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ABSTRACT

FEEDBACK CONTROL OF MULTI-STORY STRUCTURES
UNDER SEISMIC EXCITATIONS

Yang Da

(ABSTRACT)

This dissertation studies the feedback control of the dynamic response of multi-story structures
to selamic excitations. The seismic excitations are represented by arbitrary unknown stochastic
disturbances. The research congsts of modding of the structure with a control system and a
control design in the state space. A combination of the extended Hamilton's principle and the
Hierarchicd Finite Element Method (HFEM) was used to derive the discrete differentid
equations of maotion. This method exhibits superior accuracy with fewer degrees of freedom
(DOF). The discrete equation were redlized in the state space, where the Multiple Channel

Control (MCC) modd, the Single Channd Control (SCC) modd and the Specid Single
Channel Control (SSCC) modd were proposed. The MCC modd is a genera multiple
input/multiple output (MIMO) dynamic system; the SSCC modd is a single input/multiple output
(SIMO) dynamic system; which requires only one actuator acting on the base; the SCC modd
has dudity. On one hand, the system can be classified as MIMO when control actuators are
regarded as the input. On the other hand, it can be regarded as a SIMO system when control
sgnd asthe input.

Moreover, three different types of control methodologies, the Linear Quadratic Gaussan
(LQG) contral, the Disturbance Accommodating Control (DAC), and the hybrid LQG/DAC
gpproaches, were successfully developed to actively mitigate the vibration of the multi-story
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ABSTRACT

structures subjected to the seismic disturbance. In addition, the Kaman filter was used as an
optima observer to estimate the state of the system in the LQG and the LQG/DAC design.

Findly a numericd smulation of a four-story structure was carried out under nine cases. The
cases covered various combinations of the three models and the three control designs to verify
the effectiveness of control technique developed in this study. The Smulation results found were
quite encouraging. The results show each combination has its preponderance corresponding to
specid priority. In generd, the hybrid LQG/DAC control in conjunction with the SSCC model
isthe best choice.
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CHAPTER 1 INTRODUCTION

Over the past three decades, active vibration control has received considerable attention from
researchers [15, 19, 23, 27, 30, 32, 43-45, 61, 81, 89]. Extensve efforts have been devoted
to the theoreticd and practica development of active vibration control of building structures
subject to the seismic excitation [2-3, 5, 24, 39, 49, 54, 66, 76, 82].

In generd, vibration control is classfied into two categories: passve and active control. No
matter what control system is adopted, the action fits into one of following five functions or their
combination: i.) to isolate the path of power flow into the structure; ii.) to add damping to the
dructure; iii.) to avoid dructura resonance; iv.) to transfer the vibration energy from the main
dructure to an auxiliary oscillator; v.) to provide the structure with active control forces. Here
the firgt four of these functions can be both passive and active control strategies, while thefifth is
obvioudy only active control strategy. Base isolation in the vibration control is atypica passve
control technology based on the function 1. However active base isolation has received more
and more attention recently [33, 48-49, 62, 73-74, 80]. Structural damping trestment isalso a
typica passve vibraion control approach that has been using in the practical sructurd
enginegring. But active damping has attracted the interests of many researchers during a long

period of time [1, 26, 62, 71, 77]. Even dynamic vibration asorber that is a conventiona

passive controller is updated becoming active absorbers [23, 49, 85]. Devices that have been
proposed include active tendon control [84], active tuned mass damper [48], and active bracing
system [5]. In addition to the application of the active force to the passve system, some new
devices such as dectro-rheologica fluid damper [77] was recently proposed to be gpplied to

civil enginesring structures.

In a passive control system, the reduction of the vibration can be achieved by the addition of
materials or devices that can dissipate energy. Hence, passive control does not require an
externa energy since the energy dissipation can be activated by the passve system itsdf. In
comparison with passve control system, active control system is characterized essentidly in

Page 1-2



CHAPTER 1 INTRODUCTION

terms of the following two fegtures: i) a certain amount of externd power or energy is required;
and ii) a decison-making process based on real-time-messured dataisinvolved. It follows that
active control contains a broad range of technologies. The most important aress in the active

control design are the modeling of control system and control law design.

This dissartation focuses on both the modding and design of the control system, including
development of a discrete mode for the active vibration control of multi-story buildings and

design of a control law.

1.1 Literature Review

Since the pioneer conceptua study by Yao [97], tremendous progress has been made toward
meaking active vibration cortrol of building structures a viable technology for enhancing structura
functiondity and safety againgt natura hazards such as strong earthquakes. The research on
active vibration control has been making advances a a miraculous pace, in theory as well as

gpplication to red engineering [5, 48-49, 62, 67-68, 71, 73, 80, 83-84, 92].

Ealy work performed by Yang [93] investigated the vibration control of civil engineering
structures subjected to random loading using modern linear feedback control theory. In the
references [95-96], Yang, Li, Danidians and Liu proposed a refined verson of the
instantaneous optimal control agorithm for nonlinear or hysteretic systems. In the investigation
they proposed to reduce the response of structures to earthquake excitations by basing the
controls on measurements of state and obviating the problem of tracking a time dependent

System matrix.

A technique based on an active control dgorithm derived from standard numerica integration
schemes using corrective pulses or forces to limit the response of a structure that has aready
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entered the indastic range was developed by Reinhorn, Manolis and Wen [75]. There, the
shape control of structures undergoing indastic deformations was carried out through the use of
an active pulsefforce system.

