation of the stability of proposed controller from theoretical point of view.

e To verify experimentally the performance of the proposed algorithms and to compare
the performance of the controller based on the experimental analysis in order to validate

the most superior controller for the mitigation of structural vibration.

1.2 Contributions and Significance

As a result of discussions in the previous section and by giving due importance to the
objectives, our first contribution is the design of the PD/PID control algorithm. It is one
of the effective control as it shows its efficiency without the knowledge of the model. It is
simple in nature and can be incorporated with distinct physical meanings. In the second
phase of the contribution, we combine the classic PD/PID (Proportional-Integral-Derivative)
and type-2 fuzzy control techniques to handle the uncertainties present in the building. The
type-2 fuzzy system has effective ways to deal with knowledge uncertainty compared with
classical type-1 fuzzy logic, because the type-2 fuzzy sets can deal uncertainties with more
parameters and more design degrees of freedom. The main parts of the controllers are PD and
PID, while the nonlinearity are compensated by the type-2 fuzzy system. So the controller
possesses the advantages of PD/PID and type-2 fuzzy techniques. A method for tuning the
fuzzy weights in order to reduce the regulation error is developed. Also the conditions for
choosing PD/PID gains are laid down. The tuning techniques are extracted using Lyapunov
stability theorem and is done to validate the stability of the entire system.

The previously mentioned control design requires the knowledge of the parameters of the
structure to some extent while tuning the PD /PID gains. So in the final phase, we proposed a
Fuzzy discrete sliding mode controller (FDSMC) which does not need the system parameters.
In general cases, discrete-time control or sampling control is most suited for the structural
control. The sampling period is considered to be the important feature that play significant
role in the performance of the control system. The stability of the proposed controller is
verified using Lyapunov candidate. The application of these controller to uncertain building
structures is widespread.

The most crucial part of our work is the ability to deal structural uncertainty using on-
line adaption scheme. Also as an important criteria, the closed-loop stability of our proposed

methodology is expressed theoretically. Also we have tested our controllers for bidirectional
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Figure 1.1: Bidirectional vibration control scheme

seismic excitations. The other contribution of this thesis work is the development of a Tor-
sional Actuator (TA) in order to attenuate the torsion vibration which is raised due to the
effect of bidirectional forces on the structure. The Torsional Actuator (TA) is a disc and
motor arrangements which is placed on the centre of the structure and is controlled with the
proposed controller. An additional contribution of this thesis is the state-of-the-art review
[104], which presents a detailed review on various passive, semi-active and hybrid control
system applied to control the translation-torsion coupled response of structure under bidirec-
tional seismic events are portrayed in sequential manner. A detailed review paper is essential
to judge about the criteria of selection of dampers,actuators and controllers. On the basis
of review chapter the selection of active devices is achieved. Also PD/PID, combination of
PD/PID with fuzzy and Sliding mode controller for this work has been selected on the basis
of review chapter. So this chapter delivers a significant contribution on this work. Chapter
2 depicts a version of this mentioned review. The bidirectional structure vibration control
system is expressed by Figure 1.1. Chapter 3 discusses the modeling of building structures
under the effect of bidirectional seismic loadings. The active control algorithms of horizontal
and torsional actuator are also proposed. Chapter 4 elaborates the application of PD/PID
controller and its effect on controlling the movement of Active mass damper (AMD) and
Torsional actuator (TA) in order to control the movement of the building under the effect
of bidirectional excitations. Chapter 5 illustrates the implementation of Type-2 fuzzy to
PD/PID control to deal with the uncertainties in an effective manner. Chapter 6 brings
demonstrates the application of fuzzy discrete sliding mode controller in mitigating the bidi-
rectional vibration. The final phase concludes with chapter 7 that summarizes the thesis,

our contributions in the field of structural lateral-torsional vibration control and investigates
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the successes as well as constraints of our methodologies.

1.3 Publications

Most contributions described in this thesis have appeared in various publications. Below are
the publications:
International journals

1. S. Paul, W. Yu & X. Li, “Recent Advances in Bidirectional Modeling and Structural
Control,” Shock and Vibration, vol. 2016, Article ID 6275307, 17 pages, 2016.

2. S. Paul & W. Yu, “A method for bidirectional active control of structures”, Journal of
Vibration and Control, First published date: May-16-2017.

3. S. Paul & W. Yu, “Bidirectional active control of structures with type-2 fuzzy PD and

PID”, International Journal of Systems Science. (Under Review).

4. S. Paul & W. Yu, “Discrete-time sliding mode for building structure bidirectional active
vibration control”, Transactions of the Institute of Measurement and Control. (Under

Review)
International conferences

1. S. Paul & W. Yu,, “Advances in Bidirectional Modeling and Structural Control, 8th
International Symposium on Resilient Control Systems, Philadelphia, USA, pp. 23-28,
2015.

2. S. Paul & W. Yu,, “ Stable Active Vibration Control of Building Structure Subjected
to Bidirectional Earthquake, 13th International Conference on FElectrical Engineering,
Computing Science and Automatic Control (CCE16), Mexico City, Mexico, 2016.

3. S. Paul & W. Yu, Intelligent Techniques for Bidirectional Structural Health Monitoring,
5th International Conference on Mechatronics and Control Engineering (ICMCE16),
Venice, Italy, 52-56, 2016.

4. S. Paul & W. Yu, Bidirectional Fuzzy PD Control for Active Vibration Control of
Building Structure, IEEE International Conference on Industrial Technology (ICIT
2017), Toronto, ON, Canada, 2017.
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5. S. Paul & W. Yu,Type-2 fuzzy PID for active control of bidirectional structures, 14th
International Conference on Electrical Engineering, Computing Science and Automatic
Control (CCE17), Mexico City, 2017.
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Chapter 2

Vibration Control

This chapter provides an overview of control of structures under bidirectional seismic waves.
It focuses on different types of bidirectional control devices, control strategies, and bidirec-
tional sensors used in structural control systems. It also highlights the various issues like
system identification techniques, the time-delay in the system, estimation of velocity and
position from acceleration signals, and optimal placement of the sensors and control devices.
The importance of control devices and its applications to minimize bidirectional vibrations
has been illustrated. Finally, the applications of structural control systems in real buildings

and their performance have been illustrated.

2.1 Structural control devices

Vibration suppression in appropriate quantity can prevent the structures from fracture or
collapse. Some devices play this suppression role to prevent the structure from damages.
The control devices, such as actuators, isolators and dampers, are installed to suppress
the external vibrations. These structural control devices are getting more popularity and
attention along with their applications in building structures. The structural control devices
for the seismic hazards can be categorized as passive, active, hybrid, and semi active [123].
In last two decades, the active, semi active and hybrid control are paid more attentions than
the passive devices [122]. The conception and characteristic of the structural control devices

for bidirectional seismic waves are illustrated below.
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2.1.1 Passive devices

A passive control device is incorporated to a structure. It modifies the stiffness or the
damping of the structure in an suitable way. The passive control system does not require
an external power source for its operation. It generates control force opposite to the motion
of controlled structured system [92]. The passive systems can be divided into two basic
categories: 1) base isolation systems; 2) energy dissipation systems.

There are many passive control devices, for example viscoelastic dampers, tuned mass
dampers, frictional dampers, tuned liquid dampers, and base-isolation systems [121]. The
principal function of a passive energy dissipation system is to reduce the inelastic energy
dissipation demand on the framing system of a structure [27].

The forces of the passive control devices solely dependent on the structural motion. They

can be expressed as [147]

where 24 is relative velocity across ith device, ¢; is the damping coefficient associated with
the ith device.

Additionally we use the next section to describe some famous dampers for the bidirec-
tional control.

The tuned mass damper (TMD) is considered to be an energy dissipation system, al-
though the primitive concept of this system is not to dissipate energy. It transfers the
energy from the building structure to the tuned mass dampers (absorbers).

The basic principle of TMD is to obtain optimal damping parameters, in order to control
the displacement of an undamped system subjected to a harmonic force [53]. The coupled
lateral-torsional motions under seismic excitations are exhibited by the building structures
with intended eccentricities between their mass and stiffness centers.

In [35], investigation of tuned mass dampers in arrangements termed as coupled tuned
mass dampers (CTMDs) were carried out, where translational springs and viscous dampers
are used to connect mass in an eccentric manner. The CTMD works in coupled mode that
includes lateral and rotational vibration. This technology is utilized to control coupled lateral
and torsional vibrations of asymmetric buildings. The results revealed that CTMDs are more
effective and robust in controlling coupled lateral and torsional vibrations of asymmetric
buildings.

In [143], Multiple tuned mass dampers(MTMDs) was proposed with distributed natural

frequencies. The several researches had been carried out to establish the effectiveness of mul-
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Figure 2.1: The multiple tuned mass damper(MTMD)

tiple tuned mass dampers and it had been verified that MTMDs had advantages over single
TMD. A multiple tuned mass damper(MTMD) system is shown in Figure 2.1.It consists of a
main system, which has n tuned mass dampers with different dynamic characteristics. The
main system is subjected to a lateral force. The main system and each TMD vibrate in the
lateral direction. Due to torsional coupling, the main system has torsional vibration. The
total degrees-of-freedom of the combined system is n + 2.

Two uncoupled frequency parameters of the main system are defined by

s 0
wsxy - msxz 0= mszyr?g’ JO - msxyr%, msxy - 0 My 0 ) KSQC?J = 0 Kyy KZ/9
0 0 Jo —Kuo Ky Koo
(2.2)

where my,, is the mass of the main system, K, is the main system lateral stiffness, Ky and
rg are the torsional stiffness and radius of gyration respectively related to the main system
about the center of mass, Jy is the polar moment of inertia related to the story. Radius
of gyration refers to distribution of the components of an object around an axis. It is the
perpendicular distance from the axis of rotation to a point mass that gives an equivalent

inertia to the original object.

Tuned liquid column damper(TLCD) have uniform cross-section with U shaped tube
attached. The schematic view has been shown in Figure 2.2. The vibrational energy from
the structure is transferred to the TLCD liquid via the movement of the rigid TLCD container
thus stimulating the TLCD liquid.

In [82], the methodology of vibration control of eccentric structures using TLCD mod-
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Figure 2.2: The tuned liquid column damper

eled as torsionally coupled multi-story shear structures which is under the grip of multi
dimensional seismic excitations has been investigated. For a multi-story eccentric model
with TLCD arrangements where O, S and M being the geometry, stiffness and mass centers
respectively, with:

u, v denoting floor translational displacement along x axis and y axis respectively and

0 denoting the rotational angle about vertical z axis

The equation of motion along x—direction and y—direction are illustrated by equation
(2.4) and (2.5)

mah+ eu+ kb = —pAuBy [+ ity — L (01 + )] (2.3)

M + 58 + kys = —pA B, [ 1+ B+ Lus (61 + 6 )] (2.4)

where, my, = pApLy, ms = pAsLg,cp = SpArE, |1

yCs = %pAsgs |S|7kh = QPAhg, ks =
2pAsg, where my, ¢, and kj, are the mass, damper and stiffness respectively of TLCD in
x—direction, mg,cs and ks are the mass, damper and stiffness respectively of TLCD in

y—direction.

[ k /2 / /
Natural frequencies are wj, = e L ,Ws = =
h ms

and p =Liquid Density,{; and 5 are damping ratios related to TLCD, h and s are the
displacements of liquid in the TLCD of u and v directions.
Ly and L,B)y, and By, A, and A, are the notations for length, width and cross sectional
area respectively of the liquid in two TLCDs.
Coordinate position of the TLCDs in x—direction are represented by [, and [,,. Coor-

dinate position of the TLCDs in y-direction are represented by [, and [,;.
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Figure 2.3: The circular tuned mass damper(CTLCD)

iy, Vg and ég are the ground seismic acceleration along u, v and # directions. ¥, {; and
0, are the accelerations of the ith floor along z,y and 6 directions.

The circular tuned liquid column damper (CTLCD) is shown in Figure 2.3. This advance
control device is highly responsive to the torsion. CTLCD can be applied for both torsional
vibration and torsionally coupled vibration. The effectiveness of CTLCD for the structural
torsional response are studied by [56]. Stochastic vibration theory is applied to identify the
optimal parameters of CTLCD in [77].

The motion equation of CTLCD is given by [60]

| 1.
pA(2H + 27 R)} + 5pA€ (h) h+ 2pAgh = —2pAm R (itg + iig0) (2.5)

where R is the radius of the horizontal circular column, iy is the structures torsional accel-

eration, i, is the torsional acceleration of ground motion.

In [54], a new type of control device termed as tuned liquid mass damper (TLMD)
was presented in order to control the torsional response of building structures subjected to
bidirectional earthquake waves. The mass of TLMD includes both TLCD tank and the liquid
in the tank. The stiffness is compensated by natural rubbers. The main working concept
of TLMD is to operate a TLCD in one direction, and run a TMD in the other orthogonal

direction, see Figure 2.4.

The stiffness of TMD, and the liquid high are determined as

k=m2nf,)? L= (2.6)



14 Vibration Control

Y
TLCDIontrol

TMDEontrol

Partition

RubberPad

Figure 2.4: The tuned liquid mass damper

where m and f,, are the mass and the tuned frequency in the TMD control direction, g and
fr are the gravity acceleration and the tuned frequency of TLCD.

Tuned Liquid Column Dampers (TLCDs) are a special type of TLDs that depends on the
motion of a column of liquid in a U-tube like container to neutralize the forces acting on the
structure. The introduction of the damping factor is done in the oscillating liquid column
through an orifice in the liquid passage. The damping, however unlike TMDs, is amplitude
dependent, and thus the TLCD dynamics are associated with non-linearity. On the other
hand, circular Tuned Liquid Column Dampers (CTLCD) is very much active when exposed
to torsional response. As the earthquake is practically multi-dimensional, the torsionally
coupled vibration factor cannot be ignored and so CTLCD is much favored in this case.

In [43], the control performance of the novel sealed, torsional tuned liquid column gas
damper (TTLCGD) in order to minimize the coupled flexural torsional response of plan-
asymmetric buildings under the grip of seismic loads has been discussed. The analysis of
technique associated, reveals that TTLCGD is an effective control device in suppressing the

time-harmonic excitation and the earthquake response.

2.1.2 Active devices

The main drawback of the passive control devices is that they cannot adapt the change of
the natural frequency caused by the structural nonlinearity and huge seismic excitations,
especially for multiple floor buildings [40], although multiple and tuned dampers can be
applied for different frequencies.

Since 1970s, remarkable progress has been made in the field of active control of civil

engineering structures subjected to natural forces such as winds and earthquakes [122]. The
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Figure 2.5: The active tuned mass damper for a 2-DoF' structure

active structure control modifies the structural motion by some external forces. Topics
covered on active structural control can be found in [33]. Compared with the passive devices,

the active systems have the following advantages [121]:

1. Motion control can be achieved with greater effectivity.
2. In account of ground motions, it is relatively insensitive.
3. It can be applied to the multi-hazard remission circumstances.

4. Control objectives can be selected flexibly.

In order to control actively, the external excitations and inner structural responses are
needed. These measured information are sent to the control algorithm to generate desired
control forces. So the active devices usually use displacement sensors.

The active tuned mass damper (ATMD) uses control strategy to improve the tuned
mass damper (TMD). It improves the effectiveness in minimizing the structural response
[26]. As the proof of [19], the qualities of TMD can be enhanced by introducing an active
force between the structure and the TMD. ATMD methodology can be also regarded as a
modification version of ATMD, robustness version of TMD.

The active controller should be able to absorb the translation-torsion coupled vibrations.
Besides the translational vibrations, the torsional vibrations under the seismic waves also
affect the performance of ATMD. An asymmetric structures is under the coupled lateral—
torsional responses is discussed in [81]. The lateral displacement of asymmetric struc-
tures and the optimum parameters incorporated in ATMD are shown by a two- degree-

of-freedom(2-DoF') structure, see Figure 2.5.
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The mathematical expression of the ATMD active control force that is generated is
U(t) = —myis — cilir — (i + yros)] — ki[zr — (2 + yrbs)) (2.7)

where, m; is the feedback gain of acceleration associated with asymmetric structure, ¢; is
the feedback gain of the velocity of the ATMD, k; is the feedback gain of the displacement
of the ATMD.

In [145], a new performance index for active vibration control of three-dimensional struc-
tures was proposed. To analytically proof the existence of the proposed performance index,
a six story three-dimensional structure is taken into consideration as an example with a fully
active tendon controller system implemented in one direction of the building. The building
under analysis is modeled as a structure made up of members joint by a rigid floor diaphragm
in a manner so that it has three degrees of freedom at each floor, lateral displacements in
two perpendicular directions and a rotation with respect to a vertical axis for the third

dimension.

2.1.3 Semi-active devices

Semi-active control devices are regarded as controllable passive devices. The main objective
of these devices is saving control resources. The actuators of the semi-active control do not
add mechanical energy to the structure directly. The power break down semi-active control
system offers some degrees of protection with the help of embedded passive components.

The semi-active devices take the advantages of the passive and the active control. It
requires less power than the active control devices. They can even be operated by the battery
in the case of power failure during the seismic event [122]. They perform significantly better
than passive devices. An exhaustive review on the semi-active devices is proposed in [123].

The magnetorheological (MR) damper is the most popular semi-active damping device.
It works on the magnetorheological fluid and is controlled by a magnetic field. Generally,
the magnetic field is produced by electromagnet. It requires minimal power for its operation.
The suspended minute iron particles in a base fluid are termed as MR fluids. This type of
liquids have the capability of changing from free flowing linear viscous state to semi-solid
state with controllable yield strength under a magnetic field.

The result of uncovering the liquid to a magnetic field is the particles use the form of
chains. These chains obstruct the flow and solidifies the fluid in a span of milliseconds. The

stress is directly proportional with the magnitude of the applied magnetic field [69]. The
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Figure 2.6: Simple mechanical model of MR

behavior of MR fluid can be simulated by the Bingham plastic model, which is an extension
of the Newtonian flow. The other way of determining the behavior of MR fluid is to analyze

the yield stress of the fluid. The total stress is given by [144]

T = Tysgn(y) + 0y (2.8)

where 7, is the yield stress induced by the magnetic field, 7 is the shear rate, 7 is the viscosity
of the fluid.

The application of MR damper to control the torsional and torsionally coupled responses
subjected to bidirectional seismic waves is investigated in [150]. The MR damper contributes
significantly in the field of civil engineering. The simple mechanical model of MR is shown

in Figure 2.6. In [148], a prototype shear-mode MR damper is proposed.

The governing force f generated by MR device is

f=coq+az

. . n—1 . n . (2'9)
Z=—ldllz] |=]"" = Bqlz|" + Ag

where ¢ is the device displacement, z is the evolutionary variables that keeps track of the
response history dependence, ~, 5, n, and A can control the linearity in the unloading and

the smoothness of the transition from the pre-yield to the post-yield region.

2.1.4 Hybrid devices

Hybrid base isolation(HBI) had been a matter of interest for a number of researchers due to
its effectivity and consists of a passive base isolation system combined with a control actuator

to generate the effects of the base isolation system. Several research on base isolation system
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Figure 2.7: HMD system installed in Nth floor

have been carried out and installed in several structural engineering projects due to its
positive attributes like simplicity, reliability, and effectiveness.

In [4], the application of Hybrid mass damper (HMD) system consisting of tuned mass
damper and active mass damper to control torsionally coupled building structures under
bidirectional seismic force was proposed. In this context, the fuzzy logic controller is used to
control the HMD system. Complex structural systems have non-linearities and uncertainties
in both the structural properties and the magnitude of the loading. Thus, it is difficult to
derive and identify an appropriate and accurate dynamic model for designing the traditional
controller. An intelligent controller can be designed without specifying a very precise and
accurate dynamic model of the structure. Such an intelligent controller has been introduced,

using a fuzzy logic control system. The schematic view is shown in Figure 2.7

The equation of motion for HMD system installed in N-story building is given by equation
(2.10)
Mhﬁh + Ohibh + Khuh = —Mhph’lla]v + thcuc (210)

where, the mass, damping and stiffness matrices of the HMD system are M}, C}, and K},
respectively. wuy, is a vector of displacements of the HMD system relative to the Nth floor.
P, and P. are position vectors of the absolute acceleration of Nth floor, i,y and control
command vector u., respectively

Kim and Adeli, 2005 [71] had investigated hybrid damper-TLCD control system to control
3D coupled irregular buildings subjected to bidirectional seismic waves. Simulation results
for control of two multi-story moment resisting space steel structures with vertical and plan

irregularities show clearly that the hybrid damper-TLCD control system significantly reduces
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Figure 2.8: Comparision of control devices

responses of irregular buildings subjected to various earthquake ground motions as well as
increases reliability and maximum operability during power failure.
The comparison between uncontrolled, passive control, active control, semi-active control

and hybrid control devices are demonstrated by Figure 2.8 below[122]:

2.2 Vibration control

The appropriate design of a controller is utter necessary so that it can send essential control
signal to the control devices in order to reduce the structural responses. The main strategy
involved within the control scheme to prevent the collapse of building structures under bidi-
rectional seismic waves is to control the coupled translation-torsion response of the building
structures[11, 47, 87, 155]. In this section, various control strategy on the basis of various
techniques is presented. The main object of the bidirectional control is to change the cou-
pled translation-torsion response of the building structure, in order to prevent the collapse
of building under bidirectional seismic waves [118]. Robustness, fault tolerance, simplicity

and realiziablilty criteria are considered [127].

2.2.1 Time delay problem in vibration control

Time delay from the measurement to the actuator is a limit for vibration control. The

control loop includes vibration data measurement, data filtration, control algorithm, data
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transmission, and actuation. The control loop has also phase shift by time delay [7]. The
time delay may cause instability in the closed-loop [126].

The motion equation of n-DoF structure with time delay ¢4 is
Mi(t) + Ci(t) + Ka(t) = Tu(t — tg) — MAZ,(t) (2.11)
If ¢4 is the fixed, the Laplace form transformation is
Fy(s) = e *"(g15 + g2) (2.12)

A review on time-delay compensation methods can be found in [3].

2.2.2 Optimal placement

The proper placement of sensing and control devices is an important research field of struc-
tural control. It results the measurement and control operation effectively. It also affects
the controllability and observerability of the controlled system [8][100].

In [48], the location performance index of the actuator and sensor are presented, which

can be computed by the Hankel singular values v, and 72,

) (va.) "z,

) Yy (2.13)
17211 172, 1

where k is the non-negative correlation coefficient, 2 and ’yiy denotes the Hankel singular
values of the transfer function G, and G, v and w represents the input to the system, y
and z represents the output of the system.

In [10], the placing of the sensor at the center of mass is suggested. The proposal validated
that the center of mass may not be good for the sensor position. Arbitrary arrangement of
sensors is better subjected to bidirectional seismic motion. In [41], a detailed survey on the
optimal placement of control devices was presented. In [135], energy dissipation was utilized
to analyze the position of the controller, in order to minimize translation-torsion coupling
effects. It suggests the locations which are nearby to the geometric centre of the structure

can minimize the torsional effect.

2.2.3 Linear controllers

The working principle of PID controller is based on the feedback error e(t) which is otherwise

used to calculate the required control force. In case of a structural applications if the desired
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state is in the equilibrium position then the reference signal is considered to be taken as
zero. The principle of PID control is to use the feedback error e(¢), which is the difference
between the output signal y(¢) and the reference signal r(¢).Once the error is calculated, the
main aim of the controller is to minimize the error for the next iteration process by carefully

manipulating the inputs. It has the following form

u(t) = K [e(t) + % /e(t)dt + Tddz(tt):| . (2.14)

where K is the proportional gain, 7; is the integral time, Ty is the derivative time, e(t) =
r(t) — y(t). PID control is a negative feedback algorithm. It can force e(t) to zero. It is the
most popular industrial controller.

A comparison between a sliding mode control and PID control for the structural system is
investigated by [50]. In [133], the effects of measure seismic waves on a six-story asymmetric
structural model compiled with frictional dampers was investigated. The methodology deals
with the control of torsional response of asymmetric structures and to obtain a lower level
of torsional balance by arranging empirical centre of balance (ECB) of the structure at same
distance from the edges of the building plan. The axial displacement of each actuator is
controlled using a conventional PID-controller. In this research, frictional dampers proved
its effectiveness of controlling lateral-torsional coupling of torsionally flexible as well as stiff

structures.

The most important optimal controllers are the linear quadratic regulator (LQR) and
linear quadratic Gaussian (LQG) control. The equation of motion can be exhibited in the

form mentioned below-

X = Az + Bu (2.15)

where the state and input system matrices are A and B respectively. The LQR algorithm

calculates a control law u in the form of criteria of performance or cost function

J= / (@rer — 2(1)7Q(2res — (1)) + u(t) Ru(t)dt (2.16)

is minimal. The design matrices Q and R takes back the compensation on the deviations
of state variables from their set point and the control actions, respectively.
The increase in elements of () results in the increase of cost function, the compensation

associated with any track change from the desired set point of that state variable, and thus
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the specific control gain will be larger. The increase in R matrix results in a larger penalty
that is applied to the audacity of the control action, and the control gains are uniformly
decreased.. The feedback gain of the optimal control is computed by minimizing a cost
function J = J(z,t,u(t)) [7]

J = lim lE [/T {vf Qu, + fTRf} dt (2.17)
0

T T

In [149], a semi-active control to the coupled translational and torsional vibration of a 2-
story asymmetric building subjected to seismic excitations was presented. A LQG controller
is involved as a nominal linear controller, considering the ground acceleration with white

noise. The LQG controller is given by
5= (A= LC)2+ Ly + (B — LD) fn, fo = —K2 (2.18)

where L is the state estimator gain matrix, K is the LQR gain matrix.

In [20], active isolation was implemented and conducted experiments in order to verify
the behavior of seismically excited buildings under multidirectional earthquake force. Ac-
tive isolation technique works in combination with base isolation system and controllable
actuators. The base isolation methodology offers effective approach in reducing interstory
drifts and floor accelerations that works in phase with the adaptive nature of the active
system in order to generate higher level performance against wide range of earthquakes. In
this methodology, LQG control steps are obtained using LQR and Kalman estimator. The

optimal control gain is achieved using the following-

u(t) = —Kz(t), (2.19)

where K is optimal control gain with respect to the states of the augmented system.

In [71], the control of 3D coupled irregular buildings subjected to bidirectional seismic
waves was investigated. To find the optimal control forces, a wavelet based algorithm in-
volving optimal control is utilized. It has been suggested in their work that LQR or LQG
algorithm can be use as a control algorithm for the feedback controller as per the investigation
mentioned [121, 1, 25]

In [37], a sequential optimal control for serially connected isolated structure subjected to
bidirectional earthquake was suggested. Sequential control algorithm has inherent capabil-
ities to construct control objective function under bidirectional earthquake situations. The

objective function which is in quadratic form can be illustrated as in equation (2.40)
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7= [ |5 O Q)+ L0 IR 0} (2:20)

weighted matrices are () and R represents structure response and control force.

X,y structural response is contained in X (t),tp = control starting time, t; = control
conclusion time.

The mathematical expression of sequential optimal control is depicted by the equations
(2.21), (2.22) and (2.23)

{f(ta)} = — [RI" [BI {A(ta)) (2.21)
{3} == 14" ) = @I )} = 0 (2.22)

{X} = [A{x} + B} + (B} O (2.23)

where t4 =current time, The domain is expressed in [t4,t], The value of A\ can be
computed directly.

The result of the entire analysis was in the favor of the algorithm being not only an
effective measure to control the bidirectional horizontal response of earthquake but also
reducing the isolation layer movement by large extent.

In [24], the lateral-torsional earthquake response control of two single-story asymmetric
plan buildings associated with multiple magnetorheological (MR) dampers was investigated.
The desired control forces are generated using LQR technique. The damper forces are
extracted using the method of least square minimization.

In [152], the responses related to seismic and harmonic waves for a true free-plan tall
building equipped with two tuned pendular inertial masses (TMs) and magnetorheological
(MR) dampers was investigated. The technique of LQR strategy is considered as a bench-
mark in order to compare the performance with the proposed physical controller. A 21
stories reinforced concrete structure building is investigated of typical story height of 3.6 m
with total height of 90m. In the transverse y-direction, the building being more flexible,
there is existence of lateral torsional coupling. As a result, two pendular TMs, one along the
flexible edge and one along the stiff edge of the building were designed and built on the 21st
story. The controller used in this investigation is quite similar to the LQR controller which

was implemented to control TM-MR damper.
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He> control methodology has been relied as and effective approach in structural vibration
control which is classified as linear robust control. This scheme is unresponsive to the dis-
turbances and parametric differences and so it is most preferred for multiple input multiple
output(MIMO) type structural control systems [132]. Design method of H~control system
and its effectiveness was presented by [44]. The analysis was carried out on 23-storey build-
ing in Tokyo using a pair of hybrid mass dampers. Bidirectional seismic excitations was
considered during the investigation. The control technique was established by taking into
consideration x-direction and y-direction separately. The bending component of the vibra-
tion was controlled along x-direction only while along the y-direction, control of bending and

torsion are considered. The scheme of the control system is shown in Figure 2.9 and 2.10

He>control theory was applied to design the controller on the basis of reduced order model
depicted in (2.24) and (2.25)

&, = Az, + Bou+ D,w (2.24)

y =6 +182]" = Cr, (2.25)

The designed controller should follow the following inequality
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H Wi(s)N(s) (2.26)

Wa(s)M(s)

where N(s) and M(s) means the transfer function from external input to control input
and from external force to output, respectively.

The controller were installed and then the vibration tests are performed. These test
results suggested that the control action generated was effective and as per the design.

In [79], the use of a robust optimal H>control for the two AMD systems was elaborated.
The AMD system was placed on the top of the unsymmetrical building for the vibration
control. The building was subjected to bidirectional seismic excitations. The H*>control
uses the technique of LMI-based solution blended with robustness specifications. In this
paper, the efficient and necessary control forces are determined and then optimized using
Hecontrol via LMI as illustrated in (2.27)

For an uncertain structural system-

(M +AM)o+ (C+AC)+ (K + AK)v = (M + AM)Ew(t) + Bsu(t) (2.27)

where, AM, AK, AC, and ABs are corresponding disturbances.
The bound condition satisfied by AM, is given by, ||[AMM || < |6 < 1,

Then using the above criteria, the state space equation can be written as

Z(t) = (A+AA)Z(t) + (B + AB)u(t) + Huw(t) (2.28)
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Considering linear time invariant criteria for the above state space equation, the perfor-

mance index is given by

J = / OO(ZT(t)QZ(t) + ul (t) Ru(t))dt (2.29)

where ) > 0 and R > 0 are weighted matrix

He direct output feedback control of buildings under bidirectional acceleration consid-
ering the effects of soil-structure interaction was investigated by [89]. In the investigation,
the tendon displacement vector of feedback control with direct approach was found to be as

depicted by

U(t) = GY (¢) (2.30)

Where, G is a time-invariant feedback gain matrix of 4xs.

Hecontrol algorithm was used to find the entries of G matrix.

2.2.4 Nonlinear controllers
Sliding mode control

The sliding mode control (SMC) is designed for uncertain nonlinear systems [132]. It is effec-
tive in terms of robustness against the changes in the parameters and external disturbances.
It has been successfully applied for structural control [97].

The control action of sliding mode control is
u<@67 t) = ue!I<@C7 t) - pSgn(o'(@C)) (2‘31)

where, u., is the linear part of control force, o(?,) is the sliding surface, p is the control gain.
In [64], SMC is used to control bending and torsional vibration of a six-story flexible
structure. The controller takes into accounts two conditions:
1) controller design considering only nonlinear control inputs

The dynamic system and the switching function are given by

#(t) = Aw(t) + Bu(t) (2.32)

y(t) = Cz(t) (2.33)



2.2 Vibration control 27

o(t) = Sy(t) (2.34)

where S =Switching hyperplane.

The controller has the following nonlinear form

u(t) = —K(SCB)™ IIZZ;II (2.35)

also, K,; =Scalar coefficient and SC'B =Multiplication factor of the matrix S, C and B.
2) Controller design considering nonlinear and sub-equivalent control inputs.
The controller has the following nonlinear form

(1) = — K (SCB)1- 2 (2.36)

Also,
U = U + Upy (2.37)

The inputs of sliding mode control are designed as the combination of linear and nonlinear
inputs.
Sub-equivalent control inputs can be generated from the solo measured outputs as given

below:

Ut = Ueqg = —Keqy (2.38)

Where k., =Scalar equivalent
The important feature of SMC is robustness under the uncertainties and disturbances.

Lyapunov stability theory is implemented to prove the system stability in [97]

Neural network based structure control

A neural network (NN) is characterized by: 1) an area which consists of number of neurons
along with their interconnections and layers; 2) its technique of implementing the weights
on the connections and is termed as learning algorithm. In [49], a neural network based
emulator computes the response of a 2D frame structure involving 3-story building. The
feedforward multilayer perceptron with the backpropagation algorithm is used in [127] for
structure control. [66] presents a wavelet neural network (WNN) based active non-linear

controller for a 3D buildings subjected to seismic excitation in both x and y directions.
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The combination of NN with the classical control theory yields better control results than
conventional controllers [13, 70]. The hybrid intelligent control algorithm applied to semi-
active control of the magnetorheological (MR) damper is presented in [79]. It is subjected
to bidirectional seismic wave.

The training data for structure usually need to be normalized into [0, 1]

N, Q(NZ - Nz min)
N; = : -1 2.39
Ni,max - Ni,min ( )

where N; is the input component, its domain is (V; min, Vi max)

In [125], a direct adaptive neural controller subjected to bidirectional earthquake inputs
was presented. Both the system parameters and the nonlinear estimation of force have
uncertainties, which can be canceled by the adaptive controller.

The control law is

*

FI (k) = G(2(k — 1), ooy 2(k — 11), Ag(R), oo, Ag(k — 11)) = G(V) (2.40)

[

where n; > n, G is the mapping function, F, (k) is the desired control force. NN is used
to model G.

In [73], and [72], NN for the structural reliability analysis was utilized. In [74], a NN based
prediction scheme was proposed for the dynamic behavior of structural systems under mul-
tiple seismic excitations. The NN prediction includes two different ways: 1) A non-adaptive
scheme that uses multiple accelerometers in training NN, and utilizes for the prediction of
the structural seismic response ; 2) An adaptive scheme uses multiple accelerometers in the

training.

Fuzzy control

Linguistic criteria is an effective feature of fuzzy control rules that can be easily modified and
understood clearly [151]. In [4], a fuzzy logic controller with multipurpose optimal design
was proposed to drive Hybrid mass damper(HMD) for the response control of the torsionally
coupled seismically excited buildings. HMD system consists of four HMDs arranged in such
a way that this system can control the torsional mode of vibration effectively in addition
to the texture modes of vibration. The design of the fuzzy logic controller(FLC) based on
the selection procedure that includes five membership functions for each of input variable
and seven membership function for the output variable. The input and output variables
includes acceleration and velocity in x-, y- , #-directions and control command u,. respec-

tively. The input subsets are categorized as - NL=negative large; NE=negative; ZE=zero;
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PO=positive and PL=positive large. The output subsets are categorized as-NL=negative
large; NE=negative; NS=negative small; ZE=zero; PS=positive small; PO=positive and
PL=positive large. In their study, bell shaped membership function have been used and is

represented by

_ 1
14 |(z —¢)/al®

where a =half-width of the membership function at 0.5 membership grade,

o (2.41)

b = membership function slope, ¢ =central position of the membership function.

The minimization of structural torsion responses using semi-active dampers has been
presented by [117]. In their investigation, the MR damper is employed for the real time
control of the response of structures under seismic excitations. The methodology of fuzzy
modeling of MR dampers have been shown in [116]. In [107], supervisory fuzzy controller
was implemented to control two lower level fuzzy controllers. The weighted is determined

by
~ WaVy + WrVp

Vd=
Wy + Wg
where Wy and Wr are the weighting factors, Vi and Vp are the command voltages.

(2.42)

In [2], it has been illustrated that the dynamic fuzzy wavelet NN can precisely forecast
structural displacements.

In [66], the wavelet neural network (WNN) model based active non-linear controller for
the response control of 3D buildings subjected to seismic excitation in both x and y directions
has been presented. The main aim is to control the torsional and lateral motions of 3D
irregular structures. The structural responses are predicted using a dynamic fuzzy WNN
which is a fuzzy wavlet neuroemulator. Estimation of future time steps is utter necessary
to control the structural responses effectively. This method is essential in determining the

magnitude of the required control forces.

Structure control with genetic algorithm

Holland, 1975 was the first to propose the general scheme of Genetic algorithm (GA) uses
natural genetic theory to build an optimal search algorithm [57]. A GA can be divided into
three parts [18]

1. Code and decode the variables into the strings form.

2. Evaluating the fitness of each solution string.
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3. Evaluate strings of the next generation by applying genetic operators.

The aim of the optimization problem is to evaluate the minimum of the performance
index,

(2.43)

Jmax — J I J < Jpax
Adaptality :{ 0 1other ise }
A%

The applications of the GA method to structural control are published by various re-
searchers. In [80], GA is utilized to MR dampers in the reduction of translation-torsion
coupled responses of an asymmetric structure. The experiment was carried out at the State
Key Lab of Coastal and Offshore Engineering in Dalian University of Technology. The pa-
rameters of the multi-state control strategy (MSC) which utilizes the velocity response as
the state-switch parameter are optimized by genetic algorithm(GA) method. This MSC is
developed in the intention to control torsional seismic response of an asymmetric structure.
In their research, also the threshold vector of the MR damper is optimized using genetic
algorithm. The parameters from the velocity response and the threshold vector of the MR
damper are optimized by the GA method. In [67], a new neuro-genetic algorithm was pre-
sented to evaluate the optimal control forces for active control of 3D building structures.
It includes geometrical and material nonlinearities, coupling action between lateral and tor-
sional motions, and actuator dynamics. In this case a floating point GA was used. The
methodology used can be categorized as follows-

i) Representation of chromosomes ,ii) initial population, iii) function related to fitness,

iv) selection function, v) genetic operator, vi) termination scheme.

In the investigation mentioned , a non uniform mutation operator applied as the genetic

operator to evaluate better solution for the new generation. It is expressed by

=

J

Fi 4 (Foax — F)h(g),if 11 > 0.5
i+ $)h(g),if 7o j=1,2...N, (2.44)
F; otherwise

J

where, F; = jth variable value in the chromosomes related to current population,
Fj/ = improved value of the same variable related to the new generation,
h(g) = probability function of mutation.
The study results suggest that the new control technique efficiently reduces the response
of two irregular 3D building structures under seismic inputs including structures with plan

and irregular elevation. The study results suggest that the new control technique efficiently
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reduces the response of two irregular 3D building structures under seismic inputs including
structures with plan and irregular elevation.

In [66], a new non-linear control model for the active control of a 3D building structure was
developed. The optimal control forces is computed with the floating-point GA. GA can help
to decide the positions of the control devices [150]. The coupled torsional-lateral response is
attenuated by a semi active control under bidirectional seismic input. In [78], technique of
reducing the seismic effects of the spatial structures by the installation of magneto-rheological
(MR) dampers was proposed. It uses small populations to solve the optimization problem
embedded in the semi active control. GA is used to optimize dampers passive parameters
and controller gain in [12].

The concept of absorber system with multi-objective optimal design for torsionally cou-
pled earthquake excited structures is presented by [4]. It use a multi-objective version of
GA to extract the design parameters of absorber system. The two branch tournament ge-
netic algorithm as mentioned by [29] extends two branch tournament GA to three-branch

tournament GA and applies to the multi-objective optimization of the TMD system.

2.3 Summary

In this chapter, the modeling and structural control techniques of building structures sub-
jected to bidirectional earthquake is consider. The main difference with normal structure
controllers, is the lateral-torsional coupled response. We discuss recent new techniques,
methodology and concepts in this areas. We focus all important results in last two decades
in the field of structural engineering with respect to the bidirectional earthquakes. The

important observations from this chapter are

1. Most of existing research only consider the structure control under unidirectional seis-
mic wave. This chapter explores the effects of bidirectional seismic waves, which is

normal for the real earthquake.

2. Real buildings are generally asymmetric in nature to some extent. This criteria induces

lateral and torsional vibrations in combination.

3. The reduction of translational and torsional response of structures often involves the

usage of multiple dampers [83].
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. Few research related to sliding mode control are carried out in order to reduce translation-

torsion coupled vibration with bidirectional seismic inputs.

. In case of building structures subjected to multiple excitations, the use of online iden-

tification technique is better.

. The intelligent control like fuzzy logic is favored for the structural control, because it

does not require system information.

. PD/PID controller are robust, fault tolerant and very easy to implement.



Chapter 3

Bidirectional Modeling of Building

Structures and Active Control

This chapter provides an overview of modeling of building structures under bidirectional
earthquakes. Structural mechanics involves the study of vibrations incorporated in struc-
tures. In order to control a structure effectively, it is important to have the knowledge about
its dynamics. The control of structures are associated with the safeguard of building struc-
tures from unidirectional or bidirectional seismic forces. One of the structural design object
is to model dynamic loadings and to produce innovative approach to curb vibration. The
vibration control generates the required dynamics in the building structures within a stable
range. This control design is decided by the structure of mathematical model [42][153]. In
[59], a compact relationship between the controller and the structure model is established.
All engineering structures are composed of intrinsic mass and elastic characteristics. The
dynamic modeling has similar characteristics with the static analysis. However, the dynamic
analysis is much complex than static analysis. For example, the mass modeling technique for
the dynamic model requires an elastic model and a mass model minutely refined by discrete

masses [36].