Active energy disspating system, such as active damping, has been a hot topic of research.
Abdel-Mooty and Roorda [1] studied the effect of time delay between sensing the Structurd
motion and applying the control force in an active damping system in andyticd and experimentd
works. Ni, Ko and Ying [68] coupled adjacent building with non-linear hysteretic dampers to
mitigate dtructural seismic response.  The research showed that the hysteretic dampers can
provide a wideband vibration suppresson from the earthquake attack with low- or high-
excitation frequencies. Preumont, Dufour, and Malekian [71] developed an active damping
system for suppressing structural dynamic response, where a loca feedback control force
implemented by piezoe ectric actuators was used to provide active damping.

Ribakov and Gluck [77] presented an active control system for multi-story structures using
Electro-Rheologicd fluid dampers. When an dectric fidd is gpplied, the behavior of the
electro-rheologicd fluid is nearly viscoplagic and the shear dress in it must exceed the
developed “yidd” dress to initiate flow. Significant improvement of the Structurd response to
segnic excitation was obtaned using optima active controlled eectro-rheologicd fluid

dampers.

Perhaps the most commonly used active control devices in building Sructures are active
dampers, namdy the active mass damper, active tuned mass damper, and the hybrid mass
damper. Actudly, these dampers should be classified as dynamic vibration absorber rather than
dampers, snce there exists an auxiliary mass providing a building with the inertia force of the
mass damper as control force. Loh and Chao [48] investigated the controlled buildings under
earthquake excitations with tuned mass dampers, active tuned mass dampers, passve base
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isolation systems and active isolation systems. Nagashima proposed an optima feedback

control law for active mass damper [67].

Spencer, Dyke and Deoskar [83-84] studied a scae model of a three-story building employing
an active mass driver and active tendon system, individualy. A benchmark structura control
problem was utilized for assessing the relative effectiveness and feasability of various active
control agorithms and providing an andyticd testbed for evauation of control design issues
such as modd order reduction, spill-over, control-structure interaction, limited control authority,

Sensor noise, available measurements, computationa delay, etc.

Wang, Lee, and Chen presented anovd high-performance active mass driver system [88].
Based on an active mass driver system, the device was integrated with a mechanicd pully
system for stroke amplification to smultaneoudy enhance efficiency and save power. Also, an
ingantaneous direct output feedback control agorithm was derived dongside the hardware
development for optima tability.

For many years, the emphasis of active vibratiion control has been on developing the
combinations of base isolation sysems with active control systems for building structures
subjected to saismic excitation. In fact, a good deal of the research has concentrated
exclusively on hybrid control strategy [40, 62-63, 73-75, 87, 95-96].

Kély, Leitmann and Soldatos [40] studied the use of base isolation in conjunction with active
control for reducing the vibration of structure subjected to earthquake excitation both
experimentaly and andyticaly. They adopted a nonlinear controller to minimize the vibration of
a dructure in experiments where a multilayer natura rubber bearing base isolation system was
utilized. To actively suppress the vibration of based-isolated structures, two techniques were
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proposed by Reihorn, Soong and Wen [73], one using pulse to maintain the response of the

gructure within prescribed bound and another using active tendon system.

Pu and Hsu [72] presented an analysis of optima moda control for tall buildings subjected to
eathquake excitation, in which it was demondrated that the effect of the active control
mechanism on the structura response can be represented by the so-cdled influence métrix in the
moda control approach. Pu and Kdly [73] employed a base isolation in conjunction with
optima control, with emphasis on the influence of time dday. They dso investigated the
possibility of combing passve base isolation control systems and an active control system that
exerts control forces only on the base and induces atificid damping without increasng the
diffness to the isolated structure. The various combinations of a base isolation system used in
conjunction with active control systems were investigated by Luco, Wong and Mita [49]. In
this case the hybrid control design conssts of an absorbing boundary at the top of the building
structure and nonreflecting or reflecting boundaries at the base.

Tadjbakhsh and Rofooel [87] worked with ingtantaneous optimal contral, in which an optima
control agorithm using acceleration, velocity and displacement feedback was proposed and
applied to base-isolated structures. In order to control the response of building structure to
strong earthquakes, two hybrid control systems were developed by Yang, Danidlians and Liu
[94].

Fur, Yang and Ankireddi [24] applied active control to building structures in three examples,
one of which involves a base isolated building subjected to earthquake excitation. It is shown
that velocity feedback is more effective than acceeration or displacement feedback in reducing
interstory displacements and absolute accelerations. A three degree of freedom modd of arigid
base-isolated building with actuators located between the base and the ground was studied by
Jiha, Utku and Wada [33], in which numericd smulations were carried out and some useful
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results were obtained using the active base isolation syssem. The same model was studied by
Sener and Utku [80]. However, they included the effect of a time delay in the action of the

actuator on control performance.

In recent research, Arfiadi and Hadi [5] developed a new procedure to analyze three-
dimensond buildings utilizing passive and active control devices, in which two types of active
control devices using an active tuned mass damper and an active bracing system were taken into
account. The passive parameters of the dampers as well as the controller gain were then

optimized using a genetic based optimizer where the H,, H, and L, norms are taken as the

objective function.

The active control problem can be divided into two parts. dynamic modeling of structures and
control desgn. In active vibration control, modding of controlled structure is an essentid issue.
Whether or not the modding of control systems is accurate directly affects the performance of
the active control system desgn. Therefore, many researchers are dedicated to the

methodology of control system modeling.

In early research on the modeing of buildings subjected to earthquakes, anadyses were carried
out mainly usng lumped-parameter modesin which the mass was concentrated in the floor and
diffness in the columns [18]. Most commonly, damping was modeled as viscous, dthough this
isnot very redigtic. Lumped-parameter methods lack mathematicd rigor.

Meirovitch, in his many books [53, 55, 59 and 64], presented a variety of dynamics modeling
methods, including the principle of virtud work, the generdized principle of d' Alembert, the
extended Hamilton's principle and Lagrange s equation of motion. Meirovitch and Stemple [61]
presented hybrid differentid equations by using the principle of virtud work, which modd the
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controlled motion of a space robot comprised of a rigid base, two flexible arms connected in
series, and arigid end-effector.

As the capacity of dl computers is finite, continuous problems can only be solved exactly by
mathematicd manipulation. However, very few boundary vaue problems of the partid
differentid dlow a closed-form solution. Indeed, closed-form solutions are possible only in
rdaivey few cases, dmog invariably (but not exclusvely) involving uniformly distributed
parameters and smple boundary conditions [55]. The available mathematica techniques usualy
limit the possibilities to overamplified Stuations. To overcome the intractability of the redigtic
type of continuum problem, various methods of discretizetion have from time to time been
proposed both by engineers and mathematicians [50, 53, 55, 58, 60]. All involve an
approximation which, hopefully, is of such a kind that it approaches, as closely as desired, the
true continuum solution as the number of discrete variable increases. In generd, structures in
engineering are described usng a didributed parameter sysem and complex geometry.
Didtributed parameter structures can be discretized in two distinct ways [8, 17, 60, 64-65],
namdy, through lumping of the didtributed parameters, or through series discretizetion. The
classcd series discretization procedure is the Rayleigh-Ritz method [60], whereby the eagtic
displacement is assumed to be alinear combination of known admissible functions multiplied by
undetermined coefficients.  Mearovitch and Stemple [62-63] first derived the equations of
motion of a base-isolated structure and associated boundary conditions by means of the
extended Hamilton's principle. Then, they discretized the system by mean of the Raylegh- Ritz
method. The control law was a modified on-off with a two-tiered dead zone, a nonlinear

control which is more economica and easier to implement than linear control.

The finite dement method (FEM) that is a variant of the Rayleigh-Ritz method is by far the most
popular series discretization procedure [6-7, 18, 64 and 101]. It was shown by Meirovitch
[64] that the FEM has the advantage that the admissible functions tend to be smple, generdly
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low-degree polynomids, but the disadvantage that it requires a large number of degrees of
freedom for good accuracy.

A way of improving the accuracy of the finite ement goproximation is to keep the width
congtant and increase the degree of the polynomias that are shape functions. The approach
whereby the degree of the polynomids is increesed is known as the p-verson
[6-7]. The p-verson of the FEM has been of growing interest over the past 30 years. In the p-
version of the FEM, the mesh of the dtructure is fixed and the degree p of the interpolation
functions is progressively increased until the desired degree of convergence is reached. The p-
verson of the FEM presents many advantages compared with the classca FEM cdled h-
verson [7, 102], in which h is the maximum diameter of the dement. Frdly, the mesh of the
gructure has to be generated one time for dl; then convergence is reached by increasing the p-
order, which improves accuracy by keeping the number of finite dements congtant and
increasing the number of interpolation functions per eement. Second input data can be reduced
to the minimum, which greatly smplifies pre-post-processing. Findly adaptative processes for
reaching convergence can be redized by increasing autometicaly the order, which is much
easer than adaptative meshing.

In the p-verson of the FEM it is possble to choose from a vaiety of different sets of
polynomias, provided the sets are complete. Particularly desirable is the so-cdled Hierarchicd
Finite Element Method (HFEM) [12, 23, 56, 64-65, 70, 78-79, 102], which has the property
that the set of polynomids in the gpproximation of degree p represents a subset of the
polynomids in the gpproximation of degree p+1. The HFEM combines many of the advantages
of both the dasscd Rayleigh-Ritz method and the FEM, which presents a supplementary
advantage in improving accuracy by keeping the number of finite dements congtant while
increasing the number of interpolation functions per eement. In the HFEM, because the
interpolation functions set of order p conditutes a subset of the interpolation functions set of
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order p+1, the mass and stiffness matrix eements that were cdculated for the p order set can
be re-used for the p+1 order sat. This is the reason why such eements are called
“hierarchicd”.

Merovitch and Baruh [56] have shown that the HFEM' s linear matrices possess the embedding
property and that HFEM tends to yield a better accuracy with fewer degrees of freedom than

the h-verson FEM for eigenvaue problems of the same order.

Zhu [99] proposed a hierarchical polynomias set built from integrated Legendre polynomids.
Bardell [10-11] used this st to predict naturd flexura vibrations of rectangular plates and skew
plates.

A new hierarchical functions st was proposed by Bedin and Nicolas to predict flexural motion
of plate-like sructures in the medium frequency range [12]. The functions set was built from
trigonometric functions ingead of polynomids as classcaly encountered. They showed that
such a trigonometric set presented al the advantages of a classica hierarchicd polynomias set
and additional oneswhich were of interest if very high order functions were intended to be used.
It was stated that the trigonometric set can be used a very high orders, up to 2048 without
taking care of computer round-off errors, while the classcal polynomias et failed at order 46
because of the limited numerical dynamics of computers.

Houmat [28] applied the trigonometric hierarchica shape functions to plate vibration andyss.
The results confirmed that the solutions aways converge as the numbers of the hierarchica
terms were increased, and that highly accurate vaues were obtained with the use of a very few

hierarchica terms.
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Merovitch and Stemple [65] proposed a new set of hierarchical functions conssting of the
Hermite cubics and admissible functions that were congtituted by complicated functions. The
ressarch demondrated the new hierarchica functions set could enhance the speed of

convergence.

Ribeiro and Petyt [78] used the HFEM and the harmonic balance methods to investigate the
geometricaly nortlinear free and steady-dtate forced vibrations of uniform, dender beams. In
the research, the HFEM mode was favorably compared with the traditiond FEM modéls.
With the HFEM, convergence was achieved with fewer degrees of freedom, which sgnificantly
reduced the computationa time. More recently, Ribeiro [79] studied geometrically non-linear
vibrations of beams and plane frameworks. Three different hierarchical interpolation function,
polynomids, trigonometric functions, and beam eigenfunctions, were investigated. In addition,

the suitability of the HFEM for time domain nortlinear andys's was examined.