3.1 Bidirectional excitation

Recent earthquakes exhibits that the bidirectional effect is the main damage source of the
structural damage. The seismic analysis should consider the bidirectional excitation. The

normal method of building structure design regards the seismic response arising from the
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ground motion that acts separately in the two orthogonal directions. Generally, the earth-
quake exhibits arbitrary direction which is represented as bidirectional ground movement,
and it could reduce the participation of the traverse frames to the structure torsional and
lateral stiffness. A noteworthy change in the elastic torsional behavior of the building is
observed considering a non-linear behavior in the transverse frames.

The effect of the magnitude of the axial forces acting in the corner columns in case of
bidirectional ground motion subjected to structures is different from that in case of uni-
directional ground motion [30]. In [131], it was suggested that for a structure exposed to
two simultaneous horizontal earthquake components, the transverse element behavior can be
nonlinear and so the contribution to the real torsional stiffness is smaller. In [28] the analysis
of one-story models with and without transverse elements subjected to unidirectional and
bidirectional earthquakes was presented. Their study concluded that the addition of the
transverse elements in the model significantly hampers the response of the border elements
when the structure is subjected to the bidirectional seismic waves.

The analysis of real buildings suggests that it is asymmetric in nature to some degree
with a formal symmetric plan. The asymmetric nature of building will induce lateral as well
as torsional vibrations simultaneously and is termed as torsion coupling (T'C) considering the
case of pure translational excitations. Soil-structure interaction(SSI) effects are considered
and can be significant in case of the building structures constructed on soft medium. The
effects of SSI can critically modify the dynamic characteristics of a structure such as natural
frequencies, damping ratios and mode shapes [136].

The knowledge of behavior and impact of the excitation forces plays a significant role
in the formulation of the building structures dynamic model. The movement of the portion
of the earth crust is termed as earthquake which is accompanied with the sudden release of
stresses. Usually the epicenters for earthquake exists less then 25 miles below the earth’s
surface and are followed by series of vibrations. The bidirectional ground forces exerting
on the building structure are shown in Figure 3.1. These forces result series of structure
vibrations.

The forces acting on the z-axis and y-axis can be illustrated by the following dynamic

equations
fo=—mi, f,=—mi, (3.1)
where m is the mass, Z, and §, are the ground accelerations, caused by the seismic

waves.

The main factors of the seismic movement for the building are the amplitude (displace-
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Figure 3.1: Bidirectional ground forces exert on the building structures

ment, velocity, and acceleration), and the frequency of the ground motion. The ground
motion is complex, and the vibration frequency is time-varying. The ground motion and the
building vibration affect each other, depending on the distance between the natural frequency
of the building structure and seismic motion frequency. When the seismic wave frequency
is close to the natural frequency of the building, the damages become bigger. Structure
analysis shows that the shorter the building, the higher the natural frequency. One of the
prime concern is to control the structure vibrating with respect to low frequency, because

the major part of the structure elastic energy is stored in low frequency zone [22].

3.2 Structure model under bidirectional excitation

A controllable building structure can be regarded as a planar structure on a fixed base.
The asymmetric characteristic of the building induces simultaneous lateral and torsional
vibration, known as torsion coupling (TC) [89], which are subjected to bidirectional seismic
inputs. The schematic plan view of structure involving torsion coupled(TC) is shown in
Figure 3.2. The impacts of seismic forces in x and y directions result in building oscillation
as in Figure 3.3. In includes: z oscillation, y oscillation, and the torsional oscillation defined
as O.

The simplest structure is a one-story under lateral translational motion at the roof level.

It is a single degree of freedom system. The motion model is [9]

mi + cv + kv = p(t) (3.2)
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Figure 3.2: The torsion coupled force
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Figure 3.3: The seismic forces result in building oscillation
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Figure 3.4: A single degree of freedom system for one-story building

where m is the mass, c¢ is the damping, k is the stiffness, ¢ is the acceleration of the mass,
v is the velocity of the mass relative to the base, v is the displacement, p(t) is the applied
force, see Figure 3.4.

Similarly, the equation of motion of a linear structure with n-Degree-of-Freedom (n-DOF)

can be expressed as

MX +CX + KX = P(t) (3.3)

where M, C, and K € R™" are the mass, damping, and stiffness matrices respectively, X, X,
and X € R™! are the relative acceleration, velocity, and displacement vectors respectively,
and P(t) € R"! is the external force vector.

The technique of modeling the stiffness parameter K can be on the basis of either a linear
(elastic) or a nonlinear (inelastic) component [96]. The linear case means the relationship

between the lateral force and the resulting deformation is linear [23].

When both ground translation and rotation are consider, the motion equation is [21]
MX +CX + KX =F — MI,, (3.4)

where a, represents the earthquake acceleration component, /,, is the system influence co-
efficient vector, X = [27,97, 07", 2 = [z1, - z]", ¥y = [y~ va]", 0 = [0, 0,]",
L, =1L 0", a, = [#, i, 0].

The mathematical analysis of the TC structure yields the following mass matrix, damping
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matrix and stiffness matrix

Mx Onxn Onxn me On:cn — 4z
M= Onxn My Onmn ) K = Onzn Kyy Ky9
Onzn On:pn JO — 0 Ky@ Ko99

where Jy = diag [mr?,---m,r2], Jy is the polar moment of inertia of the story, r is the
radius of gyration of the floor, n is the number of stories of the building, C' is the damping

matrix which is proportional to mass and stiffness matrix by the Rayleigh method [52].

For a simple case, the mass of each floor is concentrated at the floor plate (N-storey shear
model). Two seismic waves are in the x direction and the y direction. Here the torsional
components are zero, see Figure 3.5. The left figure represents 3-dimensional building struc-
tures and the right figure exhibits the parameters of each floor. The motion equations show

the relative displacements of the building structures with respect to the ground motions [154]

m;E; 4+ pjo1 — pj = —myi,(t)
myli; + qj-1 — q; = —myiy(t) (3.5)
Jj9j+?"j71 -7y =0

where z; and y;are the jth floor displacement in z—direction and y—direction respectively,
6; is the jth floor torsion angle relative to the ground. p;_; and g;_; are the jth floor column
shear forces in z-direction and y-direction, p; and g; are the 7+ 1th floor column shear forces
in x—direction and y—direction respectively, r;_iis the jth floor torque generated by the
shear forces, r; is the j + 1th floor torque, m; is the mass of the jth floor, J; is the rotational
inertia. In the above motion equation, the Z,(f) and ,(t) are the ground accelerations
that strikes the building structures due to an earthquake. The total forces exerted on the
each floor of the buildings in x—direction and y—direction are multiplied by the mass of the
building at each floor. The torsional component of the ground acceleration are neglected
and so the right hand side of the third equation is zero. The movement of the buildings in
x—direction and y—direction that is the acceleration components are #; and g; respectively.
Due to the bidirectional motion of the building, there will be coupling action on the building

which give rises to the torsional motion in the building which is denoted by the component
i

j.

If we only consider x-axis seismic wave, the torsion effect on the building is in x—component
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Figure 3.5: 3-dimensional building structures with parameters of each floor

[135], see Figure 3.6. The motion equations are

pi—1 = Kj(x; — 2j1) + Cj(d; — dj_1) + B;(0; — 0;_1) + D;(0; — 0;_1)

ric1 = Bj(w; —xj1) + Dj(d; — &5-1) + E(0; — 0;1) + Fj(0; — 0;1) (3.6)
rj = Bin(@jn — ;) + Djja (L — &5) + Ejpa (01 — 05) + Fja (010 — 0;)

where K; = 3, K 55 G5 = i Cyuy By = i Kyyilys, Dy = 3, Cyiil, By =
Zfil Kj,z’lzj , F o= Zfil Ci,jlzja K;,i and Cj,i are the stiffness and viscous damping
coefficient respectively of the ith plane frame at the jth floor, m; is the mass of the jth
floor, J; is the moment of inertia of the jth floor, [;; is the distance of mass centre of the
jth floor to the ith plane frame, I is total number of plane frames. [;; is positive if the ith

plane frame is located on the left of the mass centre, otherwise it is negative.

3.3 Bidirectional modeling for two-floor building

The normal method of structure design regards the seismic response arising from the ground
motion that acts separately in the two orthogonal directions. Generally, the earthquake
exhibits arbitrary direction which is represented as bidirectional ground movement, and it
could reduce the participation of the traverse frames to the structure torsional and lateral

stiffness, see Figure 3.1.
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Figure 3.6: The torsion effect on the building is in z-component
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Figure 3.7: A two-floor building

The simplest structure is a one-story building, for one-direction it can be modeled by [5],
mi+ct+sz=f (3.7)

where m is the mass, ¢ is the damping coefficient, s is the stiffness, f. is an external force
applied to the structure, and z, &, and Z are the displacement, velocity, and acceleration,
respectively.

If the external force is in bidirectional, there are not only vibrations in X and Y axes,
but also torsion coupling. The torsional oscillation comes from the asymmetric characteristic
of the building, i.e., the physical center (cs) is different with the mass center (c,,), see the
two-floor building in Figure 3.7.

The motion of a n-floor structure can be expressed as [23][109],

M%+Cx+f, =1, (3.8)
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where xe R, M € R C € RV, fo = [fsq-- fsn] € R" is the structure stiffness force
vector, and f. € R" is the external force vector applied to the structure.

Also M = diag (M, M,, J;) € RCV*GVdiqg (-) is a diagonal matrix, M, = M, =

diag (my ---m,), m; is the mass of the i-th floor, J; = diag (myr?---m,r?) is the polar

M, 0
Ay
moment of inertia. f, = [f,, fy]T = 0 —M, [ ]Where a, are a, are the acceler-
a
0 0 !

ations of the external force in X and Y directions. The displacements of the structure, with
respect to the bidirectional force f. = [fa, fy]T, have 3 components = = [z, y, H]T, 0 is the
torsional angle.

The structure stiffness force f; can be modeled as a linear model or a nonlinear model.

In simple linear case

f, = Sx (3.9)

where © = [xl~~:cn,y1~-yn,91--~9n}T69?3”,

Sy 0 =5 Spp +8p, =Sp, 00 00
S=| 0 S, S |.S= : oo = (3, 0)
—Sz0 Sy S 0 0 ... =5, s,
S0i = So, + 54,02 4 5,12, i =1---n represents floor, s is the stiffness
_lelyl + Suplyy  —Spply, - 0 0 |
Sap = : P P eR
i 0 0 o T Sauly, Sa,ly, |
-syl oy + Syslay  —Sypley -+ 0 0 |
Syp = : : : Do e
i 0 0 o =Sy la, Synlxn_

The matrix S represents the overall stiffness matrix whereas the matrix S, represents
the stiffness matrix in z,y and 6 directions respectively by substituting p. Also [,, and [,,
represents the length of the structure in X-direction and Y-direction respectively, ¢ = 1, 2.
The overall stiffness matrix S can be calculated by substituting S, S, and Sy using S, and
also by substituting S,y and Sy.

The damping matrix C' is proportional to mass matrix M and stiffness matrix S

C =aM +bS
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Using Rayleigh method, represented by the equation. Therefore the damping matrix C' has

Cm 0 — Lzl
the same form as of the stiffness matrix S, C' = 0 Cy, Cp
—Cp Cyp G

3.3.1 Non-linear stiffness

When the structure is under the grip of very strong force which deforms the structure beyond
its limit of linear elastic behavior, the structure stiffness force f; cannot be modeled as a
linear model. The behavior of the structure can be demonstrated using Bouc-Wen model.
The advantages incorporated in the Bouc-Wen model is that it can demonstrate inelastic
behavior of the structure where the strength /stiffness degradation can be easily incorporated.

The relationship between the forces and displacements is [75]

foi = €piSpiTpi + (1 — Epi)spigbpi (3.10)

where p = (z,y),i=1---n, €, are positive numbers.
The first part of (3.10) is the elastic stiffness, the second part is the inelastic stiffness.

The nonlinear function ¢, is

1 -1 . -1 . .
Gpi = _[ "7 apivpi + Y pi | il |api| ™ Vi sign(dpiag:)] (3.11)

Ay — 5,;@' | pi | @i
pi

where A, 3,7, @pi, n and 7 are positive numbers.
Ny = 1+ 0,iE,; controls the stiffness degradation, v,; = 1 + 0,,F,; controls strength

degradation. Normalized dissipated hysteretic energy is

t T i i T noi
0 pr=p1

The property of passivity states that the system storage energy is always lesser than the
energy supplied. In [61], it was demonstrated that the Bouc-Wen model is considered to
be passive with respect to its energy storage. The nonlinear differential equation (3.11)
is continuous and also it is dependent on time. The property of local Lipschitz is also
maintained. It can be validated that (3.11) has a unique solution on a time interval [0, ¢o].

In the stability analysis involved in the later part, this property will be utilized.

3.4 Active Control
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Figure 3.8: Bidirectional active control of structures

3.4.1 Active mass damper (AMD) and torsional actuator (TA)

In order to minimize the vibrations caused by the bidirectional external forces (f, and f,),
an active mass damper (AMD) and a torsional actuator (TA) are installed on the structure
as shown in Figure 3.8. The active mass damper (AMD) is placed near the mass centre of
the building. The torsional actuator (TA) is placed on the physical center of the building.
The control force are u = [u,, u,,ug]" . Considering the building model (3.8) and the control,

the closed-loop system is

M%+Cx+f —f =T(u—d,) (3.13)

The closed loop system represented by (3.13) is the control equation that is utilized
for control and stability analysis. In the forthcoming section, this equation is subdivided
in to three components mainly X —component, ¥ —component and #—component and then
analysis is carried out.

where u € 3" is the control signals which is fed to the dampers, where dampers signifies
active mass damper (AMD) and torsional actuator (TA) in combination, d,, is the damping
and friction force vector of the dampers, I' is the location matrix of the dampers which is
defined as

0 otherwise

Puz{l it i=j=/ (3.14)

where Vi, 5 € {1,....n}, fi C{1,...,n}, f; are the floors on which the dampers are installed.

i The

For a two-floor building, I' = [ . If the damper is placed on the second floor,

I'yp Tao

)
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0 0
fi={2}, T = [ 01 ] . If the damper is placed on both first and second floor, f; = {1, 2},

-[i2]

If we illustrate the closed loop system mentioned by (3.13) along all three directions that

is X —direction, Y —direction and #—direction then

M3 + Cpt + foo — fo = Ttz — duz)
Myj+ Cyy + fow — fy = T(uy — duy) (3.15)
Ji0 + Col) + fop = T(ug — dup)
The AMD force in i-th floor is defined as f;

where my; is the mass of the AMD, dZ is the acceleration of the AMD, %, is the acceleration
of the structure along the AMD, #, = aix + aiy. fi should be separated into X and YV
directions as )

Uiz = fiCOS @ = mg;(d; cos o + a; )

Uiy = fising = mgi(d; sin @ + Qiy)

Vi = :;T’fp - s(f;_fo
Tip = iz +d;jcos

Tiy = Qiy + dl sin @
where ¢ is the angle of the AMD along X-axis, &;, and #;, are the relative acceleration of

the AMD along X and Y directions. So

fi=mai (dz + i > = My; (dz + ?i’y )
Ccos sin

We define the control force of the AMD along X and Y directions as ug = [uy, u,

]T
. . T
Ug; = Mg [xi,acy %’,y]

Consider the friction of the AMD,

friz = iy + emgig tanh [B; .|

friy = ci;y + emgg tanh [ ]

where ¢,  and e are the damping coefficients of the Column friction [108]. The final control
of the AMD is

Uy = mdij}z’,z - fri,x

Uy = MiTiy — fri,y

(3.17)
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Using (3.15) and (3.17)

M,i + Coi + foo = fo = D(maidiw — friz — dus)

Myy + ny + fsa: - fy = F(mdixi,y - frz‘,y - duy)

The third element of the control v = [ux,uy,ua]T is the torsion force uy. The TA is a
rotating disc equipped with DC motor and is placed at the center of physical center, see
Figure 3.8. The control object is to decreased the torsional response of the structures due
to the bidirectional movements and the mass center and the physical center being different.

The inertia moment of TA is

Jy = myr? (3.19)

where, m; is the mass of the disc and r; is the radius of the disc. The torque 7 generated by
the disc is

where, 6 is the angular acceleration of the building, 6, is the angular acceleration of the
torsional actuator. Obviously, to decrease the torsional response, the directions of 6, and 0
should be different.

Consider the friction of the TA

fre=cl, + F, tanh(b’@t) (3.21)

where c is the torsional viscous friction coefficient, F, is the coulomb friction torque, tanh is

the hyperbolic tangent depending on 8 and motor speed. The final torsion control is
Up = Jt(ét + 6) - f?”t (322)

Using (3.15) and (3.22)

J0 + Cof + fog = T(J(0, + ) — fry — dup) (3.23)

The main role of the AMD is to reduce the response of acceleration of building in X
and Y directions whereas the main role of the TA is to minimize the torsional effect on the

building. For the closed-loop system (3.13),

CEip + emgg tanh [T ] = dyy
dy = | ci;y + emg;g tanh [Bi;,] = d, (3.24)

ch; + F.tanh(B60;) = dyg

Y
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The movements of the AMD and TA are sliding in nature. The sliding mechanism of
the actuators absorb the energy from the friction. The kinetic energy is converted into
heat energy in this phenomena. So the coefficients in the friction models are assumed to be

Coulomb.

3.5 Summary

This chapter highlights the importance of modeling of building structures under bidirectional
earthquakes. It is important to have the knowledge of the model dynamics for effective
implementation of the control law. In this chapter the modeling equation of the two floor
building is extracted. Also modeling equation of the AMD and TA are laid down. The
equation of active control of both the actuator are proposed. This procedure will facilitate
the successful implementation of PD/PID control, Type-2 Fuzzy control and discrete time

sliding mode control in the forthcoming chapters.



Chapter 4

Bidirectional PD/PID Control of

Building Structures

4.1 Introduction

The role of the structural control is to minimize the vibrations of the buildings under the
effect of bidirectional earthquake via an effective external control force. In an active control
system it is essential to design an effective control strategy, which is simple, robust, and fault
tolerant. Several attempts have been made to implement advanced controllers for the active
vibration control of structures as discussed in Chapter 2.

The Chapter 2 clearly justifies that the control device plays a superior role in preventing
structure from damages. A good control law gives good performance of the anti-vibration.
Researchers have made several attempts to incorporate high level controllers for the active
vibration control of structures. The pole-placement H,, control with target damping ratio
is proposed by [102]. In [38], the genetic algorithm is applied to determine the feedback
control. Many optimal control algorithms are applied for the active vibration control of
structures, for example filtered linear quadratic control [113], linear quadratic regulator [5]
and linear quadratic Gaussian control [55]. The active mass damper is widely implemented,
which utilizes the mass without spring and dashpot [19]. Due to the existence of translation-
torsion coupled vibrations with respect to the bidirectional seismic waves, in this work a
torsional actuator (TA) is utilized. It is a disc-motor device, which is incorporated in the
structure to minimize the torsional response of the building.

For real application, an effective controller should be simple, robust, and fault tolerant.

The PD/PID control has been widespread applied in industrial processes. It may be the best
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control, because it shows its effectivity without the knowledge of the model and also due its
simplicity as well as it is incorporated with distinct physical meanings. In [145], MR damper
is utilized in the combination with the magneto-rheological damper (MR-MD) scheme to
control a three dimensional structure from bidirectional seismic excitations. The controller
used the mechanism of PD control. It calculates the essential forces required to control the
structural vibrations. In [51], PD and PID controllers are used in the numerical simulations
to control structure under unidirectional earthquake. [98] used active tendons to control
torsionally irregular and multistory structures under the effect of near fault ground motion
excitation. In their work, PID type controllers were used to generate the control signals. In
[99], various feedback control strategies in relation to active control of earthquake utilizing
PID type controllers was presented. A numerical algorithm was taken into consideration for

finding out the parameters of PID.
The problems of existed bidirectional PD/PID control are: 1) they do not consider the

lateral-torsional control mechanism that is only horizontal actuator was used to mitigate the
lateral-torsional vibration but a combination of horizontal actuator and torsional actuator

are not implemented; 2) they do not analyze the stability of closed-loop system.