In the last two to three decades, various control methodologies used to reduce active structurd
vibrations due to earthquakes have become an area of interest to researchers and practicing
enginegrs. A large number of new control drategies have been developed and applied to
practica control systems|[3, 4, 14, 40-42, 47, 72, 76-77, 91-96 and 98].

Moda control is an important control technique that is based on the ided of changing the modal
characterigtics of a system to achieve satisfactory performance. Martin and Soong [51] applied
the concept of moda control to large flexible Structures. They demondtrated that a great ded of
freedom exigs in terms of eigenvaue assgnments and control policy decison. Juang, Sae-Ung,
and Yang [39] applied the pole assignment method to the control design of the critica modes of

large structures, where the control design was carried in coupled form.
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Meirovitch and Oz [54] and Meirovitch and Baruh [56] developed a different type of moda
control methodology, referred to as independent modal-space control (IMSC). The control
that they designed is applied to each mode independently. Later, optimal 1M SC was employed
for controlling Structures under earthquake excitations by Merovitch and Silverberg [57].

Andytica and experimental research on different models revedled important features of the
dynamic behavior of civil engineering Sructures with active control devices. Miller, Magi,
Dehghanyar and Caughey [66] illustrated the feasibility, reliability and robustness of the optimal
pulse-control method in active vibration control of large civil structures through numerica and
experimenta investigation.

Much effort has been devoted to the devdopment of robust control agorithms and thelr
goplication to the active vibration control of the building structure subjected to the seismic
excitation. Young and Bienkiewicz [98] developed a robust controller design for the active
mass driver benchmark problem. The design process was based on the D-K iteraion

procedure for complex n synthess, together with a balanced truncation procedure to reduce

the controller order. The find design was a third-order linear controller, which utilized only four

accel erometer measurements, and had desirable rolloff properties.

Ankireddi and Y ang considered an optima control method using a sampled data control system
for a dructurd control gpplication [4]. In the Sudy, a discrete time controller using zero-order
sample-and-hold device was developed and an H, optima control method was used for
designing the control gain. The results suggested that such systems were potentidly suited for
implementation in the active vibration control of civil infrasructures. Such potentidity became
more redigtic with the current trends in software development and the increased use of digita

computers.
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The Linear Quadratic Gaussan (LQG) control drategy using dynamic output feedback
controller has been gpplied to the 310m tall Nanjing TV transmission tower in China equipped
with an active mass driver [92]. Wu and Yang presented the LQG control strategy for the
acceleration reduction of the tower equipped an active mass driver, taking into account the
coupled lateral-torsond motion. It was demondtrated that the LQG controller was quite
suitable for practical implementations and the performance of the active mass driver using the
LQG gtrategy was remarkable.

Mixed-norm designs, such as H,/H, , H,/LQG and | , /H, , have Started to be introduced to

the active vibration control of building sysem under the seismic excitaion due to low cost
controllers with sgnificant robustness characteridtics [38]. This is because the optimization
agorithm more reedily relaxes the congraints than restricts them, causing aless likelihood to get
duck a locd minima Standard H,/LQG optima control excels a noise and disturbance

rgection, but may have difficulty with actuator saturation and plant uncertainty. Johnson,
Voulgaris and Bergman [38] developed reduced-order, multi-objective optima controller for
the Notre Dame structurd control building model benchmark usng |, and H, condrainsto

improve controller performance. They especialy attempted to reduce pesk responses, avoid

saturation, and improve robustness to unmodeled dynamics.

Neurd network control has successfully been adopted in structurd active control by Faravelli,
Chen, Bani-Han, Joghataie, Liut [21], because it is able to produce a desired output by training
the network. The god of a neura network based controller is to generate control forces such
that they cause a desired reduction in the response. One of ways to obtain the neura network
based active control forces is to emulate the structural system to be controlled by a separate
neura network for which the performance function gradients can be eadly obtained [21]. Thus
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two neura networks are usudly required, one to generate efficient control actions, and another
to emulate the structurd system.

Liu, Matheu, Singh and Mook [47] presented a method to generate an efficient law for a neura
network controller to reduce the dynamic response of buildings exposed to earthquake-induced
ground excitations. In this research, a training approach, referred to as the force-meatching
gpproach, was introduced. Its remarkable advantage lies in a non-necessary requirement of the
emulation of the structure by an additiona neurd network. This technique not only diminated
some of the gpproximations and uncertainties in the emulation stage but aso speeded up the
training procedure. The numericad smulaions illusrated a good performance with significant

response reductions and feasible control requirements.

1.2 Dissertation Outline

The most frequently encountered problem in the control of large flexible structures is to produce

ardaively accurate mode with as few degrees of freedom as possible and find an appropriate

control law to reduce the induced vibration due to seismic excitation that occurs in a short time

history. The objectives of thisinvestigation are:

= Deveop a discrete model of multi-gtory building structures under seismic excitation for the
active vibration control system design;

= Findacontrol law for preventing injury to occupants and damage to contents and protecting
the integrity of the structure.

In this research, the modd of an N-story building structure was considered, which is regarded
as a large flexible digtributed parameter structure claimed to a base in the form of arigid dab
cgpable of moving horizontaly relative to the ground while restrained by a viscous damper and
an dadic ring.
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The ided base isolation is one in which the base lies on a perfectly smooth foundation, so that
forces due to ground motion are not transmitted to the base. Clearly, thisideal Stuation cannot
be redized in practice. To prevent the structure from moving in response to wind forces, some
restraints must be placed on the base. To this end, it is assumed that the base lies on a
viscoeladtic support, modeled as a viscous damper and an eagtic spring connected to the
ground in pardld. In addition, horizontal control forces act on the base and throughout the
entire structure to attenuate the vibration of the building due to the ground maotion.

The building has digtributed stiffness and mass properties, and is regarded as a two-dimensiond
assemblage of partid frames congsting of distributed-parameter beams and columns, modeled
as Euler-Bernoulli beams. For smplicity, the motion of the ground and base are assumed to
take place in the horizontal direction of the verticd plane only. Moreover, the motion of a
typica point on the structure can be regarded as a superposition of the motion of the base and
the dadtic displacement of the point relative to the base. All frames as substructures of the
flexible dructure act independently of one another. The substructures are coupled by
condraining them to work together as a sngle sructure.  All displacements are smdl, including

the rotations.

The boundary vaue problem will be derived by means of the extended Hamilton's principle in
conjunction with the discretization of the digtributed parameter Sructures using the hierarchicd
finite dement method. It follows tha the discrete equations of mation in the matrix form are
obtained. Then, a modd reduction designed to diminate the effect of higher modes is carried
out. After that the truncated equations of motion are obtained, which have only far fewer
degrees of freedom than the original discrete system.

In control design, three structura dynamic models in the state space are developed to actively
control the vibration of the multi story building structure Multiple Channd Contral (MCC)
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model, Single Channel Control (SCC) mode and Specid Single Channe Control (SSCC)
mode. The MCC modd is a generd multiple input/multiple output (MIMO) dynamic system,
while the SCC and SSCC models are single input/multiple output (SIMO) dynamic system.

Then, the Linear Quadratic Gaussian (LQG), the Disturbance Accommodation Control (DAC)
and the hybrid LQG/DAC controls have been successfully developed to mitigate the structura
vibration, where the Kaman filter is used as an optimd estimator. The main difference of the
control systems lie in the use of different agorithm to optimize the sate feedback gain matrix.
At the same time, the system identification technique is adopted for modeling the disturbance
dtate equation that isindispensable in the state space feedback control.

Finaly, a few of computer codes is developed, which is capable of smulating the controlled
response of a flexible gructure clamped a rigid base to arbitrary unknown disturbance are
developed. In order to verify the performance of the control law developed in thisinvestigation,

extendgve numericd amulations are performed in nine cases.

Although the proposed methods utilize many wel-known concepts and methodologies, some
ggnificant contributions of the dissertation are:

1) Hierarchicd Finite Element Method (HFEM) is utilized for modding control system with
fewer degree of freedom without losing accuracy;

2) Three control models, MCC, SCC and SSCC models, are proposed. It is shown that
the standard state-gpace control design techniques, such as the LQG control techniques,
can be graightforwardly employed for the active suppression of perastent disturbance,
provided the mode of the controlled system is generated appropriately.

3) The DAC technique is developed to suppress the steady State response of the building

dructure to ssismic excitation.
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4) The hybrid LQG/DAC is presented. The advantage of the hybrid control is that the
trangent response of the structure was attenuated by using the LQG control while the
steady state response to seismic excitation was suppressed by using the DAC approach.

It should be emphasized that the proposed approaches are different from other techniques that
are basad on disturbance estimation.
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CHAPTER 2 FUNDAMENTAL MODELING THEORY

2.1 The Extended Hamilton’s Principle
In this research, a boundary-vaue problem is derived by means of the extended Hamilton's
principle [64], which results from the generdized principle of d'Alembert expressed in the form
N
aF - mRJR =0 (2-1)
i=1
where F. are applied forces, R, postion vectors, - mR. inetid forces and dR, thevirtud
displacements. This gates that the work performed by the effective forces that are the sum of
the applied force and the inertia force through infinitesima virtua displacements compatible with
the system condraintsis zero. It is first recognized that
N
4 FdrR = aw (2-2)
i=1

isthe virtua work by the applied forces. Then, assuming the mass m is condtant, it isarrived

a
ddt (MR xdR) = mR xdR + MR, xdR
= mR xR+ @@ mR xR (2-3)
= mR xdR + dT,

where T, isthe kinetic energy of particle ;. Summing over the entire system of particles and

rearranging, it can be obtained:
& d . 8 .
ad_( mR; XdRi): a mR xdR; +dT (2-4)
=1 i =1
where T isthe kinetic energy of the entire system of particles. Inserting Egs. (2-2) and (2-4)
into Eq. (2-1) yidds

N
o

dT + dw = a;_t(ma xdR, ) (2-5)
i =1

Multiplying the above equation by dt and integrating between thetimest , andt , leadsto:
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{2

O (dT + dwidt

11
@
Qo=

(2-6)

1
Q
3
Py

X

a
Py

Of dl the possible varied paths, now only those that coincide with the true path at the two
ingantst, andt , isconsdered, so that Eq. (2-6) reducesto

G @ +awdt =0, dR =0, i =12, N, t =t,t, (2-7)
In many problems, for sysems with condrants the virtud displacements dR ,

i =1 2 -+, N aenot dl independent. In such cases, it is advisable to describe the

motion in terms of independent generdized coordinates, denotes by q;, | = 1,2,---, M,

where M is the number of degree of freedom of the system, instead of R, , i 12---,N.