In this work, standard PD and PID control are utilized as active vibration control of the
structure in order to solve the above two problems. Initially the analysis are based on the
lateral-torsional vibration, linear and nonlinear structure stiffness, and the hysteresis of the
structure model under the bidirectional wave. Then the sufficient conditions for asymptotic
stability of the PD/PID control are validated by utilizing Lyapunov stability analysis. These
conditions are quite convenient for the designer to choose the controller gains straightaway:.
An active vibration control system with two floors equipped with a horizontal actuator and a
torsional actuator is setup in order to carry out the experimental analysis. The experimental

results using the PD and PID controller validate their effectiveness and stability.

4.2 Bidirectional PD/PID control

4.2.1 Closed loop system with PD control

As PD control is very simple and robust to uncertainties, it is the most popular controller for
mechanical systems. It is the simplest controller for the structural vibration control system.

PD controller is the best choice. PD control has the following form when the horizontal
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actuator control is coupled with the torsional actuator control

u=-Ke— K;é (4.1)

T . . . .
4 ¢ = [x,y,0]" , 2¢ is desired reference vector, for the vibration control,

where e = x — x
z? = 0. K, and K, are positive-definite constant matrices that correspond to the proportional

and derivative gains. The PD control (4.1) for structures becomes
u=—-Kx— K;x (4.2)

The design of the controller are based on the suitable gain selection K, and K, in (4.1),
such that the closed-loop system is stable and good performances are achieved. For the
bidirectional structure control, the gains of one-floor PD are: Kp = diag (K, Kpy, Kpo) €
R0 Ky = diag (Kge, Kay, Kag). The closed-loop system (3.13) with the PD control shown
in (4.2) is

Mx+ Cx+ Sx+f. +T'd, =T'(—K,x — K4%) (4.3)

Here the terms (Sx + f. + I'dy) can be regarded as uncertainties. In the following section,
we assume it satisfies the Lipschitz condition.

It is well known that the regulation error becomes smaller while increasing the derivative
gain. The cost of large derivative gain results in slow transient performance. Only when
derivative gain tends to infinity, the regulation error converges to zero [76]. However it
would seem better to use a smaller derivative gain if the system contains high-frequency

noise signals.

4.2.2 Closed loop system with PID control

In the control viewpoint, the regulation error can be removed by introducing an integral
component to the PD control. PID controllers use feedback strategy and have three actions.
P action is introduced for increasing the speed of response. D action is introduced for

damping purposes. I-action is introduced for obtaining a desired steady-state response [34].
The PID control is,

0= —E(x — x1) — K, /0 (x — x¥)dr — K% — %) (4.4)

where K,, K; and K, are positive definite, K; is the integration gain. For the structure

control. x¢ = 7% = 0, (4.4) becomes

¢
u=—-Kx— Ki/ xdr — K% (4.5)
0



50 Bidirectional PD/PID Control of Building Structures

In order to analyze PID controller, (4.5) is expressed by

u=—-Kx—- K¢gx—-§
¢ =K; fgxdr, £0)=0

The closed-loop system (3.13) with the PID control (4.4) becomes

M% 4+ CX + Sx+ £, + Tdy = —KpoX — Kguk — €

. 4.6
i (46)
In matrix form, the closed-loop system is
Kixa:
d ¢ .
X —M (Cx+ Sx+ £+ Tdy + Kpex + KgpX + &)

Unlike the Hj control [110] and optimal control [5], PD control does not need the model of
the structure. The model discussed in the above section will be used for stability analysis
in this chapter. The theory analysis of bidirectional PD control is still not appeared in

publications [51].

4.3 Stability of the bidirectional PD/PID control

4.3.1 PD control

As the combined forces generated by horizontal actuator and torsional actuator is fed to
the structure, this forces may stabilize or destabilize the structure. If the control algorithm
generates unstable signal, the horizontal actuator and torsional actuator will generate forces
that can make the structure unstable. This matter becomes more complicated for nonlinear
devices, as a bounded input signal may also make nonlinear devices to generate unstable
output.

In general cases, the structures associated with open-loop systems are asymptotically
stable. This is true for the case when there is no external force, f. = 0. The criteria is
valid in case of inelastic stiffness because of its BIBO stability and passivity properties. In
the event of seismic excitation the ideal active control force required for cancelling out the
vibration completely is I'u = f.. But practically it is not possible because f, is not always
measurable and is much bigger than any control device force. Therefore the main intention

of the active control is to maintain the vibration as minimum as possible by mitigating
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the relative movement between the structural floors. Normally the structural parameters
are partly known and the structure model might have embedded nonlinearity such as the
hysteresis phenomenon.

It is quite favorable to represent the closed-loop system (4.3) with PD control as
Mx+ Cx+f =T (Kx+ K4%) (4.8)

where f = f, + fo + du.
The following theorem gives the stability analysis of the PD control (4.2). To simplify the
proof, we assume that I',,,, = I,,x», Wwhich means that each floor has an horizontal actuator

and a torsional actuator .

Theorem 4.1 Consider the structural system as (3.13) controlled by the PD controller as
(4.2), the closed-loop system as (4.3) is stable, provided that the control gains are positive.

The regulation errors converge to the following residual sets

D= {x01 1%, + 9

S ﬁfx + a%ﬁfx}

S :afy + ’r]%ﬁfy} (49)

2
Qx

. 7 . 112 y
Dy=43.0 11513, + |

2
Qu
D_é éz o112 .2<_ -2 —2_
0=10.%7| o, T I¥llg, +1¥llo, = fig, + o™ e + 5" Tiey
0

where i = fIAf_lfxa ,afy > ngf_lfwﬁf‘O > ngf_lfGa Cr+ agCrp > Agx > 0, Cy +77ny9 >
Afy >0, Cyp+ a;leg + n;10y9 > Agg > 0.

Proof. The closed-loop system (4.8) can also be represented as

M, i Coi: — Clrgh f, Kt Ky
Myij | + Cyyy + Cyob + | f | =-TS | Kyy | +| Koy (4.10)
J0 Cyl — Copi: + Cyoyy fy K90 K90

Therefore, we have three sets to represent X, Y and 6 directions
M, + (Cxa‘: — Cugl) + £, = —D(Kppa + Kyot)
Myy + (ny + Oy@é + £, = —D(Kpyy + Kayy) (4.11)
T+ (099 — Chpi + cygy) 4 £y = —D (K0 + Kao)

We will analyze one by one. Since the damper and actuator are placed in the second floor,

so I' = 1. If all the individual structural equations in (4.11) with PD controller are stable,
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the entire structural is stable using PD controller. For that purpose we select Lyapunov

candidate as

1 1
Vo = 5" M + 5" Ko (4.12)

The first term of (4.12) signifies the kinetic energy and the second term denotes elastic
potential energy. As M, and K, are positive definite matrices, so V,, > 0. The derivative
of (4.12) is

V, = #" M,i + iT Ko

T (—Cm:'chC’xg@ —f,— Ky — de:a-) +iTK (4.13)

= —iT (Cp + Kgp) 427 Crpf) — 27f,

Using the matrix inequality

XTY 4+ YTX < XTAX + YA Y (4.14)

It is valid for any X, Y € ™™ and any 0 < A = AT € R"*", we can write the scalar

variable 7 fy as
) 1. 1 . . . _
=i o B < aT A+ A (4.15)

where Ag, is any positive definite matrix. Now & and 0 are related to each other as the

vibration along z-direction will create a torsional movement € and so we suppose
0= —ayi (4.16)

where af is a positive definite matrix. As the X component of ground acceleration will
give a torsion in the structure in anti-clockwise sense, hence we assumed the relation to be
negative. Using (4.16) in (4.13),

V, = —iT (Cy + Kgp) i—af 2Chpi—i"f,
Vy = —iT (Cp + aeChy + Kgp) 2—37F,

We select Ag, as
C,+oasCrp >N, >0 (417)

So
Vi < =i (Chp + 0¢Crp + Kgp — Agy) & + FLAL, (4.18)

If we choose the gain K4, > 0, and also since oy is positive definite matrix,C,, > 0,Cy > 0

we have:
Vo < —2"Qut + figy < — A (Qu) | 2]° + £ AL, (4.19)
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where Q, = C, + asCpg + Kgp — Agz > 0. Vm is therefore an ISS-Lyapunov function. Using
Theorem 1 from [120], the boundedness of fTA;! f. < Jig, implies that the regulation error
||| is bounded,
.2 _
I3, > sVt € [0.7) (4.20)

then we can conclude that V, < 0 when ||$|]22T > [ig;. From (4.16) we have

. . 112
i=—a;', |i]=—a;t|0 9” (4.21)

. . — ; . 112 —
- lillal = —agt B[l 4l = a7

Implementing (4.21) in (4.20) we have
|

Above condition also satisfy V, < 0 when HG)

2
0. o fig,, Vt € [0, 7] (4.22)

2
o > aZfig,. Adding (4.20) and (4.22) we have

lall3, + |9

2
0> fig, + Qfig,, Vt € [0, T + Y] (4.23)

Now we show that the total time during which HJL‘H2QI + HG‘

2
0 > [, + a2fig, is finite. Let

T}, denotes the time interval during which ||£L‘||éx + HQ‘

2 2
_ — - 112 /

> Jig, + QZfig, stay outside the

2
Qz -
circle of radius fig, + aifig, for finite times and then reenter the circle. Also, > T} < oo,
k=1

Tig, + O3l will stay inside the circle in case HxHQQZ + HG

since the total time HxHQQT + H@)

2
> [ig, + 3ig, is finite and
Qz

lim T}, = 0 (4.24)

k—o0

So [J23, + 4]

2
is bounded via an invariant set argument. Also using (4.19) it can be
Qu

shown that ||x| and HGH are also bounded. Let ||x||2QT + HH‘

2
denotes the largest tracking
Qz

error during the T}, interval. Then using (4.24) and bounded ||a:||éz + H@‘

2
imply that
Qq

.12
Jim {Ilrnéx +e) 0 (fo‘f‘a%,ufx)} =0

So HxHéz + H9 will converge to ig, + aZfig,. Therefore, the derivative of regulation error

2
Qs _
x and 6 converges to the residual set

2
o, Shet a?ﬂfx} (4.25)
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Also for ||J:||él > [ig,the total time is finite and hence V, = $i7 M, &+ 327 K),,2 is bounded,

112
hence the regulation error i is bounded. Also for ‘9 > afig,,the total time is finite and

x

T .
hence assuming Vj = %(9 Ji0 + %GTKPQQ it can be shown to be bounded and so regulation
error f is also bounded, = —agi and J, = M,r2. Again using the Lyapunov candidate
Vy = %yTMyy + %yTpry, and using the similar sort of stability analysis we can infer that

the derivative of regulation error y and 6 converges to the residual set

. . 112

Dy = {38 130, + |, < i, + i, (4.26)

Yy
where
0= n¢j (4.27)
is positive due to clockwise sense
Qy = Cy + nnyg + Kdy — Afy > 0.

For ||y||éy > fig,the total time is finite and hence V,, = 39" Mg+ 34" K,y is bounded, hence

the regulation error ¢ is bounded. Also for

112
HHQ > agfig, the total time is finite and hence
Yy

T . .
assuming Vy = %9 Jol + %HTKpgé’ it can be shown to be bounded and so regulation error 6 is
also bounded, § = ney and J; = M, 2. Using the Lyapunov candidate Vj = %QTJ09+%0TKP99,
and using the similar sort of stability analysis, we can infer that the derivative of regulation

error x,y and # converges to the residual set
i ) 112
Dy = {ny | HHHQ +11ll7, + 9115, < T, + o g, + nf‘zﬂfy} (4.28)
0

where, T = —a;lé, Y= n;lé, Qo = C@‘i_a;lcme‘i_n;lee‘i_KdQ_Afg > 0. For

L1112
GH > Jig ,th
o Hg,,t0E

T .
total time is finite and hence assuming V) = %9 J09+%9TKp99 it can be shown to be bounded
and so regulation error # is also bounded. For HxHZ)e > ag *fig,,the total time is finite and
hence V, = 34" M,i + 127 K,z is bounded, hence the regulation error & is bounded. For
||y||226 > ng *[ig,,the total time is finite and hence V, = 19" M, 5+ 3y” K,y is bounded, hence

the regulation error g is bounded m

4.3.2 PID control

From the above section it is clear that in order to decrease the regulation errors caused by
these uncertainties, the derivative gain K; has to be increased, but will result in slow re-

sponse. Now we analyze the stability of the bidirectional PID control (4.5). The equilibrium
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of (4.7) is [€,,z, &] = [€},0,0]. Since at equilibrium point z = 0 and & = 0, the equilibrium

is [f(0),0,0]. In order to move the equilibrium to origin, we define

£, =& —1(0) (4.29)
The final closed-loop equation becomes

¢, = Kya (430)
In a similar manner,
Myij+ (Cy +neCyo) y + £, = —Kpyy — Kayy — €, +£(0)
& = Fay . . (4.31)
Job + (Co + ;' Cag + 1 'Cyo) 0 + fo = — Kol — Kapf) — €5 + £ (0)
§o = Kigl

In order to analyze the stability of (4.30) and (4.31) we need the following properties.
P1. The positive definite matrix M = M, = M, satisfies the following condition

0 < Ap(M) < || M| < Apr(M)
0< A]t(Jt) S ||Jt|| S /\Jt(Jt)

<m

< Ji

where \,,(M) and A\y(M) are the minimum and maximum eigenvalues of the matrix M,
respectively and m > 0 is the upper bound, A;,(J;) and Aj,(J;) are the minimum and
maximum eigenvalues of the matrix .J;, respectively and j, > 0 is the upper bound.

P2. The term f is Lipschitz over  and g
£ (2) = £ (@) < ke [lZ — gl (4.32)

Most of the uncertainties are first-order continuous functions. Since f,, f. and d, are
first-order continuous functions and satisfy Lipschitz condition, P2 can be established.
We calculate the lower bound of [ f dz as

t t t t
/ f de = / f.dx +/ f.dx +/ d, dz (4.33)
0 0 0 0

Here we define the lower bound of fg fodx as —f,, and fot dy dr as —d,,.
Compared with f; and dy, f. is much bigger in the case of earthquake. We define the
lower bound of fot f.dx as —f.. Finally, the lower bound kg is

kfx = _fs - fTe - Ju (434)

The following theorem gives the stability analysis of PID controller.
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Theorem 4.2 Consider the structural system as (3.13) controlled by the PID controller as
(4.5), the closed- loop system (4.30) and (4.81) are asymptotically stable at the equilibriums
&, —£(0),z, 2" 0, [£,—£(0),y ] =0 and [ﬁ —£(0),0 9} = 0, provided that the
PID gains satzsfy

A (Kae) > 1B (M) A (B [14 20|
—Am(Cy) — A (afChp)

Mr(Kiw) < 34/ 52 (M) A () 328051
Am(Kpw) = §lky + ke, + aphe,]

key+mgke
A (Kay) > 13/ D (M) A () [1 4+ 500

_/\m(Cy) - Am(’r’fcyﬁ)
)‘M(Kiy) < % %)‘m (My) Am (pr) );\njzj(gzrp;))
Am(Km) > %[kf + kcg, + nfkcye]

keg+ay ke o +ne the,
)‘Jt (KdG \/ )\jt Jt )\]t (KPQ) |:1 + )\J;?Jt)f 9:|

—X;i(Co) = Njo (a1 Crg) — Ajy (m 1 Cyp)

)‘jt Kp
N(Kin) < 535 (90) A, (Bop) 325080
)\jt(KpQ) > %[kf + /{769 —+ 04]71]@%9 + ’l']f_lkcye]

Proof. Here the Lyapunov function is defined as

1 1 K
V, = §:tTMmi+éfL‘TKpm:IZ—I—%ﬁZKi;l&x—{—xTﬁx—l—%I’TMQ@-}-%J}TKM;I’—F/ fdx — ke, (4.35)
0
where V' (0) = 0. In order to show that V,, > 0, it is separated into three parts, such that

Ve=Vor + Ve + Vi3

1 t
Vi = ngKm:c + %xTKdmx - / fdr — kep > 0, Kpp > 0, Kgp > 0 (4.36)
0
Vo= 2aTK o+ €T K¢ + 27
21 1 ‘ g 245 crAm(Ké_ ) 5 (4'37)
> 53Am(Kpe) [|2]|” + 1€, 11 = llll 1€,
When o > 3

Am (KD Am (Kpz))’

Vx2

Y]

1 )\m(sz) 3 ’
5 ( —— lzll = 10m(Kon)) H&L«H) >0 (4.38)

w
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and
1 T 1~T . g 7 .
Vig = o' Kppx + —2" Mz + —o" Mz
6 2 2
Because
XTAX > I X AX| > IXI AN X > Aa(A) |1 X))
when

1Py
— 2 A (M)

Vig 2 % (%)‘m(Kpﬂc) Hx”2 + A (My) H"L‘H2 + oA (M) || ||:L‘||)

2
! ( 5] o) 4 /A (3LS) ||a:~||> >0

Now we have,

1 \/%)\m(Mm))‘m(sz) 3
Z >0 >
2 A (Mz) T QKD AR (Kps))

The derivative of (4.35) is

V, = i" M, + iTKpor + SELK '€, + 37,
+2¢, + ST Myi + Ga" Myi + 04" Ko + &7f

Using (4.14) we can write

—%xTCMd: < %kcw (xTx + x'Tx')
——U;f 2T Chpt < %kcw (xTx + iTi)
where ||C.|| < k., .and ||Cpol| < k
27 K;,. Using (4.44) we have

Czo*

V, = =i [Cy + afCup + Kgp — SM, — Ske, — ke, @
" [§ Ky — Ko = $he, = T5thi ] =347 (£, — £ (0)] +47 £(0)
Now using the Lipschitz condition (4.32)

g 7

g 2
— f —f] <=
2ol [£(0) — £] < ke o]

o o
—Ea;T £, —£(0)] < ngkfx

From (4.14),
' f(0) = —fT(0) AT £(0)

o7

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

So &, = Kz, fTKijf becomes z7¢, and 7€ becomes

(4.45)

(4.46)

(4.47)
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Using (4.46)

V, = —7 [Cu+ ayCo + Kin — §M, — $he, — k]

—a2T [2K,p — Kip — Ske,, — Slke,, — 3ky] z+27 £(0)

(4.48)

Cxa

(4.48) becomes

Ve < =37 A(Co) + Ay Cig) + A (Kaw) — SA (M) — Sk, — Skey, | &

—2T [$An (Kpe) — Mt (Kia) — She,, — Tk, — $hs] @

(4.49)

Cxx Czo

So V, < 0, ||| minimizes if two conditions are met: 1) A, (Cy) 4+ A (;Cip) + A (Kaz) >
SAM (M) + ke, + apke,]; 2) An(Kpe) > %AM(KM) + ke, + %kczg + ks. Now using (4.42)

and A, (K,') = m, we have

1 /1

o ke
Am (Kap) > Z\/ g (M) Ay (Ke) {1 4 Rew T Oy

ot (M) } = An(Ca) = Am(@Crg)  (4.50)

again 2\ (Ki,) = 2An(Kp,). Hence,

1 i M)
M (Kiz) < =4/ = (M) A (K ) P22 4.51
) < 1 3 () A (1) 3 (@51)
Also
3
)\m(pr) Z i[kf + kcm + Oéfk?czg] (452)

By the Lyapunov function

1. o1 o _ o .
V, = 5yTMyy + inpry + ngKiyléy + yTﬁy + EyTMyy +

g

t
4yTKdyy+ / fdy — ke, (4.53)
0

Similarly we can prove, V,, > 0 and thus using stability analysis criteria we can prove VZL, <0
if

M (Kay) 2 34/ 50 (M) A (Boy) [T+ 505755 = An(Cy) = An(meCin)
A (M) Ay (K ) 52805220 (4.54)

<
A (Kpy) > g[kf + ke, + nfkcye]

From Lyapunov function

1.r . 1 , ‘
Vb = §9TJ06 + §9TKp99 + %56[(1;159 + 0T€9 + %HTJOG + %eTKdye + /0 fdo — kf@ (455)
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Similarly we can prove, Vp > 0. Thus we can prove Vy < 0, [|6]| decreases if

Nj, (Kag) >

Ag (K

t

The above theorems suggest that the closed loop system is asymptotically stable.

1kcx9 +"]f k"c

ke, +a,
\/ )\]t Jt Jt p9)|: + = !

0) < ¢
Ao (Kpo) > 3]

AJt (Jt)

22— X, (Cp) = Ny (@' Cp) —

\/ /\]t Jt Jt p9) (Jt))
kf + kcee + aflkcza + nf_lkcya]

99

(nf_1Cy9>

(4.56)

But

we cannot decide on the global stability of the closed loop system. This is due to the fact

that the hysteresis property is associated with the stiffness of the structure. The hysteresis

output depends on the deformation factor all time. This deformation behaves according to

the application or removal of forces. So the deformation are not same before and after the

application of forces and hence the equilibrium position is also not static.

Therefore the

equilibrium position before and after the earthquake are not same. The stable point get

shifted after an earthquake event.