However, no explicit trandformation is required here, as the principle has the same form
regardless of the coordinates used to express dT and dW . Inview of this, dT and dW can
be directly expressed in terms of independent generadized coordinates, and the same can be said
about the conditions on the virtud displacementsatt, andt,. Hence, the extended Hamilton's

principle can be represented in the form
5: (@T +dwWdt =0, dg, =0, j =12--,M, t =t,pt, (2-8)

Generdly, the virtud work dW includes contributions from both conservative and
nonconservative forces, thet is

dw = dW + dw, (2-9)
where the subscripts ¢ and nc denote the virtua work performed by conservative and
nonconservative forces, respectively. As we know, the virtud work done by the conservetive
forcesis as usud represented in the form

dw = -av (2-10)
in which V.= Mq,,9,:-,q,,) Is the potentid energy. Findly, the extended Hamilton's

principle can be rewritten in the equivadent form
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6(dT - dv +dw )t =0, dg, =0, j =12, M t =t,t, (2-11)

Eq. (2-11) isknown as the Extended Hamilton's Principle.

2.2 The Hierarchical Finite Element Method (HFEM)

In generd, dructures in engineering are described using didtributed parameter system with
complex geometry. Didtributed parameter structures can be discretized in two distinct ways
[17, 60 and 65], namely, through lumping of he digtributed parameters, or through series
discretization.  Lumped-parameter models tend to be very inaccurate, which can cause
problems in control of Structures. The classca series discretization procedure is the Rayleigh-
Ritz method [64], whereby the eagtic displacement is assumed to be a linear combination of
known admissible functions multiplied by undetermined coefficients. The finite eement method
(FEM) that is a vaiant of the Rayleigh-Ritz method, is by far the most popular series
discretization procedure [18, 101]. The basc difference between the two discretization
methods is that the dasscd Rayleigh-Ritz method uses globa functions as admissble functions,
defined over the entire dastic member, and the FEM uses local functions, defined over afinite
edement and referred to as interpolation functions. The Rayleigh-Ritz method improves
accurecy by increasng the number of admissble functions, whereas the FEM enhances
accuracy by increasing the number of the finite dements. For sngle dagtic members, the
dasscd Rayleigh-Ritz method has the advantage thet it can yield good accuracy with rdatively
smal number of degrees of freedom, but the disadvantage that the admissible functions tend to
be complicated. By contrast, the FEM has the advantage that the admissible functions tend to
be ample, generdly low-degree polynomids, but the painful disadvantage that it requires alarge
number of degrees of freedom for good accuracy. The accuracy of the discretization can be
only improved in the finite dement method by refining the mesh, which implies areduction in the
width of the dement, or equivaently an increase in the number of eements. The procedure is
characterized by the fact that the degree of the dementsis afixed, generaly low number.
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Another way of improving the accuracy of the finite e ement gpproximation is to keep the width
congtant and increase the order of the interpolation functions that are dso caled the shape
functions. To diginguish between the two methods, the approach whereby the accuracy is
improved by refining the finite ement mesh is referred to as the h-verson of the finite dement
method [6-7, 101], in which h is the maximum diameter of the dement and the gpproach
whereby the degree of the polynomidsis increased is known as the p-verson.

The p-version of the FEM has been of growing interest over the past 30 years [6-7]. In the p-
verson of the FEM, the mesh of the structure is fixed and the degree p of the interpolation
functions is progressively increased until the desired degree of convergence is reached. The p-
verson of the FEM combines many of the advantages of both the classcd Rayleigh-Ritz
method and the FEM. Firg of dl, the mesh of the structure has to be generated one time for dl;
then convergence is reached by increasing the p-order, which improves accuracy by keeping
the number of finite ements congtant and increasing the number of interpolation functions per
element. Second input data can be reduced to the minimum, which greatly smplifies pre-post-
processing. Findly adaptative processes for reaching convergence can be redized by increasing
autométicdly the order, which is much easer than adaptative meshing. In the p-verson of the
FEM, it is possble to choose the interpolation functions from a variety of different sats of

polynomials, provided the sets are complete.

Another very useful discretization procedure is the Hierarchica Finite Element Method (HFEM)
[27, 64-65, 70, 78-79, 99, 102], which beongs to the p-verson of the FEM. In addition to
improvement of accuracy aso by keeping the number of finite e ements constant and increasing
the number of interpolation functions per eement, the HFEM has the property that the set of
interpolaion functions in the gpproximation of order p represents a subset of the polynomidsin
the approximation of order p+1. Inthe HFEM, because the interpolation functions set of order
p congtitutes a subset of the interpolation functions set of order p+1, consequently the mass and
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diffness matrix eements that were caculated for the p order set can be re-used for the p+1
order set. Thisisthe reason why such dements are called “hierarchicd”.

Advantages of the HFEM is characterized by the fact that i) the mass and giffness matrices
possess the embedding property, in which when one adds a shape function the mass and
diffness matrices are extended only one row and column, the remainder of the matrices keeps
unchanged; ii) having higher rate of convergence; iii) the system has less number of degrees of
freedom.

In early works, the hierarchicd functions as the interpolation functions consst of a st of
polynomias [6-7, 10-11, 99, 101-102]. Zhu [99] proposed a hierarchical polynomiads set built
from integrated Legendre polynomids. Afterwards, Bardedll used this hierarchical polynomials
et to predict natural flexurd vibrations of rectangular plates [10] and skew plates[11].

The Legendre orthogona polynomial set {L ()} used in literature [99] can be represented by

0 = &y T A e

The s-multipleintegrd of L, (x) denoted by Lj(x) can be expressed by [99]

X

() = g, Lo-y)dy - dy
n/?2 m
_ é(-l) (2n-2m- 2 - D! wom
= 2™ (n - 2m!

(2-13)
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The importance of the polynomias st {L3(x)} lies in that they can constitute hierarchical

interpolation functions because dl their derivatives of order lower than s vanish & the two

boundaries x = #1.