Let us consider a ball of radius ¢ in the three dimensional space. This three dimensional

space is represented by X-component, Y-component and #—component. The ball center is at

origin of the state space system where: V;; <0, Vu <0, Vg < 0. The origin of the closed loop

systems represented by (4.39), (4.40) and (4.41) are stable equilibrium. Now we will prove

for the asymptotic stability of the origin. For that we use La Salle’s theorem by defining

the term II, I, and Ilpas follows:

I, — { L () = [27,27,¢7]"
I, = {z,(t) = [yT

Iy = < Z(t) = [HT,QT,g(,T]T €

e 3.y
T 71T 3n .
y,é‘y} e R
g3

V. =0
V,=0
Vo=0

L, ERMr=0eR,z2=0eR"
E, e y=0eR",y=0eR"

EpERO=0eR",0=0cR"

(4.57)

Using (4.54) and substituting = 0 and & = 0, we have V, = 0. Similar analysis with
y=0and y = 0 and also 8 = 0 and 8 = 0 will yield V;, = 0 and Vp = 0. Similarly these
conditions hold good for # = 0,9 = 0 and § = 0 for all ¢ > 0.Therefore z,(t), 7,(t) and Zy(t)

belongs to II,, II, and IIy respectively. Also, imparting these conditions to (4.39), (4.40)
and (4.41) we have: {, =0, £, = 0 and &, = 0.Also, £, =0, &, = 0 and &, = 0 for all ¢ > 0.

So Z,(t) is the only initial condition in II,, Z,(t) is the only initial condition in II, and Z(t)

is the only initial condition in Ily. Therefore, origin is asymptotically stable according to La

Salle “s theorem.
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Figure 4.1: Placement of AMD and TA

4.4 Experimental comparison results

In order to analyze and validate the bidirectional PD/PID controllers, a two-floor structure is
designed and constructed as mentioned in the section experimental set up.. This structure is
then mounted on the shake table to carry out the experimental analysis which is illustrated
using Figure 8.7. The bidirectional shake table uses two Quanser one degree of freedom
(I-40), which move in X and Y directions.

The AMD and TA are placed on the second floor of the structure. The total moving
mass of the horizontal actuator and torsional actuator are taken to be the 5% of the total
mass of the structure. The eccentricity of the physical center are 16 ¢m from X-direction
and 27 ¢m from Y-direction. The eccentricity of the mass center are 15 c¢m from X-direction
and 11 ¢m from Y-direction. The TA is placed on the physical center whereas the AMD is
placed on the mass center. The position of the AMD and the TA can be seen in Figure 4.1

The entire programming is carried out using the Matlab and Simulink version R2011a.
The Simulink programs is used to generate the control actions for AMD and TA as well as for
the movement of shake table. For creating a synchronization between Matlab and Quanser
devices, Quarc accelerate design version 2.3.603 is installed. The control actions between the
computer and the dampers are synchronized using RT-DAC/USB data acquisition board.
The link between Simulink and RT-DAC/USB is achieved using RT CON toolbox which
is provided with the hardware RT-DAC/USB. All the control actions were employed at a
sampling frequency of 1 kHz. The biaxial accelerometers (XL403A) are mounted on each

floor.

The acceleration of ground floor is subtracted from first floor acceleration and second

floor acceleration respectively, to get the relative value of the acceleration. A numerical
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integrator is used to compute the velocity and position from the accelerometer signal [129].
The displacement of the floors are calculated using an accelerometer. Since the accelerom-
eter used is a bidirectional one, the acceleration are obtained along X-component and Y-
component. These accelerations along X-component and Y- component are integrated to
extract velocity in the first instance and again integrated to extract positions in the next
instance. Although after each integration, filter is used for the correction of signals. An
offset cancellation filter (OCF) is proposed, which completely removes the DC components
present in the accelerometer output. In order to avoid the drift caused by low frequency noise
signals, a special high-pass filter is used. A frequency-domain method is used to estimate the
low frequency noise components present in the accelerometer output. The high-pass filter is
designed offline according to these noise components. Since the OCF reduces the number of
high-pass filtering stages, there is less phase error. The numerical integrator combines the
OCF and a highpass filter.

There is no angular sensor to calculate the angular acceleration of the structure. The

angular accelerations are calculated by

('9'1 <0901+0002> 9 + ( ) 9 (K901+K902> 0, + ( ) 0,
mir mir
+ (CZII%J;"CWI”) > < ] y2> + Kzlly;;:;zzlw 1 — (%fi?) To (458)
<Oy1lrn11‘li‘royzlr2) : (iﬁiﬂvz) Ky, w;:fyzlwz U1+ (Iizzizz) Yo
1 177
— () 01 — () 02 + (253 ) 02 — (72m ) 02
mars
+ (CW y?) L+ < z2 y?) i —Ifnjlf 1+ ( 12[”) s (4.59)
2 T3

where 6; and 6, are the angular accelerations of the first and the second floor, C, I; , m;, and
r; are structural parameters of the building. They are identified by the least square algo-
rithm [130]. The identification process is achieved by identifying the ratio of the parameters
corresponding to the mass, damping and stiffness of a building excited by a seismic activity.
The algorithm is based on a parametrization combined with the Recursive Least Square
Method with forgetting factor. The algorithm is a real time that identifies the parameters
of a building model using acceleration measurements of the floors and the ground.

The structural parameters of the two-floor building are identified and fed into the algo-
rithms along with the values of positions and velocities for the calculation of the angular
accelerations. The velocities and positions &1, 91, 2,72 and x1, Y1, T2, yo extracted from the

acceleration signals are substituted in the (4.58) and (4.59) to obtain the angular accelera-
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tions of ground and top floor. The angular velocities and angular positions 0y, 8, and 61, 6,
are obtained from angular accelerations 6, and 6, by using the same numerical integrator.

The theorems of this paper provide sufficient conditions for the minimal values of the
proportional and derivative gains as well as maximum values of the integral gains. For the
sake of carrying out a relevant comparison between the PD and PID controller, it is desirable
to use same proportional and derivative gains.

In this paper, the PD/PID gains are chosen so as to ensure satisfactory performance as
well as within the range specified by the stability theory analysis. The following PD gains

are used for the control design:

Am (M) = 10, A\ (e, ) = 20, A (ke,y) = 8, A (M ) =10, A (ke,) = 22

(4.60)
)\m(kicye) =6, (Jo) =5, An(key) = 21, An(ke,y) = 8, A Cya) =6,k; =700
From Theorem 2, we use the following PID gains
Am(Kpe) > 1092, Ny, (Ka) > 55, A (KGy) < 2324, A\, (K,,) > 1092
Am (Kay) > 55, A (KGy) <2324, N (Kpp) > 1102, N, (Kag) > 85, Ay, (Kig) < 3563 (4.61)

K, = 1800, K, = 2000, K5 = 2200, K,, = 160
Kgy = 220, Kg9 = 300, K;, = 2000, K;, = 2300, K = 3500

Here the proportional and derivative gains are the same as the PD gains in (4.60).

The performance validation of these controllers are implemented by the vibration control
with respect to the seismic execution on the prototype. Northridge earthquake signal is used
to vibrate the shake table. The magnitude 6.7M,, earthquake that occurred near Northridge,
California on 17th January, 1994 produced an extensive set of strong-motion recordings.
The epicenter is located about 32km nortwest of Los Angeles in the densely populated San
Fernando Valley. Analysis by the USGS and Caltech indicates that the earthquake had a
thrust mechanism on a fault plane striking N60°W and dipping 35 — 45°S. The estimated
location and magnitude of the Northridge earthquake are:

Epicenter: 34.209°N, 118.541°W. Focal Depth: 19km (Caltech/USGS). Origin Time:
12 : 30 : 55.4,17January1994UTC(4.30AM, PST).Magnitude: 6.7M,, (Caltech).

The duration of the strong shaking is about 10s to 15s. The peak vertical acceleration
is about two-thirds of the peak horizontal. The displacement of the Northridge earthquake
is scaled from 16.92c¢m to 1.50cm, whereas the time is scaled from 39.98s to 11.91s. This is
done to suit the experimental conditions as the maximum allowed movement of the shake

table from the reference point on the either side is 2 cm. So considering the maximum limit
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Figure 4.3: PD control of the second floor in Y-direction

of movement, the time is scaled to match the experimental analysis. The control object is

to minimize the relative displacement of each floor in bidirection.

The comparisons in the bidirectional PD and PID vibration controllers are carried out

considering three cases: 1) without any active control (No Control); 2) with the torsional

actuator ; 3) with both the horizontal actuator and the torsional actuator (AMD+TA). The

vibration reductions are in three directions: X —direction, Y —direction and 6-direction.

The average vibration displacement are calculated by the mean squared error as

MSE = ~ XN::C(W

where z (k) is the displacement of the floor, N is the total data number.
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The comparison results of the average vibration displacement are shown in Table 1 -

Table 3. Here | sign indicate decrease.

Table 1. Average vibration displacement by AMD-+TA

PD control | % | error | PID control | % | error | No control
X-direction | 0.2987 60.2 0.2373 68.5 0.7514
Y -direction | 0.0719 45.53 0.0783 59.3 0.1320
f-direction | 0.0696 40.8 0.0611 47.6 0.1174

Table 2. Average vibration displacement with PD control

with AMD | % | error | with TA | % | error | No control
X-direction | 0.4832 35.7 0.5802 22.78 0.7514
Y -direction | 0.0981 25.68 0.1012 23.3 0.1320
f-direction | 0.0902 23.1 0.0801 31.7 0.1174

Table 3. Average vibration displacement with PID control
with AMD | % | error | with TA | % | error | No control

X-direction | 0.3632 51.6 0.4911 34.6 0.7514
Y -direction | 0.0849 35.6 0.0969 26.5 0.1320
0-direction | 0.0811 30.8 0.0713 40.0 0.1174

Figure 4.2 - Figure 4.4 displays the action of the PD control to curb the vibration along
X —direction, Y —direction and 6-direction. Table 1 - Table 3 represents the quantita-
tive analysis of vibration control with both the actuators using PD/PID control along
X —direction, Y —direction and f-direction. If we analyze Figure 4.2 - Figure 4.4 as well
as Table 1 and Table 2, it can be observed that horizontal actuator performs good in the
vibration control along X —direction and Y —direction but fails to mitigate vibration to
suitable extent along the -direction. But if we analyze the behavior of torsional actuator,
it can be observed that torsional actuator performs superiorly in mitigating the vibration
along #-direction but fails to attenuate vibration to acceptable extent along X —direction
and Y —direction. When horizontal actuator and torsional actuator acts simultaneously,
it is observed that the results of vibration attenuation is much better along X —direction,
Y —direction and #-direction. The main reason behind this is that superior vibration control
is achieved in combination as respective actuators performs well in their assigned zones.

Figure 4.5 - Figure 4.7 displays the action of the PID control to curb the vibration along
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X —direction, Y —direction and 6-direction. The analysis of PID control from Table 1 and
Table 3 reveals that PID controller performs much better than PD controller in control-
ling vibration along X —direction, Y —direction and #-direction. The behavior of horizontal
actuator and torsional actuator with PID controller follows the same pattern as with the
PD controller and it can be observed from the Figures and quantitative analysis that com-
bined action of the actuators achieves high vibration attenuation. Figure 4.8 and Figure

4.9 represents the control signal of PD control and PID control respectively.

4.5 Summary

In this chapter, a two-floor structure associated with one horizontal actuator and one tor-
sional actuator for active vibration control is proposed. The theoretical contribution is the
stability analysis for the bidirectional PD/PID control. The sufficient conditions of stability
are extracted in order to tune the PD/PID gains. The two theorems stated in this chapter
validates the conditions which are sufficient for selecting the minimum values of the propor-
tional and derivative gains. Also the minimum values of the integral gains are extracted on
the basis of the Theorem 2. The range of the proportional, derivative and integral gains are
specified using the Lyapunov stability theorem and is assured that on the basis of the selected
gains, the controller performs in the superior manner. It is observable that both PD and
PID controllers work well with horizontal actuator and torsional actuator. The experimental
results shows that the PID controller is better than the PD controller in minimizing the vi-
bration in all three directions. By comparing the quantitative analysis as displayed by Table
1-Table 3, it can be concluded that the PID controller in combination with both horizontal
actuator and torsional actuator are considered to be the most efficient in mitigation of vibra-
tion along X —direction, Y —direction and #-direction. The use of Torsional actuator facilities
the torsional vibration attenuation but it fails to attenuate vibration along X-direction and
Y -direction to considerable extent with PD controller, but when PID controller is used the
vibration control using torsional actuator along X-direction and Y-direction is much bet-
ter. The vibration attenuations along X-direction and Y-direction are effectively achieved
by horizontal actuator but it fails to attenuate vibration considerably along §-direction with
PD controller in comparison with PID controller. As we can see from the quantitative analy-
sis that with PID controller, the mitigation of vibration along #-direction with horizontal
actuator is slightly better. Further works on the design of torsional actuator is needed so

that it can minimize the vibrations to suitable extent along all three directions.



Chapter 5

Bidirectional Type-2 Fuzzy PD/PID

Control of Building Structures

Fuzzy logic has obtained many attentions in control of structure because of its simple nature,
robustness and nonlinear mapping capability [22]. [107] presents a numerical study to show
the effectiveness of a supervisory fuzzy logic controller for seismic response control of an eight
story base isolated structure effected by translation-torsional motion. The combination of
fuzzy logic and PD control has more degrees of freedom to tune the mass damper for the
structure vibration [50]. In [103], a fuzzy supervisory method is used for the active control
of building structures. In [32], the semi-active control of building under the earthquake is
implemented with the concept of fuzzification related to MR damper characteristics. The
concept of optimal fuzzy control is utilized to the structure under the seismic forces in
[39]. An optimal fuzzy control for suppressing vibration of buildings by utilizing magneto-
rheological (MR) dampers is proposed in [6]. Fuzzy control with hybrid mass damper for
the torsionally couple problem is discussed in [4].

The concept of type-2 fuzzy sets has been presented in [86]. The type-2 fuzzy system
has effective ways to deal with knowledge uncertainty compared with classical type-1 fuzzy
logic, because the type-2 fuzzy sets can deal uncertainties with more parameters and more
design degrees of freedom [112]. A simplified type-2 fuzzy system can be applied in the
real-time application [88]. For the vibration control of single degree of freedom, [115] uses
active tuned mass damper and type-2 fuzzy control. In [15], a semi-active tuned mass
damper combined with adaptive magnetorheological damper are utilized, the type-1 and
type-2 fuzzy controllers are implemented.

In this chapter, we will use the type-2 fuzzy control to compensate the regulation errors of



70 Bidirectional Type-2 Fuzzy PD/PID Control of Building Structures

PD and PID controllers. The main parts of the controllers are PD and PID, while the nonlin-
earity are compensated by the type-2 fuzzy system. We use a disc with motor arrangement
as the torsional actuator to minimize the torsional response of the building. The sufficient
conditions for asymptotic stability of PD/PID with type-2 fuzzy system are validated. The
conditions are quite convenient for the design of the controller gains. An active vibration
control system is designed with two floor building structure equipped with AMD and TA .
The experimental results are obtained by using the type-2 fuzzy PD/PID controllers. Com-
pared to the other active vibration controllers, our type-2 Fuzzy PD/PID controllers do not
have big derivative and integral gains. So the results of our active controllers are much better

than the others.

5.1 PD control with type-2 fuzzy compensation

The horizontal actuator (AMD) and torsional actuator (TA) are placed on the structure in

the similar manner as mentioned in chapter 3. All the dynamic equations related to AMD

and TA are also mentioned in chapter 3. The closed-loop system (3.13) with the control u
is

Mx+ Cx+ Sx+f. +I'dy, = I'(—K,x — K %) (5.1)

The active vibration control of the building structure can be regarded as the regulation

problem with zero reference,

u=-Kx—- K;x (5.2)
where x = [, 0]" defined as in (3.8). Here the reference x* = %% = 0, the regulation error
e=x — x? = x, K, and K, are positive-definite constant matrices that correspond to the

proportional and derivative gains. The closed-loop system with the PD control is
Mx(t) + Cx(t) + F = =T (K,x + K4%) (5.3)
where F is the uncertainty,
F = Sx + fo + I'dy = [fo, fy, fo] " (5.4)

Since F is unknown, we use a fuzzy system to approximate it. Compared with normal fuzzy
sets, type-2 fuzzy sets can model easily for big magnitude uncertainties with less fuzzy rules.
The membership functions of type-2 fuzzy systems are not longer the crisp values , they are
in the interval of [0, 1] [86][112].
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A generic fuzzy model for the uncertainty F in i-th floor is provided by a collection of p

fuzzy rules for x, y, and 6

RZ IF (IZ is Ah) and (yz is AQZ) and (91 is Ag,) and (l‘l is A4z) and (yz is A5z)

. 5.5
and <9i is AGi) THEN (f, is By;) and (f, is By;) and (fp is Bs;) (55)

where Ay;---, Agi, Bii, Bsi, Bs; are type-2 fuzzy sets. The type-2 fuzzy set A with the

membership function G4 is defined as
A ={(z,9),Ga(z,) | VxeR,VseM, C [0,1]} (5.6)

where ¢ is an auxiliary variable, 0 < G4(z,<) < 1, M, is the primary membership function.

For the type-2 fuzzy set A,

Ao / R /M Ga(,)/(,5)

The integral | of the classical fuzzy set becomes the sum .
The upper and lower membership functions are defined as G%(x1,s) and G4(z,<). They
describe the upper and lower bounds of the uncertainties. For ¢-th rule and the point z1,

the crisp input is fuzzified in the interval of [f!(x1), f(x1)],

[i(w1) = G (21,6) * Gy (w1,6) * GY, (71,5)

(5.7)

where * denote t-norm operator, it can be the minimization.
For all [ rules, type-2 fuzzy inference engine aggregates with the fuzzified inputs and

infers another type-2 fuzzy set,

Go(y) = Ueex[Ga(x) M Gp(z,y)] (5.8)
We use the type-reduction method to convert Go(y) into type-1 fuzzy set. This technique

captures more information about rule uncertainties than does the defuzzified value (a crisp
number), and seems to be as fundamental to the design of fuzzy logic systems that include
linguistic uncertainties (that translate into rule uncertainties) as variance is to the mean
in case of probabilistic uncertainties. The centroids associated with type-2 fuzzy sets are
calculated. For i-th rule, the centroid of j-the output fuzzy rule (5.5) is y§ = [yi;, 41,1, vi;
and yf,j are the most left and right points. The type-2 fuzzy sets are reduced to the type-1

fuzzy set with the interval [ylij, yﬁ,j] The most popular technique for type-reducing an interval
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type-2 fuzzy set is the Karnik-Mendel (KM) iterative procedure [68]. The outcome of type-
reduction of an interval type-2 fuzzy set is an interval type-1 set considering the criteria that
the centroid is placed between the two endpoints. The iterative methodology is a superior
technique in order to find these endpoints. The centroid of the type-1 set is considered to be
the centre of this interval. Mendel [95] laid down the main design criteria in consideration to
type-2 uncertainty measurement as when all sources of uncertainty disappear, a type-2 fuzzy
logic system must reduce to a comparable type-1 fuzzy logic system. This proposed statement
is valid throughout. So it is valid from the proposed statement that is no uncertainty
associated with a type-1 fuzzy set, and therefore the mentioned measures of uncertainty for
type-1 fuzzy sets [138] cannot be measuring uncertainty instead they are measuring separate
aspect of the type-1 set to be mentioned as vagueness.
For all p rules
f:l fziylij o ?:1 f;y}“]

Yij = D T Yrj = D fz
i=1J1 i=1Jr

(5.9)

where f/ and f} are the firing strengths associated with y;; and y;; of i-th rule. By the
minimization and maximization operation, y;; and y,; can be expressed as
_ Zle fzijylj + 25;1 qujylk f:1 flijyrj + Zf:1 frijyrk

. , TRy = : A 5.10
o N K D i i HIR S D (5.10)

S | S S |
where ¢i; = ST FsT R i T SRS
fuzzy logic system can be expressed as

By singleton fuzzifier, the jth output of the

= P (6 g () + 6 (2o (2] (511)

where j = 1,2,3. w,; is the point at which pip = = 1, wy; is the point at which pp, = 1,

AT
z = [x, y,0,1,9, 6] . In matrix form, the estimation of the uncertainty F is

P = L [07()W,(2) + 6] (W) (5.12)

where F = [f17 f2a f3] = [f:m fyu f@]T-
PD control with type-2 fuzzy compensation is

u=—K,xx— de—%QJTT(z)WT(z) — %cb;f(z)wl(z) (5.13)
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The new closed-loop system is

M, i Cd: — il fu

Mij | + Cyyy + Cyob + [ f

J,0 Cpf — Crp + Cyoyy fo (5.14)
Kpox Ko O (o)W (22) + O (22)wi(22)

(%)
=-1| Kpy | —T'| Koy | — %F ¢f(zy)wr<3y) + ¢;[(Zy)wl<zy)
Kpot K90 by (20)wr(20) + &1 (20)wi(20)
where K., Kqy, Ky, Kay, Kpo, Kap are the gains considering X —component, ¥ —component
and #—component respectively.