Barddl [10] proposed a hierarchical interpolation functions set from Zhu's polynomias {Li](x)},
in which the particular vdue s = 2 was taken. Barddl’s polynomids set consgts of the
classica FEM firg four cubic displacement functions and Zhu's polynomias {Lsn(x)} shownin
Eq. (2-13), expressed by

jl(z)=§-%z+%zs 11
jz(Z):%-%z-%ZZ.,_%Zs
M2 :%Jriz ] %Zs (2-14)
sz):-%-%”lzuézs

. C-D12(-)™ (A - 2m- DU ey
@) ut@ = & GEE L i 24 e

It can be observed that al the functions represented by Eq. (2-15) have zero displacement and
zero dope at each end of the dement. As a result, boundary conditions on displacement and
rotation at the edges of the beam are entirdly controlled by the first four basics functions. Thus
particular boundary conditions such as smple supports and clamps can be treated only by

removing some basis functions from this polynomias st.

In discretization procedure, the main interest lies in the convergence speed. The question of

convergence speed is related to the completeness. However, a st of polynomias can be
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complete in energy and ill exhibit poor convergence characterisics. Bedin and Nicolas
presented a new hierarchica functions set to predict flexurd motion of plate-like sructuresin
the medium frequency range [12]. The functions set was built from trigonometric functions
ingead of polynomids as classcaly encountered. They showed that such a trigonometric set
presented al the advantages of a classca hierarchicd polynomids set and additiona oneswhich
were of interest if very high order functions were intended to be used. The trigonometric
hierarchical functions set {y ,(z)} was defined as [12]

y.(z) =sin(az + b)sin(c,z +d,), i 12 - (2-16)
wherethe coefficientsa, , b, , ¢, and d, arelisedin Table 2-1.

Table 2-1. Coefficientsa, , b, , ¢, and d,

i 3 b, Ci d,
1 P 3p P 3p
4 4 4 4
2 p 3p IR °f
4 4 2 2
3 P P P .3
4 4 4 4
4 P il [
4 4 2 2

I >4 p P p p
—( -4 —( -4 — —

2( ) 2( ) 5 5

In terms of shapes, this trigonometric set has the same tendency as Barddl’s polynomids.
Because the order of a y ,(z) function is not related to a power of z but to the number of

oscillations of atrigonometric function it is numericaly more stable than polynomids.
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In order to further speed up the convergence, Merovitch and Stemple proposed a new set of
hierarchicd functions condgting of the Hermite cubics and admissible functions that are

condtituted by complicated functions to enhance the speed of convergence [65].

As we know, the most common polynomids for beams in bending are the Hermite cubics. In

terms of anon-dimensiond loca coordinate x, 0 £ x £ 1,they aregiven by

h(x) = 1- 3x* + 2°

h{x) = 3x* - °

h{x) = x - 2x* + x°® (2-17)
h(x) = -x* + x°

It should be noticed that Eq. (2-17) is the same as Eq. (2-14) in essentid, except that the
difference in the domain, Eq. (2-17) defined in [0, 1] but EqQ. (2-14) defined in F1, 1].
Moreover, as hierarchicd functions, the egenfunction of a uniform fixed-fixed Euler-Bernoulli
beam are used, which can be expressed in the computationaly useful form

f(x) =(cosl, +sinl, - e")sinl,x +(cosl, -sinl, - e'")cosl,x

" cosl, - e +sinl,e '

i =12-:0£x£1 (2-18)

+ (e’

where | ; satisfies the characteristic equation

cosl, coshl;, =1 (2-19)

The fixed-fixed shegpe functions given by Eq. (2-18) satisfy the orthogonality properties
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Ql)fi(x)fj(x)dx =0, i1 (2-20)
Of X Bdx = 0, i1 (2-21)

Moreover, the second derivative of the fixed-fixed shape functions are orthogond to the second

derivative of the Hermite cubics, or

Qhar Bdx = 0, IR (222)

The hierarchicd finite dement method in conjunction with the interpolation functions given by
Egs. (2-17) and (2-18) permit accurate modeling of the structure with far fewer degrees of
freedom than the h-verson of the finite dement method.
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CHAPTER 3 THE EQUATION OF MOTION

3.1 Basic Assumption

A building conaging of a given number of sories N labded i =1, 2, ---, N can be
regarded as a flexible Structure of the type shown in Figure 3-1, clamed to abasein theform
of arigid dab capable of moving horizontdly relaive to the ground. The ided base isolation is
one in which the base lies on a perfectly smooth foundation, so that forces due to ground motion
are not tranamitted to the base. Clearly, this ided Stuation cannot be redlized in practice. In
addition, to prevent the structure from moving in response to wind forces, some restraints must
be placed on the base. To this end, it is assumed that the base lies on a viscodastic support,
modeled as a viscous damper and an eagtic spring connected to the ground in pardld, as
shownin Figure 3-1. In addition, horizontal control forces act on the base and throughout the
entire structure to attenuate the vibration of the building duo to the ground motion.

Figure 3-1. Modél of building structure with a base subjected to ground motion
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The building has digtributed stiffness and mass properties and is regarded as a two-dimensiond
assemblage of porta frames consgting of distributed-parameter beams and columns, modeled
as Euler-Bernoulli beams. For smplicity, the motion of the ground and the motion of the baseis
assumed to take place in the horizontd direction of the verticd plane done. Moreover, the
motion of a typica point on the structure can be regarded as a superposition of the motion of
the base and the dadtic displacement of the point rdative to the base. In view of this, a
distinction must be made between points on beams, which undergo only eastic displacement in
the verticd direction with rigid-body displacements in the horizontal direction, and points on the
columns, which undergo both rigid-body and dastic displacements in the horizonta direction.

Moreover, it is assumed that the elastic members do not deform axidly. Beams and columns
connected a given joint undergo the same displacement and rotation a that joint. The axid

extension of both the beams and columns is neglected, and consequently the both ends of a
beam undergo no transverse displacement, and the tips of columns corresponding to the same
gory undergo the same horizontd displacement. However, the effect of axia forces working

throughout the shortening of the columns due to bending isincluded in the modd.