Because the three components, x, y and 6, has the same form, in the following stability
analysis, we only discuss X —component. Y —component and #—component have similar
results. In order to simplify the controller, we let I' = I.

Because K,,x + Kg4,@ = K, (Ax + %), A is the positive definite matrix, K, A = K,

K, = K4, we define an auxiliary variable r, as
ry =1+ Az (5.15)
So

e = —Koram 5 81 () (22) = 561 () (z2) (5.16)

where z, = (x,&). The closed-loop system of X —component becomes
M, + Coic — Cogh + [ = g (5.17)
The X-component also gives the torsion in the structure,
0= —ai (5.18)

(5.17) becomes
M,z + Cya + Oémeng + fx = Uy (5.19)

Because M,7, = M,(Z + Az) , using (5.19) we have
Mty + Cory + afChrpry = uy + Af, (5.20)

where Af, = M Az + C,Ax + o CroAx — fx.
With Stone-Weierstrass theorem [16], Af, can be estimated by the type-2 fuzzy system
(5.12) as

Afe = S0l (e (z2) + 507 () () + o (5.21)
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where o, is the modeling error, w; and w; are unknown optimal weights. We assumed it is
bounded as
olA o, < 5, (5.22)

where A, is a known positive definite matrix.
With the type-2 fuzzy PD control (5.16), the closed-loop system (5.20) becomes

1 1
M7y + Cyry + apChrpry = —erx—ﬁgbf(zx)@br(zz) — §qblT(zx)”J)l(zx) + o0, (5.23)

where w, = w, — w}, W = w; — wy.

The following theorem gives the stability analysis of type-2 fuzzy PD control (5.13) with
a gradient descent algorithms for w,(z,) and w;(z,).The major advantage of this method is
that fuzzy rules or membership functions can be learned without changing the form of the
fuzzy rule table used in usual fuzzy controls, so that the case of weak-firing can be avoided

well, which is different from the conventional learning algorithm.

Theorem 5.1 Consider the structural system (5.1) controlled by the type-2 fuzzy PD con-
troller as (5.16), if the gain satisfies
K, > A, (5.24)

A, is defined in (5.22), the fuzzy system is updated as

dwi(ze) = ~lkury ¢ (22)]"
k. > 0, then the filter regqulation errors r, and rg converges to the residual sets
Dx = T T 2 <0:
{ral Il <0} 526

Dy = {7“9\ HmHz §afc5x}

0. is defined in (5.22).

Proof. Since M, and A are positive definite matrices, let us consider Lyapunov candidate

V, for the X —component
1 1 . 1 7 L
Ve = §TmM Ty + 4t7’x[ T2k o (2)] + Ztrw[wl (22)ky Wi (24)] (5.27)

Using (5.23) and r7 (Ma, — ZC’gc) r, = 0, the derivative of (5.27) is

V;c — —Tngrm_erng( )wr<zz) - lTTqb?(Zm)wl(Zm) + TTO'z - r:foszmgrz

5.28
+%t7"z[ ( )kwI%wr<zx)]+ trz[wl (Zx)kwI%wl(zﬂc)] ( )
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Using the updating law (5.25), and

Ltr [0 (20 b 0 (20)) — 3T ] () i(2) = 0
Lt [0 (2t ()] — 2T 6] (20) () = O
(5.28) becomes
V., = T Kyry +1rlo, — Tfosz'm,grx (5.29)
Now let us consider matrix inequality as follows
XY +YTX < XTAX +YTA Y (5.30)

for all X, Y € R", 0 < A = AT. From (5.22), rlo, can be estimated as
o, <rTAre +0lA o <rTAGr, + 5y (5.31)
where A, > 0. Since a;Cyp > 0, (5.29) is

V., < —rT (K, + a;Crg — A1 + 0L Ao,

(5.32)
< —rI(K, — A))ry + 0T Ao,
We can choose the gain of the PD control (5.16), such that (5.24) is established, then
Vo < = Irall, + (5.33)

where K1 = K,—A,.V} is considered to be ISS-Lyapunov function. In this case, r, = t+Ax is
bounded when o, is bounded by 7, [120]. Because fOT Vo =Vip—Vy < — fOT rTKyrpdt+6,T),

I 1/THH2dw<‘
1mT0 Tl g, dt < G4

T—o0

Since @ = —a;lé and |r,| = —a; " |rg|, the filter regulation error for 6 can be
ro =60+ A0 (5.34)
So
. 2 _
Ve < —lrollg, + 02 (5.35)

where K, = 04]72[(1. So rg = 0+ A0 is bounded, and

1T e _
lim T/o 7|, dt < o35, (5.36)

T—o00

They are (5.26). m
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Remark 5.1 Compared with the fuzzy compensation (5.13), the advantage of adaptive fuzzy
compensation (5.283) is that we do not need to be concerned about the big compensation error
in equation (5.21), which results from a poor membership function selection. The gradient
algorithms (5.25) ensures that the membership functions w,(z,) and wy(z,) are updated such
that the requlation errors r, and ry are reduced. The above theorem also guarantees the
updating algorithms are stable. It is well known that the regulation error becomes smaller
while increasing the derivative gain. The cost of large derivative gain results in slow transient
performance. Only when derivative gain tends to infinity, the regulation error converges to
zero [76] . However it would seem better to use a smaller derivative gain if the system
contains high-frequency noise signals. In order to decrease the steady state errors caused by
these uncertainties, the derivative gain Ky has to be increased. The transient performances

are worsen, for example the response becomes slow.

5.2 PID control with type-2 fuzzy compensation

The utilization of fuzzy compensation results in the decrease of regulation error as mentioned
in Theorem 1. Considering the control theory, the steady state error can be removed to more
extent by introducing an integral component to the PD control. PID controllers use feedback
strategy and have three actions: P action is introduced for increasing the speed of response;
D action is introduced for damping purposes; I action is introduced for obtaining a desired
steady-state response. Considering the effect of all three components of control, the control
law is PID control .

u=—-Kx— KZ-/O xdr — K% (5.37)

where K, K; and K are positive definite, K; is the integration gain, for the structure control
considering the reference ¢ = %% = 0.

A big integration gain causes unacceptable transient performances and stability problems.
Same as of type-2 fuzzy PD control, a type-2 fuzzy compensator for PID control can be

applied. PID control with type-2 fuzzy control is

¢ 1 . 1 .
0= —Kx — K, / xdr — Ky 8 (2)1W,(2) — S ®f () Wi(2) (5.38)
0

Similar with PD control, we only consider the X —component (5.19),

t 1 1
Uy = —Kppt — Kgu& — Kix/ xdT—igbrT(zx)wr(zm) — §¢lT(zm)wl(zw) (5.39)
0
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In matrix form, (5.19) is

J Sy K.z
— = ] 5.40
T —M$<O$ZL' + osz’xgx' + fx — um)

where s, is auxiliary variable.

By using (5.21), the closed loop systems is

My + (Co + 0y Cip) & + 307 (2)wi(2) + 367 (22) 0] (22) + 0o

) ~ ~ (5.41)
= —fpg T — Kgp@ — 3x_%¢g<zw)wr(zr) - %(élqﬂ(zx)wl('zx)
The equilibrium of (5.40) is [s,, x, &| = [s%,0, 0] . Since at equilibrium point 2 = 0 and & = 0,
the equilibrium is [0,(0),0,0]. In order to move the equilibrium to origin, we define
Sy =8z — 0, (0) (5.42)
where o, is the unknown modeling error. The closed loop system becomes
M,i+ (C, + oszxg) T+ %Qip(zx)w: (22) + %st(zx)wl*(zx) t0q
Kyt — Kapit — 52307 ()0, () — 30T ()u(z) + 0, (0) (5.43)

where w, = w, — w}, W, = w; — wy.
For the dynamics (3.13) in chapter 3, we need the following properties to prove stability
of fuzzy PID control.

P1. The positive definite matrix M, satisfies the following condition
0 < A\n(M,) < ||My]| < Ap(M,) <m (5.44)

where A, (M) and Ay (M, ) are the minimum and maximum eigenvalues of the matrix M,
respectively and m > 0 is the upper bound

P2. The modeling error o, is Lipschitz over x; and z-
loa(1) — oal2)]| < ko [l21 — 2] (5.45)

where k,, is the Lipschitz constant. Most of the uncertainties are first-order continuous
functions. Since f,, fr and d,, are first-order continuous functions and satisfy Lipschitz
condition, P2 can be established.



78 Bidirectional Type-2 Fuzzy PD/PID Control of Building Structures

Now we calculate the lower bound of the modeling error [ o,dz,

/Ot ruda = [ e+ / o+ / o~ 1 / T () — / T )

(5.46)
Here we define the lower bound of fot fowdx as fou, fg fredx as f,. and fot dyy Az as dy,.
Compared with f,, and d,,, f.. is much bigger in the case of earthquake. Since (bf(zx) and
¢/ (2,) are Gaussian function, ngﬁT(zx)wT(zm)dx = Wr Wez) | /7 erf(2) and fot o (20 wy(22) =
W’T(Z) Vrerf(z2)

W,.(2)

= _f_sx f:z:e - u:z: - Tﬁ - WZT(Z)ﬁ (547)

Here o, (0) is considered to be zero as it is concerned to building structures.

The following theorem gives the stability analysis of type-2 fuzzy PID controller (5.39).

Theorem 5.2 Consider the structural system as (5.1) controlled by the type-2 fuzzy PID
controller as (5.39), the closed-loop system (5.41) is asymptotically stable at the equilibriums

[sg — 05 (0),2,2]" =0

if the PID control gains satisfy

)\m<pr) 2 %[k’ax + )\M(C ) + )\M(afog)]
)\M(Km) < 1\/1)\ (M )/\ (E ) JB) (5.48)
Am (Kaz) 2 4\/ Am m (Kpe) |14 AM(CzA);?ﬁi?fczg)] — An(C) = Am(apCup)

where ky, is positive definite matriz, p, > 0 is a design parameter, \,,(M) and Ay (M) are
the minimum and maximum eigenvalues of the matrix M. The updating law for the type-2

fuzzy compensator is

oy (20) = [kl + 2767 (22" 5,19
awn(ze) = —[ko(@ + 5 2) 7o) ()]
Proof. Here the Lyapunov candidate is defined as
V = LT My + LaT Kppa + 58 K18, + aTE, + teaT My + 2T Kypn (5.50)

) opdr — kg, + 2tr [T (20 kg 0 (22)] + Str [0 () kg on (2]
where V (0) = 0. In order to show that V' > 0, V' is separated into three parts, such that
V=Vi+V,+ V3

Vi = gaT Ky + B2l Ky + f(f odr — ke
+3 trm[ (Z:v)k 1wr(zm)] + %trx[@f(zx)kglwl(zm)] >0, (5.51)
Kpp >0, Kq, >0
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2 ¢ pr—1g ;
V = _xTK pxl + %fzr Km: gx j_ nga:
A (K
> LA (Kp) lof® + 22285 s, |17 — [l s
3
When 1, 2 G =Gy
1 Am(Kpz) 3 ’
Vo > = mA el Y | >0
= < 32 el oy ||> >
and
1 7 L o A
Vag = —a" Kppw + 0" M3+ —a" Mz
6 2 2
Because
YTAX > Y AX] = YA X = A (A) [Y]IX]
when

1\/A Kpe)

Vi > 1 (A (Kopa) |2]1% + Am(M,) \|j;|y2 + 20, A (M) ||| [|]])

2
Aon (K :
=é( ) ’\|x||+\/Am(Mx>HxH> >0

Now we have,

The derivative of (5.50) is

V= i1 [—Cot — afCrpd — Kgpit + 0, (0)] + + & sTK 's, +aT's,
+Ee T Mok + E2a [—Cot — apCrpic — Kppt — 04 — Sp + 04 (0)]
415 () [+ ) 6T (o) = b e+ ) )
F5tro [ LWl (20 k' Wy (20)] 4 §tro[E0] (20) kg i (2,)]

Using the updating law (5.49),

st G0) (2e)hy i (22)) — 50 (22) (3 + B 2) Ty (22)] =

stral g @] (zo)ky, i(20)] — 50n(2)[(& + )¢y (2)] = 0
(5.58) becomes

. ~T ~ ~
V =iT[-Coit — apCrpit — Kgpo + 0, (0)] + 528, K, 'E, + 27€,
+h i Myd + B2 [—Crot — apCrpi — Kyt — 0 — £, + 04 (0)]
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(5.52)

(5.53)

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)
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Now using the property X7Y + YTX < XTAX + YTA™Y

—LepTCLi < BeXy(Cy) (272 + iT4)

o (5.60)
—%QSTC’I@Q"} S %)\M(afcxg) (.’BTl‘ + S'BTi')

where ||Cy|| < ke, .and ||Cyol| < ke,,. S0 $; = K, sTK;'s, becomes 17's,, and ”'s, becomes

17 K;,. have Now using the Lipschitz condition (5.45)

oy Moy
7$T (02 (0) —0,] < 7’%,( & (5.61)
From (5.60) and (5.61)

V = g7 [CI + @fog + K4, — HZ—ZMI — %)\M(Cx) — %)\M(&fcxg)] T

TIH 1% o I (562)
—aT [ Ky — Kip — %ko — 22 (Cy) — A (arChp)] @
Using (5.44), (5.62) becomes
V < =i [M(Cy) + Ay Cig) + A (i) — )\M(M ) — LA (Cr) — B (ayChg)] &
—.Z‘T [%)\m(pr) — )\M<Kzz) — %kax - %”/\M(C ) /\M Oéfozg } T
(5.63)

So V, < 0, ||| minimizes if two conditions are met: 1) A\ (Cy) + A (0 ;Clp) + A (Kap) >
'UJ?I[)\M(MQ;) +)\M(Cx) +)\M(Oéfcx9)], 2) )\m(pr) 2 %)\M<Km) +kax +)\M<Cx) +)\M(Oéf0x9>

Now using (5.57) and A, (K;,') = W, we have

Av (Co)+H A (arCy
m (Ka) > 51/ 3 o (K ) [1+ ulCelthulo; 0>] —An(C) = Aml(afCug)  (5.64)

again %)\M(Kix) = %)\m(pr). Hence,

M) < 53/ E (00 A () 2 (5.65)
Also
(K ) > g[/@ax + A (Ch) + Mgl Clg) (5.66)

Let us assume that there prevails a ball of radius ¢ in the three dimensional space. This
three dimensional space is represented by x-component, y-component and #—component.
The ball center is at origin of the state space system where: V, < 0, V;, <0,V < 0. The
origin of the closed loop systems represented by (5.43) is stable equilibrium. Similarly the

closed loop system along other components will be in stable equilibrium. Now we will prove
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for the asymptotic stability of the origin. For that we use La Salle’s theorem by defining
the term II,, I, and Il as follows:

sz{zx(t):[xT,:tT,gﬂTea%?'”:m:o L EeR T =0eR i=0c R
. T . .

II, = zy(t):[yT,yT,fﬂ ERM:V,=0 Ey,eRy=0eR",y=0eR" (5.67)
. T . .

I, — zg(t):[eT,eT,g,,T] ER V=00 6, e R I=0eR"0=0c R

Using (5.58) and substituting 2 = 0 and & = 0, we have V, = 0. Similar analysis with y = 0
and ¥ = 0 and also 6 = 0 and 8 = 0 will yield Vy =0 and Vj = 0. Similarly these conditions
hold good for & = 0,5 = 0 and § = 0 for all ¢ > 0.Therefore z,(t), z,(t) and z(t) belongs
to IL,, II, and Iy respectively. Also, imparting these conditions to (5.43) we have: fx =0,
Sy = 0 and fe = 0.Also, §, =0, §, =0 and & = 0 for all t > 0. So z,(t) is the only initial
condition in I1,, z,(t) is the only initial condition in IT, and z4(¢) is the only initial condition
in Ily. Therefore, origin is asymptotically stable according to La Salle’s theorem. Now
for global stability of the closed loop system mentioned by (5.43), the following conditions
needs to be met: limy _ (t) = 0, when the initial condition of [z,,¢,] is inside of II,.
lim{ ,_(¢t) = 0, when the initial condition of [y, 7, Sy] is inside of II,,. limf_,oo(t) = 0, when
the initial condition of [6, 0, 59] is inside of Il m

5.3 Experimental results

In order to analyze and validate the bidirectional type-2 fuzzy PD and PID controllers, a
two-floor building structure is designed and constructed. The detailed of the structure and

the placements of actuators are mentioned in chapter 3.

The relative acceleration in the second floor is subtracted by the ground floor acceleration.
Numerical integrators are used to compute the velocity and position from the accelerometer
signal. Since there is not angular sensor, the angular accelerations are calculated by (4.58)
and (4.59) mentioned in chapter 3,where 01 and 0, are the angular accelerations of the first

and the second floor.
The theorems of this paper give the sufficient conditions of the minimal proportional and
derivative gains and maximum integral gain. To compare with the other algorithm in the

same condition, all PID gains are the same. The upper bounds and lower bounds of the
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structure model are

Mar (M,) = 10, Ay (M,) = 10
/\jt (‘]0) =5, )‘m<k09) =21, /\m(kcze) =38, /\m(kcye) =06

ko, is effected by the external force F. The maximum force to actuate the building struc-
ture prototype during experiment is 300N. Therefore we select k,, = 400. Y —component
and #—component are extracted with the similar method. For X —component, ranges of the

PID gains are

A (Kpe) > 1247, M\ (Kag) > 50, Ay (Kip) < 2677, Am(K,,) > 1247

5.69
A (Kay) > 50, Ay (KGy) < 2677, Njo (Kpg) > 1431, N, (Kag) > 75, Ay, (Kig) < 3789 (5.69)

We first use type-2 fuzzy logic system toolbox [128] to design the type-2 fuzzy system. Due
to its iterative nature, the computational cost of the calculation of the type-2 fuzzy system
output is big [140]. In order to tackle with this situations, several TR methods have been
proposed for reducing the computational cost of the type-2 fuzzy inference mechanism. The
Karnik—Mendel (KM) algorithms are iterative procedures widely used in fuzzy logic theory.
They are known to converge monotonically and super exponentially fast; however, several
(usually two to six) iterations are still needed before convergence occurs [138].Wu categorized
the TR methods as Enhancements to the KMs, which improved the computational cost
of the KM, and Alternative TR methods, which are closed-form approximations to the
KM algorithm [141]. KM method is most popular due its novelty and adaptiveness [137].
The type reduction and the defuzzification methods supported by type-2 fuzzy logic system
toolbox are 1) Karnik-Mendel Algorithm (KM). 2) Enhanced KM Algorithm (EKM). 3)
Iterative Algorithm with Stop Condition (IASC). 4) Enhanced IASC (ETASC). 5) Enhanced
Opposite Direction Searching Algorithm (EODS). 6) Wu-Mendel Uncertainty Bound Method
(WM). 7) Nie-Tan Method (NT). 8) Begian-Melek-Mendel Method (BMM). In type-2 fuzzy
logic system toolbox, it is possible to state the antecedent MFs with the MF types that
already prevail in the Matlab Fuzzy Logic Toolbox. Hence, it is feasible to implement the
Matlab functions of LMF and UMF in a same pattern. But there is an additional parameter
associated to each type of MFs that illustrates the height of the corresponding MF. For
example, a triangle MF is stated having the parameters [, ¢io, 742, hio Which defines the left
point, the center point, right point and the height of the MF, respectively. The parameter h;s
is generally utilized to develop FOU in the type-2 fuzzy systems, most specifically in type-2
fuzzy controller design. In the analysis, Karnik-Mendel method (Liang & Mendel, 2002)
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FIS Variables

Figure 5.1: Upper and lower limits of Gaussian membership functions

is utilized to defuzzify the type-2 fuzzy system. The control performance is evaluated to
minimize the relative displacement of each floor of the building. The membership functions
are Gaussian functions and they are designed by the method of [50], see Figure 5.1, where
mfU and mfLL are the upper and lower membership functions. The advantages of Gaussian
membership functions are it is simpler in design because they are easier to represent and
optimize, always continuous, and faster for small rule bases . Gaussian type-2 fuzzy logic
systems are faster than the corresponding trapezoidal type-2 fuzzy logic systems when the
same number of MFs and the same type-reduction and defuzzification method are used.
Since small rulebases are usually used in practice, Gaussian type-2 fuzzy logic systems seem
more favorable in terms of computational cost [139]. For the floor position and velocity,
we use three linguistic variables and three membership functions, they are normalized in
[—1,1]. Karnik-Mendel method [86] is utilized to defuzzify the type-2 fuzzy system. For
the formulation of type-2 fuzzy rules, the FIS variables selected as input variables (position
error and velocity error) and output variable (control force). IF-THEN rules are applied. IF
and AND conditions are applied between position error and velocity error, whereas THEN
conditions gives the required control force. Considering X —component, fifteen fuzzy rules
are applied. Also for Y —component and §—component, similar set of fifteen fuzzy rules
are applied respectively. We find fifteen fuzzy rules are sufficient to maintain minimum
regulation errors. For design purpose, we choose u, = 6. We also find that for the type-1
fuzzy, at least nine fuzzy rules are needed to have the similar regulation errors as the type-2

fuzzy system.
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Figure 5.2: PD control in X —direction

The signal to the shake table is the Northridge earthquake. The displacement is scaled
from 16.92cm to 1.50cm, the time is scaled from 40 seconds to 12 seconds. The control
object is to minimize the relative displacement of each floor in bidirection. From (5.69), the

PID control gains are

K,y = 1800, K, = 2000, K, = 2200,

5.70
K4, = 160, Kg4, = 220, Kq9 = 300, K;, = 2000, K;, = 2300, K;s = 3500 ( )

The PD control gains areK,, = 1800, K, = 2000, K,y = 2200, K4, = 160K, = 220, Kqy =
300

We compare our control with classical PD/PID, type-1 fuzzy PD/PID in three cases:
1) without any active control (No Control); 2) with the torsional actuator (TA); 3) with
both the active mass damper and the torsional actuator (AMD-+TA). The results of these
controllers are shown in Figure 5.2 - Figure 5.7. The control signals of type-2 fuzzy PD and
PID are displayed in Figure 5.8 and Figure 5.9. We define the average vibration displacement
as MSE = SV 2 (k)?, z (k) is the displacement of the floor, N is the total data number.

The comparison results of the average vibration displacement are shown in Table 1-Table 9.
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Figure 5.3: PID control in X —direction
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Figure 5.4: Type-1 fuzzy PD control in X —direction
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Figure 5.7: Type-2 fuzzy PID control in X —direction
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Figure 5.9: Control of type-2 fuzzy PID
Here | sign indicate decrease.
Table 1. Average vibration displacement by AMD+TA
PD control | % | error | PID control | % | error | No control
X-direction | 0.2987 60.2 0.2373 68.5 0.7514
Y -direction | 0.0719 45.53 0.0783 59.3 0.1320
f-direction | 0.0696 40.8 0.0611 47.6 0.1174
Table 2. Average vibration displacement with PD control
with AMD | % | error | with TA | % | error | No control

X-direction | 0.4832 35.7 0.5802 22.78 0.7514

Y -direction | 0.0981 25.68 0.1012 23.3 0.1320

f-direction | 0.0902 23.1 0.0801 31.7 0.1174

Table 3. Average vibration displacement with PID control
with AMD | % | error | with TA | % | error | No control

X-direction | 0.3632 51.6 0.4911 34.6 0.7514

Y -direction | 0.0849 35.6 0.0969 26.5 0.1320

O-direction | 0.0811 30.8 0.0713 40.0 0.1174

12
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Table 4. Average vibration displacement by AMD-+TA
Type-1 Fuzzy PD | % | error | Type-1 Fuzzy PID | % | error | No control
X-direction | 0.1843 75.4 0.1590 78.8 0.7514
Y -direction | 0.0531 60.0 0.0488 63.3 0.1320
f-direction | 0.0578 50.7 0.0423 63.9 0.1174
Table 5. Average vibration displacement with Type-1 Fuzzy PD control
with AMD | % | error | with TA | % | error | No control
X-direction | 0.2121 1.7 0.3398 54.7 0.7514
Y -direction | 0.0633 52.4 0.0733 44.5 0.1320
f-direction | 0.0820 30.1 0.0674 42.6 0.1174
Table 6. Average vibration displacement with Type-1 Fuzzy PID control
with AMD | % | error | with TA | % | error | No control
X-direction | 0.1944 74.1 0.2416 67.8 0.7514
Y -direction | 0.0581 55.9 0.0634 51.96 0.1320
f-direction | 0.0711 40.0 0.0481 59.1 0.1174
Table 7. Average vibration displacement by AMD-+TA
Type-2 Fuzzy PD | % | error | Type-2 Fuzzy PID | % | error | No control
X-direction | 0.1348 82.1 0.1121 85.1 0.7514
Y -direction | 0.0320 75.7 0.0299 77.3 0.1320
f-direction | 0.0395 66.35 0.0278 76.3 0.1174

Table 8. Average vibration displacement with Type-2 Fuzzy PD control

with AMD | % | error | with TA | % | error | No control
X-direction | 0.1693 77.4 0.2339 68.8 0.7514
Y -direction | 0.0433 67.1 0.0670 49.2 0.1320
f-direction | 0.0489 58.3 0.0396 66.2 0.1174

Table 9. Average vibration displacement with Type-2 Fuzzy

PID control

with AMD | % | error | with TA | % | error | No control
X-direction | 0.1575 79.1 0.2080 72.3 0.7514
Y -direction | 0.0389 70.5 0.0584 55.7 0.1320
f-direction | 0.0431 63.2 0.0371 68.3 0.1174




90 Bidirectional Type-2 Fuzzy PD/PID Control of Building Structures

We can see that all PD/PID, type-1 fuzzy PD/PID and type-2 fuzzy PD/PID controllers
works well with AMD and TA, because both horizontal actuator and torsional actuator act
simultaneously. The vibration attenuations along X-direction and Y'-direction are much
better than 6-direction, because the active vibration control is achieved by the position
of the actuator and the torque direction of the actuator. PID controller is better than
PD to minimize the vibration in all three directions. The active control of structures can
be improved by adding the fuzzy compensation. The type-2 fuzzy controller is capable of
providing more vibration attenuation than the type-1 fuzzy controller. The best results are

the type-2 fuzzy PID control.

5.4 Summary

In this chapter, type-2 Fuzzy PD and PID control for building structures with AMD and tor-
sional actuator are proposed. By utilizing Lyapunov theory, sufficient conditions of stability
are extracted to tune PD/PID gains. The mentioned methodology is successfully imple-
mented to a two-story building prototype. The experimental results show that the type-2
fuzzy PD/PID controllers work better than type-1 fuzzy PD/PID for the horizontal actuator

and torsional actuator.



Chapter 6

Discrete Time Sliding Mode Control

of Building Structures

6.1 Introduction

Active vibration control of building structures under earthquake loadings is a popular field
among civil and mechanical engineers. Different control devices and algorithms were pro-
posed and implemented in the last few decades [59][105]. One of the main challenges in the
structural control design is the presence of uncertainties in the building structures, especially
in parametric level. Robust control is a well-established technique, which can deal with these
uncertainties and disturbances present in the real systems like the building structures.

Research reveals that sliding mode control (SMC) is considered to be an effective robust
control strategy for uncertain systems. The sliding mode control (SMC) is designed for
uncertain nonlinear systems [132]. It is very much effective in terms of robustness against
the changes in the parameters and external disturbances. It has been successfully applied for
structural control [97]. In [64], SMC is used to control bending and torsional vibration of
a six-story flexible structure. Soleymani et.al in his work demonstrated new robust control
system for an active tuned mass damper (AMD) implemented in a high-rise building. The
controller is a blended innovation of two-loop sliding model controller with a dynamic state
predictor [119]. In [93], an active vibration control for a two storeyed flexible structure
was proposed where the sliding mode controller is designed utilizing LQR approach in order
to validate stable motion while undergoing sliding. An approach related to adaptive fuzzy
sliding mode in order to eliminate the damage of the nonlinear structure was suggested by
[31]
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The implementation of digital computers and samplers in the field of control systems has
popularized the research of discrete time systems. A necessary and sufficient condition for

discrete time sliding motion is suggested by Sarpturk et al. (1987) as follows [111]
| S(k+1) <[ S(k) |

One more important condition for discrete-time sliding mode with the consideration that
sliding hyperplane S(k) = 0 ,should satisfy [14]

[ S(k) [< g

where the parameters g > 0 is termed as quasi-sliding mode band width. However, owing
to a finite sampling frequency characteristic in discrete-time systems, the system states can
only be expected to approach the selected sliding surface and remain around it, instead
of remaining on the surface when the system undergoes external disturbances. Therefore,
the so-called quasi-sliding-mode (QSM) concept was introduced and discussed in discrete-
time systems [14] [65]. A brief summary is given here. The system states are required to
monotonically approach the sliding surface until they enter the vicinity of the surface, and
they then remain inside. The vicinity of the sliding surface is called a quasi-sliding-mode
band (QSMB). Under this QSM definition, it is noted that the system states are not required
to cross the sliding surface, as in the definition given by Gao et al. [46]. The undesirable
chattering and high-frequency switching between different values of the control signal are
avoided. Since its state does not have to cross the sliding hyperplane in each control step,
the control strategy can be linear and, consequently, the undesirable chattering is avoided.
The strategies guarantee improved robustness, faster transient response, and better steady-
state accuracy of the controlled system [14].

In general cases, discrete-time control or sampling control is most suited for the structural
control. The sampling period is considered to be the important feature that play significant
role in the performance of the control system. In [91], a discrete-time variable structure
control strategies on the basis of discrete reaching law method in order to minimizing the
dynamic responses of seismically excited structures was suggested. A time delayed discrete-
time variable structure control method in order to mitigate vibration in the linear structures
was proposed by [17]. A novel discrete-time variable structure control method in combina-
tion with fuzzy adaptive regulation for seismically excited linear structure with the intention
of subsiding heavy chattering effect was presented by [84]. In [85], a new discrete-time vari-
able structure control method incorporated with discrete-time composite reaching law was

proposed for vibration attenuation in seismically-excited linear structure.
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In this chapter, we present a fuzzy discrete sliding mode control (FDSMC) for the mini-
mization of structural vibration along all three components under the effect of bidirectional
earthquake forces. The analysis is based on the lateral-torsional vibration under the bidirec-
tional waves. Also in order to reduce chattering, the suggested discrete-time sliding mode
control with time-varying gain is effective. We prove that the closed-loop system with slid-
ing mode control and fuzzy identifier are uniformly stable by utilizing Lyapunov stability
theorem. The experimental results and analysis using the FDSMC validate its effective-
ness and stability. Finally the results are compared with standard discrete sliding mode
controller(DSMC) and PID controller to verify the superior performance of FDSMC in

mitigating the earthquake vibrations.

6.2 Discrete time model of building structure

The continuous time model of n—floor building structure under bidirectional external forces
is
M3 (t) + Cx(t) + Fy (x) + fo(t) = Tu(t) (6.1)

where x € R x = |21 Xp, Y1 Yn, 01 - --Hn]T, x is the displacement, M € R3n*3n

is the mass, C' € R¥3" the damping coefficient, Fy = [fs1--- fsn] € N3 is the structure
stiffness force vector, and f. € 23" is the bidirectional external force applied to the structure,
fe=1fz, [y, 0" -0]", u € B3 is the control signals which is fed to the dampers.

The structure stiffness can be model as
Fi(x) = fs(x) +Td, (6.2)

where f,(x) is the structure stiffness force, it can an be modeled as a linear model f, = Kx,
or a nonlinear model, d,, is the damping and friction force vector of the dampers.
We define z; (t) = x and z3 (t) = %, the model (6.1) can be transformed into the following
state space model
Z(t) =Az(t)+Bu(t)+F,(2) + f.(t) (6.3)

0 0
0 —M~'C

0
M-T

z1(t)
zZ9 (t)

A= ) Fs(z) = M_IFS(Z)a fe(t) =

? Y

where z(t) = [

M1 (t).
F,(x) and f.(t) can be regarded as the uncertainty parts of the linear system Z=Az+ Bu.

Clearly, in absence of the external forces, the building structure is stable. So it is reasonable
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to assume that Fy(z) is bounded, ||Fs(z)|| < ds. The external forces are bounded, || f.(t)]| <
de.
In order to discreteize the continuos time model, we assume that the control force and

the external forces are constant during the sampling period T, i.e.,
u(t) =uw(kT), fo(t)= fo(kET), kKT<t<(k+1)T
The discrete time model of (6.1) is [91],
2(k 4+ 1) =Ag+Bau(k)+Fus [2(k)] + fae (k) (6.4)

where z(k) is a state vector, A, is a state matrix, Ay = 4T, B, is the input vector, By =
( / €ATdT> B, u(k) is a scalar input, Fy(k) is the model uncertainty matrix and fg.(k) is the

excitation. Since Ay and By are unknown, (6.4) is written as the following general nonlinear

model
z(k+1) = f[z(k)] + g [=(k)] u(k) + d [2(k)] (6.5)

where f[2(k)] = Aaz(k), g[2(k)] =T, ,;Ba, d[2(k)] = Fus [2(k)] +fae(k), T is defined as the

location matrix of the dampers,

1 if i— i
T, = SR (6.6)
0 otherwise

where Vi, j € {1,...,n},s C {1,...,n}, s are the floors on which the dampers are installed.

. I T
For a two-floor building, I' =

(2]

6.3 Fuzzy modeling of structure

. If the damper is placed on the second floor,
a1 Tap

We use the following fuzzy system to modeling the unknown nonlinear functions f [z(k)],

g[z(k)] and d [z(k)] in (6.5). The unknown nonlinear functions f and g are approximated as

~

Flz®]+dz(R)] = f + ¢

G = 5+, 0D

where ¢; and ¢, are the modeling errors, f and § are the estimations of f [z(k)] + d [2(k)]
and g [z(k)],
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We use the following fuzzy system to model f[z(k)], g[z(k)] and d[z(k)]. For p — th
fuzzy rules for f [2(k)], g[z(k)] and d [z(k)]

R’: IF (x; is Ay;) and (y; is Ay) and (6; is As;) and (i is Ay) and (5 is Asy)

and (B is As) THEN f[=(k)] + d[=(k)] is By (6.8)

RZ IF (l‘, is A11> and (y, is Agl) and (92 is Agz) and (.QTZ is A4z) and (yz is Agn)

. 6.9
and (ei is A&-) THEN g [2(k)] is Ba (6.9)

where Aq; - -+, Agi, Bii, Bsi, Bs; are the fuzzy sets.

Now by product inference, center-average defuzzification, and a singleton fuzzifier, the

output of the fuzzy logic system can be expressed as [134]

. Wy, (117
Fp— (Zz 1 Wil j= 1/$Aﬂ _ Zwmaz (6.10)
(i e,

where pi, , is the membership functions of the fuzzy sets Aj;, wy; is the point at which

i
fig,, = 1,if we define

7 iy
O — (6.11)
D i1 H?:II“LAJ-,L-
The Gaussian functions are chosen as the membership functions as follows

T — cji)?
[La,, = €Xp <—#> (6.12)
Pj

%

where c¢j; and p;; are the mean and variance of the Gaussian function, respectively. In the

matrix form, (6.10) can be expressed as

Fp =w(k)o[z(k)] (6.13)
where _ -
U)H(k) wu(k)
w(k) = - . eR™!
| wim (k) W (k) |
also o[z(k)] = [01.ceeeeneenn. o1]e B!, Now using (6.13) and since f and § are the estimations

~
I

(6.14)

>
I
g £
s}
—~
w
S~—
Q
Q
N
—~
NA
Pt
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According to the Stone-Weierstrass Theorem [16] the unknown nonlinear functions f and g

are approximated as
f=wi(k)oslz(k)] + ¢

. (6.15)
g9 = wy(k)og[z(k)] + &
The nonlinear system (6.5) can be modeled with fuzzy system as
B2(k+1) = f[2(k)] + g [2(k)] u(k) (6.16)
where [3 is a positive constant and S > 1 which is a design parameter.
We define the modeling error as
eilk+1)=2(k+1)—z2(kE+1) (6.17)
and o
=f— k) —d|z(k
F=F = 110) = dl=(0) 6.15)

Bz(k+1) = [w}(k:)af[z(k)] + ef} + [w;(k)ag[z(k)] + eg] u(k) (6.19)
Bk + 1) = wj (K)o [2(k)] + wp (K)o [2(k)u(k) + ¢ + eu(k)
Now from the Taylor series formula we have for n variables
Flx1, e 2y) = ;0 i <;(xk — ak)a—m) F(E1y oy dn) | #1 = 210y = 2, (6.20)
Now applying the Taylor series to the smooth functions f and § we have
F = wi )2k + (k) = ) (0] a5y + Ry 621
f=wi(k)oslz(k)] + Ry
. . * 94
g= wg(k)o-g[z(k) + [wg(k) - wg(k“)]wg(k)] + Rg (622)

g = wy(k)og[2(k)] + Ry

#f;k)} = oy[2(k)] and 8[w (k)] = 04[2(k)]. Also Ry and R, are the remainders of the
Taylor formula. Now using (6.18) we can demonstrate

where

f = (wy(k) —wi(k))oslz(k)] + (Ry —€f)

o (6.23)
f=ws(k)oyslz(k)] + &
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g = (wy(k) — w;(k))ag[z(k>] + (Ry — €)

S (6.24)
g = wy(k)og[2(k)] +¢&,
where Wy (k) = wy(k) — wi(k), wy(k) = wy(k) — w;(k),§; = Ry — ¢; and §; = Ry — ¢, The
error dynamics can be expressed using (6.16) and (6.19) as
pei(k +1) = wp(k)os[z(k)] + @g(k)oglz(k)]u(k) + & + Egu(k) (6.25)

In sake of assuring stability of identification and non-singularity in the controller, the fol-

lowing updating laws are implemented

Awp(k) = —n(k)os[z(k)]ef (k)

(6.26)
Awgy (k) = —n(k)u(k)ay[=(k)le] (k)

Theorem 6.1 If we use fuzzy model (6.16) to identify nonlinear system (6.5) having the
updating law given by (6.26), then the identification error e;(k) is bounded and it satisfy the

following relation

Jim | (i) = TS (6:27)

provided the dead zone guarantees 3 || e;(k + 1) [|>|| ei(k) ||and 0 < n(k) < 1,m(k) > 0.

Proof. We select the following Lyapunov candidate function V' (k) as

V(k) = tr[@?(k){ﬁf(k)] + tr[zﬂgT(k)@g(k]
= Z?:l @f(/f)2 + Z?:l wg(k)Q (6-28)

=l ws (k) I* + [ wy (k) II*

Now we know AV (k) = V(k+ 1) — V (k). Using this and (6.28)
AV (k) = [l wy(k + 1) I = [y (k) 7] + [ @k + 1) 1* = || @ (k) |I%] (6.29)

Now from the updating law (6.28) ws(k+1) —w;(k) = —n(k)os[z(k)lel (k) and w,(k+1) —
wy(k) = —n(k)u(k)o,[z(k)]el (k), also from (6.29)

7

AV (k) = [l wy (k) — n(k)o s [z(k)le; ( ) I* - H wy(k

+[H wg( ) — n(k)u(k Ug[ (6.30)
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Now using (6.25)

AV (k) = n*(k) || ex(k) [I* [l o [=(k)] H2 + |l Jg[Z(k)]U(k) 17]
—2n(k) [ ef (k) || [Bei(k + 1) — gu(k)]
=n?(k) |l ea(k) I [ o4 [z(R)) 1 + | Ug[ ( )] (k) ]
=2n(k) || ef (k) 1| B 1| ex(k + 1) || +2n(k) || € (k) || [§; + §gu(k)]

Now let (k) =|| o[2(k)] [I” + || og[z(R)]u(k) |I%.£(k) = & + & u(k) where 7(k) > 0,0 <
n(k) < 1and if 8 || e;(k + 1) |>|| e:(k) || then

AV (k) < =2n(k) || ei(k) [I* +n*(k) || e:(k) |I* 7 (k)
+2n(k) | e (k)E(F) |
AV (k) < =2n(k) || ei(k) I +n°(k) || e:(k) |[* m(k) (6.32)
+n(k) || ef (k) I +n(k) || £(k) |
AV (k) < =n(R)[I[ es(k) I {1 = n(k)m (k) b+ 1| £(F) 117]

Now Let us consider

(6.31)

n(k)
n(k) = m

Also the modeling error £(k) has the term input in it. This modeling error is considered to

(k) >0,7(k) >0 (6.33)

be bounded as follows
I €(k) 2<]l (%) |1? (6.34)
Now using the conditions (6.33) and (6.34) we can express (6.32) as

k) ) (L Q=D 2
avie) < - 10D 12 (ST jew | e

Now if || e;(k) ||*>> W then AV(k) < 0 with the condition that the dead zone
satisfy 5 || e;(k + 1) ||>] e:(k) ||,0 < n(k) < L.If § is selected too much big then the dead
zone becomes small. Hence we can conclude that V' (k) is bounded. Also if n(k) = 0, then
from (6.26) it is evident that the weights are not changed and hence they are bounded.

Therefore V' (k) is bounded. m

6.4 Sliding mode control
We define the control error as

e (k) = 24(k) — z(k) = —z(k)
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where 2%(k) is the desired reference vector, for the vibration control, z¢(k) = 0.

We propose a novel quasi-sliding mode controller in (6.5) as

u(k) = ~{—f + K"e(k) + osign [s(k)]} (6.36)

NaP =Y

where e(k) = [e(k+1—n)---e(k)]", K = [kn---k1|" € R™" which is selected such that
the polynomial A" 4 2k A"~ + - + 23k, is stable, s(k) is switching function which is
defined as

s(k) =e(k) + KTe(k — 1) (6.37)

Theorem 6.2 If the gain o of the discrete-time sliding mode controller (6.36) satisfies

BH

where H is the upper bound of the modeling error, B is the design parameter of the fuzzy
model (6.16), K satisfies the polynomial

A" V2 AT 1 25,

is stable, then the closed-loop system with sliding mode control and fuzzy identifier is uni-

formly stable and the upper bound of the tracking error satisfies

s 1Pl pH
Jim 3 lel < 5 s (14 (639

where P and Q) are given in (6.45).

Proof. We first prove that the switching function s(k) is bounded. From (6.5), (6.16)
and (6.19), the modeling error satisfies

Bei(k+1) = f + gu(k) (6.40)
Substitute the control (6.36) into the plant (6.5), the closed-loop system is

2k +1) = f = [+ GI=F + KTe(k) + osign[s(k)]

= —f(k) + KTe(k) + asign [s(k)] — g(k)u(k)
The switching function (6.37) is

s(k+1)=e(k+1)+ K"e(k)

(6.41)
= —2(k+1) + KTe(k)
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Using (6.36)

e(k+1) + KTe(k) = —osign [s(k)] + f(k) + g(k)u(k)

Use (6.40),
s(k+1) = —osign[s(k)] + Bei(k + 1) (6.42)

Since |sign [s(k)]| <1 and |e;(k+1)| < H
ls(k+1)| <o+ BH (6.43)

Because e(k) = [e(k —n+1)---e(k)]", and e(k + 1) = —KTe(k) 4+ s(k + 1),

e(k+1) = Ae(k)+ Bs(k + 1) (6.44)
0 1 0 - 0 ]
0
where A = : : e R B = [0,---0,1]" € R"™!. Because
0 - .. 0 1
|y e e e Ry

det (sI — aA) = a"k, + a" ky_1s + -+ + aks" P + s [58], we select K = [ky--- kn]T

such that v/2A is stable (v = \/5) A stable V24 can make the following Lyapunov equa-

tion have positive definite solutions for P and @)
2ATPA - P =-Q (6.45)

where P = PT >0, Q = QT > 0.

Define the following Lyapunov function
V (k) = e (k)Pe(k) (6.46)
where P is a solution of (6.45). Using (6.44) we calculate AV (k)

AV (k) = SeT(k +1)Pe(k + 1) — LeT (k) Pe(k)

g

= Lo’ (k) (A"PA — P)e(k) + e (k) AT PBs(k +1) + 5B PBS(k + 1)

We define Ky = [1,ky---k,]", from (6.41) s(k 4+ 1) = KT e(k + 1), s(k) = KTe(k). From
(6.45) and s(k + 1) = —osign [s(k)] + Bei(k + 1), ||A]| = ||B]| = 1, and using (6.43)

1 2[o ||K1|| — BH
Av(k)<—;||e(k)\|é— o | (17|2’ BH]

IPe -+ 171 (1+ 27
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From condition (6.38)
1 BH\?
AV <~ e + 17 (1+22)
o o
From [63] we known V (k) is bounded, so e(k) is bounded. Summarizing from 1 to 7" and
using that V(T") > 0 and that V(1) is a constant:

V(T) = V(1) <3 A (Q) €T (R)e(k) + | P (1 + 22)°

lim 3™ M (@) €7 (K)e(k) < Jim & (V1) + [P 1+ 22)%)

T
T—o0

k=1
thus (6.39) is satisfied. By the definition e(k) = [e(k —n +1)---e(k)]” we have that the

tracking error e(k) is bounded. m

6.5 Experimental Results

The proposed Fuzzy Discrete Sliding mode control(FDSMC), standard discrete sliding mode
control(DSMC) and Discrete PID controller are compared. For PID Controller gains selected

are as follows

K,, = 1800, K,, = 2000, K9 = 2200, K4, = 160
Kgy = 220, Kq9 = 300, K, = 2000, K;, = 2300, K,y = 3500
All these controllers are designed to work within the range of AMD and TA. For DSMC
and FDSMC. The value of o are chosen to be ¢ = 3 for the AMD and o = 0.17 for the
TA. The conditions for the selecting the values of ¢ are from the viewpoint of Theorem.
2. These parameters are selected in such a way that satisfactory chattering and vibration
attenuation are achieved. The performance validation of these controllers are implemented
by the vibration control with respect to the seismic execution on the prototype. The value
of (k) is chosen to be 0.9. The position and velocity inputs related to the fuzzy systems are
normalized in such a manner that z(k) € [—1,1]. Number of experiments carried out reveals
that 6 rules for f and 4 rules for g are sufficient to sustain minimal regulation errors. The
Gaussian membership function is utilized for this operation. Three membership function
are used to extract the linguistic variables from the floor position and velocity. As both the
dampers are placed on the second floor, so the position and velocity data from the second

floor are utilized. The vibration of the shake table uses the Northridge earthquake signal.
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Figure 6.1: PID control of the second floor in the X direction.
1 T T T T T No Control

AMD

07/\//
1 | | | | |
4 5 6 7 8 9 10
Time(s)
1 T T T T T No Control

TA
OJ/\\\//V\/\/\_/\/\_/\/\_/\/\_/
1 | | | | |

4 5 6 7 8 9 10
Time(s)

AMD+TA
OM/W\AW
1 | | | | |

4 5 6 7 8 9 10
Time(s)

Figure 6.2: PID control of the second floor in the Y direction.
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Figure 6.3: PID control of the second floor in the 6 direction.
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Figure 6.4: Discrete sliding mode control of the second floor in the X direction.
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Figure 6.8: Fuzzy discrete sliding mode control of the second floor in the Y direction.
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We compare our controllers in three cases: 1) without any active control (No Control);

2) with the torsion actuator (TA); 3) with both the active mass damper and the torsion
actuator (AMD+TA). Figure 6.1 - Figure 6.9 displays the action of the PID control, DSMC
and FDSMC to curb the vibration along X —direction, Y —direction and #-direction. The
control signal of DSMC and FDSMC are displayed in the Figure 6.10 and Figure 6.11

respectively. For clarity of the results, the vibration responses are displayed for the period

of 4s to 10s,whereas the control signals are scaled from the time period of 4s to 8s. The

average vibration displacement are calculated by the mean squared error as

where z (k) is the displacement of the floor, N is the total data number.

N
1 2
MSE:NE x (k)

k=1

Table 1 - Table 4 represents the quantitative analysis of vibration control along X —direction,

Y —direction and 6-direction. Here | sign indicate decrease.

Table 1. Average vibration displacement by AMD-+TA
PID control | % | error | DSMC | % | error | FDSMC | % | error | No control
X-direction | 0.2216 70.5 0.1854 | 75.3 0.1545 | 79.4 0.7514
Y -direction | 0.0648 50.9 0.0436 | 66.9 0.0388 70.6 0.1320
O-direction | 0.0588 49.9 0.0402 | 65.7 0.0312 73.4 0.1174
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Table 2. Average vibration displacement with PID control

with AMD | % | error | with TA | % | error | No control
X-direction | 0.2937 60.9 0.4501 40.9 0.7514
Y -direction | 0.0760 44.6 0.0838 36.5 0.1320
f-direction | 0.0713 39.2 0.0593 49.4 0.1174

Table 3. Average vibration displacement with DSMC

with AMD | % | error | with TA | % | error | No control
X-direction | 0.2388 68.2 0.4118 45.2 0.7514
Y -direction | 0.0577 56.2 0.0779 40.9 0.1320
f-direction | 0.0637 45.7 0.0429 63.4 0.1174

Table 4. Average

vibration displacement with FDSMC

with AMD | % | error | with TA | % | error | No control
X-direction | 0.1995 73.4 0.3847 48.8 0.7514
Y -direction | 0.0511 61.2 0.0715 45.8 0.1320
f-direction | 0.0599 48.9 0.0399 66.1 0.1174

It is observed from the results that PID controller has slower response time in comparison
to the FDSMC. We can see that all PID, DSMC and FDSMC controllers gives efficient
performance with AMD and TA, because both horizontal actuator and torsional actuator
act simultaneously. The vibration attenuations along X-direction and Y -direction are much
better than 6-direction, because the active vibration control is achieved by the position of
the actuator and the torque direction of the actuator. FDSMC controller is better than both
PID and DSMC controllers in the vibration attenuation in all three directions. The active

control of structures is improved by adding the fuzzy compensation.

6.6 Summary

In this chapter, the equation of motion related to the controlled building structures is con-
verted into the form of discrete-time control system. The discrete sliding mode control along
with fuzzy control techniques are blended to achieve superior vibration control considering
bidirectional seismic forces. In the control signal (6.36), the time varying gain helps reducing
the chattering better in comparison to the standard DSMC. A two-floor structure associ-

ated with one horizontal actuator and one torsional actuator for active vibration control
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is proposed. The stability of the proposed controller has been established using Lyapunov
stability theory. The theoretical analysis shows the effectivity of the proposed controllers.
The experimental results show that PID, DSMC and FDSMC controllers works well with
horizontal actuator and torsional actuator. The FDSMC controller in combination with
both horizontal actuator and torsional actuator are considered to be the most efficient in

mitigation of vibration along X-direction, Y —direction, and #—direction.
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Chapter 7
Conclusions

There has been a large amount of increased research in structural vibration control in the past
few decades. A number of control algorithms and devices have been applied to the structural
control applications. Linear controllers were found to be simple and effective. More advanced
controllers have improved the performance and robustness. Even though this field is well
developed, there is still room for further research considering lateral-torsional vibration.

In this thesis, an active vibration control system for building structures was developed.
Three different control algorithms were developed for the structure vibration attenuation.
In the first case, classical PD/PID control techniques were used to mitigate the vibration of
the structure under the bidirectional forces. The stability of the controller is validated using
Lyapunov candidate. In the second phase, the PD/PID control is combined with type-2
fuzzy. The PD/PID control is used to generate the control signal to attenuate the vibration
and the type-2 fuzzy logic is used to compensate the uncertain nonlinear effects present in
the system. The PD/PID gains are selected such that the system is stable in Lyapunov
sense. An adaptive technique was developed for tuning the fuzzy weights to minimize the
regulation error. This controller shows very good vibration attenuation capability. However,
its design needs some level of system knowledge. As a result another controller has been
proposed, which can work with a parametrically uncertain system. Here the popular sliding
mode controller has been used. So a novel fuzzy discrete sliding mode controller (FDSMC)
is proposed in order to attenuate structural vibration along all three components under
the grip of bidirectional earthquake forces. The analysis is based on the lateral-torsional
vibration under the bidirectional waves. The proposed fuzzy discrete-time sliding mode
control (FDSMC) also facilities in reducing chattering due to its time-varying gain. We

prove that the closed-loop system with sliding mode control and fuzzy identifier are uniformly
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stable by utilizing Lyapunov stability theorem. The proposed algorithms were experimentally
verified in a lab prototype. Also the controllers, especially the FDSMC, can function with
nonlinear and uncertain systems like the real building.

From the experimental analysis, it has been observed that type-2 fuzzy PID controller
outperformed all other controllers. But the computational cost of the controller was big.
PD/PID controller also successfully attenuated the building vibration. So the PD/PID
controller is highly recommended due to its simple nature. The nature of movement of sliding
mode controller is similar to that of structural movement. So this type of controller can be
effectively use for vibration mitigation which is evident from the experimental results. So
from computational cost and performance point of view, the discrete sliding mode controller
is considered to be the most reliable one. The development of novel torsional actuator offers
the superior mitigation of vibration along § component which a significant contribution in the
area of torsional vibration mitigation. Its is observed that both horizontal actuator(AMD)
and torsional actuator (TA) in combination works effectively and offers efficient vibration

control.



Chapter 8
Appendix: Experimental Setup

The experimental setup was established to carry out necessary experiments. The main

components of the experimental set up are listed as follows

8.1 Shake Table I-40

The Shake Table I-40 (STI-40) (Quanser made) system is illustrated in Figure 8.1, where two
shake table are used to generate bidirectional motion. A heavy load, bench-scale, single-axis
shaker, this table features a wide surface that can easily hold a number of structures and
accommodate complex as well as simple experiments. These factors, along with its convenient
portability, make the Shake Table particularly useful in teaching and research labs. It’s ideal
for research purposes because it is easy to use, accessible, and portable. It can accurately
mimic seismic activity and test building seismic performance. QUARC’s open architecture
control software, working with MATLAB/Simulink, makes it easy to control several tables at
the same time. Flexibility is high due to various integral components. The stage is mounted
on a high-quality, low backlash linear guide with a total travel of 40.0mm (i.e., 20.0mm)
and is driven using a ball-screw drive mechanism. Using the high torque direct drive motor,
the stage loaded with a 1.5kg mass can be accelerated up to 1.0g (i.e., 9.81m/s?). The high-
resolution encoder enables the system to obtain a linear stage position resolution of 1.22m.
The main devices needed to run the shake table is a power amplifier (e.g., VoltPAQ), a data
acquisition (DAQ) device (e.g., Quanser Q2-USB), and a PC running the QUARC control
software. This system can be used to simulate earthquakes. The dimensions of the top
stage is 43.2 x 10.2cm?2. The DC motor used for the Shake Table 1-40 is the Magmotor S23
Brushed Servo Motor with a stack length of 100. The linear position of the stage is obtained



114 Appendix: Experimental Setup

Figure 8.1: Bidirectional shake table arrangement

using a high-resolution rotary optical encoder coupled to the linear screw of the linear guide.
Specifically, it is a US Digital E3-2048-250-N-H-D-B encoder. When used in quadrature
mode, the encoder outputs 8192 counts per revolution of the shaft. Using this encoder, the
effective linear position resolution of the top stage is 1.22m. The top stage of the Shake
Table 1-40 is mounted on the Misumi LLX3010C-B1-T3056.4-150 single-axis actuator. It is
a covered single-axis linear guide with a rail length of 150mm and has a lead-screw pitch
of 10mm. The Left or Right limit switch gets triggered when the top stage moves close to
the left or right mechanical range. These sensors are used to stop the controller when the
table exceeds its stroke. They are also used to calibrate the stage to its center, mid-stroke

position [114].

8.2 VoltPAQ-X2 amplifier

The VoltPAQ (Quanser made) is a linear power amplifier designed to run Quanser exper-
iments. The amplifier has been illustrated in the Figure 8.2. The VoltPAQ-X2 can power
two loads. The VoltPAQs replaces the UPM line of power amplifiers. Every VoltPAQ-X2
consists of the following components and features:

1. Amplifier capable of supplying around 24V and 4A continuous per channel.
Current sensing capability for each channel.
User ability to enable/disable individual amplifiers.
Automatic thermal shut-down to prevent damage to amplifier.

Over-heating/over-current fault indication output.

AR A

E-stop.
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Figure 8.2: VoltPAQ-X2 amplifier

Amplifier Specifications Value are listed as:

Output voltage no load: —23.3V to +21.8V,2A load:—22.3V to 4+20.8V,continuous cur-
rent output per channel + 4A voltage gain 3V/V current Sense 1A/V,amplifier command
voltage range + 10V [101]

8.3 Q2 USB data acquisition device

Quanser ground-breaking USB data acquisition technology delivers reliable real-time per-
formance via a USB interface. Q2-USB data acquisition device offers an extensive range of
hardware features and software support capabilities. Quanser DAQ technology combined
with standard connector interfaces ensure easy and quick access to signals. With low 1/O
conversion times and easy connectivity, the Q2-USB is ideal for teaching control concepts,
as you can achieve up to 2k H z closed-loop control rate. This control rate is superior to any
other commercially available USB-DAQ technology. When combined with Quanser power
amplifier and control design software, the Q2-USB provides a convenient rapid prototyping
and Hardware-In-The-Loop (HIL) development environment. With a wide range of inputs
and outputs, you can easily connect and control a variety of devices instrumented with ana-
log and digital sensors, including encoders - all with one board. A Q2-USB is shown in
Figure 8.3. The main features of Q2 USB are [106]

1. Optimized for real-time control performance with Quanser QUARC and RCP Toolkit
control software or custom code.

2. USB 2.0 high-speed interface.

3. Compatible with Windows 7.
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Figure 8.3: Q2-USB data acquisition

4. Multiple Q2-USB units can be used simultaneously.

5. Robust metal data acquisition device case.

8.4 Inteco RT-DAC/USB

The RT-DAC/USB2 is a multifunction analog and digital I/O board dedicated to real-
time data acquisition and control in the Windows 95/98/NT/2000/XP environments. The
board contains a Xilinx FPGA chip. All boards are built as the OMNI version. It means
the boards can be reconfigured to introduce a new functionality of all inputs and outputs
without any hardware modification. The default configuration of the FPGA chip accepts
signals from incremental encoders and generates PWM outputs, typical for mechatronic
control applications and is equipped with the general purpose digital input/outputs (GPIO),
A/D and D/A converters, timers, counters, frequency meters and chronometers [62]. The
RT-DAC/USB is illustrated in Figure 8.4

The RT-DAC/USB2 setup contains:

e RT-DAC/USB2 board.

e Two 40-pin ribbon cables (only one cable when the digital version is distributed ).
e USB cable.

e 9V-12V DC / 4W stabilized power supply.

The block diagram of the RT-DAC/USB2 board is shown in Figure 8.5
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Figure 8.4: RT-DAC/USB
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Figure 8.5: Block diagram of RT-DAC/USB2
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Figure 8.6: Biaxial accelerometer

8.5 Biaxial XL403A accelerometer

Measurement Specialities XI.403A biaxial analog accelerometer have the temperature work-
ing range of —40°C' to+85°C' and offers high precise measurements. The outputs are DC
coupled. The other attributes are it is fully scaled,temperature compensated and referenced.
The improved accuracy are achieved by minimizing the variations between temperature and
aging effects. A view of biaxial accelerometer is shown in Figure 8.6. The important features

of these type of accelerometer are [142].
e High precision and linearity considering vast range of temperature.
e Meant for rugged and tough environment.
e Small size.
e Built in power supply regulation feature.

e Instillation is easy.

8.6 Two floor structure

The two floor structure is displayed in Figure 8.7 . The material of the structure is stainless
steel. The length of the floors in X and Y directions are 54 cm and 32 c¢m respectively. The
total height of the structure from the shake table is 120 ¢m having a distance gap of 60 cm
each between ground floor, first floor and second floor respectively. The weight of each floor

is 3.5 K g. Both the actuator are placed on the top floor.
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Second floor

First floor

Ground floor

Figure 8.7: Two floor structure on bidirectional shake table

8.7 Horizontal actuator (AMD)

Active mass damper (AMD) is used for lateral vibration attenuation. AMD is a linear servo
actuator (STB1108, Copley Controls Corp). The total length of the actuator is 34 cm. The
schematic view of the AMD can be seen in Figure 8.8. ServoTube delivers the speed of a
belt-drive system with the clean reliability of a linear forcer at a price unprecedented in the
industry. Familiar form factor, integral position feedback and large air gap make installa-
tion simple. The ServoTube forcer components consist of an IP67 rated forcer and a sealed
stainless steel thrust rod enclosing rare-earth magnets. Four models deliver a continuous
force range of 927N (276[b) with peak forces up to 92N (21/b). A range of Thrust Rods
are available for travel lengths up to 372mm. The patented magnetic design of ServoTube
generates 12micron repeatability and 350micron accuracy from a non-contact, integral posi-
tion sensor. No external encoder is required. Position output is industry standard 1V pk-pk
sin/cos signals. The tubular forcer has superior thermal efficiency, radiating heat uniformly.

High duty cycles are possible without the need for forcer-air or water cooling [124].

8.8 Torsional actuator (TA)

Torsional actuator is a circular disc which is used for torsional vibration attenuation. The
torsional actuator power is provided by 5V DC motor. The disc is made of aluminum which

is of diameter 30 ¢m. The schematic view of TA with motor can be seen in Figure 8.9.
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Figure 8.8: Horizontal Actuator (AMD)

l

Alaminum disc

Figure 8.9: Torsional actuator with motor
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