Here, al substructure frames of the flexible structure are considered to act independently of one
another, and they are coupled by constraining them to work together as a single structure. Our
interest liesin linear equations of mation, which necessitates that al displacements must be smdll,
including the rotetions.

3.2 Analysis of Disjoint Substructures

Congder a typical substructure i as a two-dimensiond porta frame shown in Figure 3-2.
This substructure congsts of three distributed parameter beam and columns, modeled as
uniform Euler-Bernoulli beams. In order to describe the motion of the system, the absolute
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displacement of the ground is denoted by u(t), the absolute displacement of the base by

ugt) and the rigid-body displacements of the floors relative to the base by ul\t),
i =1,2,--,N , dl three types of disolacement taking place in the horizontal direction.

Moreover, the dagtic displacement of atypical point on the floor is denoted by wi (x, t), the
eladtic displacement of atypica point on the left column onthe i th substructure relaive to the
base, by w{Xx, t), and the dastic displacement of a typica point on the right column by
Wi x, t),wherei =1 2 -+, N.

as {t)

Substructure i

g, {t)
ugt) :

Figure 3-2. Model of thei th substructure

It is proposed to use the hierarchica finite dement method (HFEM) to discretize the
substructure [64]. For a typicd point on the floor of the i th substructure, its position vector
with subscript 0, RS, t), can be expressed as
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RIXx, t) = (ugt) + ut)) +whx, t)] (3-1)

where ut) denotes the motion of the base, u{}) denotes the rigid-body displacements of the
floor inthei th substructure relative to the base, and wk {x, t) denotes the elastic displacement

of atypica point on thefloor inthei th substructure, which can be further written as

i X\ (i) X\ ()i Xy (i X i
wWolx, 1) = Ml gal + h)l 0as) + F(atlt) + - + 1 (7ata®)
0 0 0 0
(3-2)
where h;,i = 1, ---4, indicate the Hermite cubics as shown in Egs (2-12), and f,
j =1--n,, the hierarchicd functions as shown in Egs. (2-13). Introduce a set of

generalized coordinate vectors

-1 -1

i = [ i- [ i i [ i [ i |7
00 = e up W A ol ol of o qf}
i =1 -, N (3_3)

in which

ait) = ) alt) - q@®f
aixt) = ) alt) -~ alof

aixt) = ) aldt) - q@®f

ae n, and n, dimenson generdized coordinate vectors associated with the hierarchica
functions, respectively. It should be noted that u'”, q{? and g? vanish identicaly.

Letting
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FiXx) = io 00 hg(l(l Xyo g h4(|(l))l(') 0 f(l(l)) 0 0% (3-4)

inwhich f(x) :{f (x) fAx) -- fno(x)} isa n, dimenson hierarchicd function vector
whilef (x), k =1, 2 ---, n,, aeaduitable set of the hierarchica functions, Eqg. (3-2) can

be rewritten as following:
wolx, t) = FE{x) xgt) (3-5)

For atypicd point in the left column of the i th substructure, its position vector with subscript 1
can be expressed as

RI(x 1) = ugt) + widx, 1)) (3-6)

where Wi (x, t) denotes the dlastic displacement of atypica point on the left columnin thei th

substructure, which can be further written as

W) = B+ TR + I VAl + il Vel
|(|))q )(t) toeee t ynl(%)q(lln)l(t)

(3-7)
where hi(x), ] = 1 ---,4, are Hermite cubics expressed in Egs. (2-12). Inintroducing the

following notations,

FUX) = 0 () i) h{ZN( h(=)© 0 0 0 y(o) Oy (38
1 Iy Iy Iy Iy Iy g

Page 3-6



CHAPTER 3 THE EQUATION OF MOTION

where y(x) = (X) y{x) - y.(X)} isan, dimenson hierarchica function vector
whiley (x), k = 1,2 ---, n;, ae a st of the hierarchicd functions, Eq. (3-7) can be

written in the more compact form as
wWilx, t) = Fix) xq® (3-9)

Smilarly, for a typicad point on the right column of the i th substructure, its position vector with
subscript 2 can be expressed as

RiXx, t) = [ugt) +wiXx, t)) (3-10)

wherew{ {x, t) denotesthe dadtic displacement of the typical point, which can be written as

wh(x, t) = hl(l%)u(o”(t) + hé(l(x—i))u%'”(t) - h;l(ii))ﬂ;)qg)(t) " hA(I(Li))l (0t )

X\ X\
+y I(_i))q(Zl)(t) oty nl(l(_i))q(Zn)l(t)
1 1

(3-11)
or
wo(x, t) = FYx) xq (3-12)
where
FOx) = io h() M) 0 0 I h(Z)¢ 0 0 y(l(x—igg (3-13)

In introducing the following notations
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: i X X Xy i X i X U
FO(x) = il hy( I(_')) h{ m) ha(l(—.) 0 hy I(_'))I 00 0 ¥ W) OIV) (3-14)
| 1 1 1 1 1
: i X X Xy i X ¢ x U
FO(X = il hy I(_')) h{ m) 00 hil(—i))l Phy I(_'))I 0 0 ¥ “_I))fv) (3-15)
| 1 1 1 1 1

Egs. (3-1), (3-6) and (3-10) can be rewritten in the form:

RI(x, t) = [gt) + u)) + FS00 xq't); (3-16)
Rix, t) = FiXx) xqXt)i (3-17)
RiXx, t) = FiXx) xqXt)i (3-18)

Furthermore, the corresponding veocities can be obtaned by smply derivativing
Egs. (3-16), (3-17) and (3-18) with respect to time t

RiXx, t) = gt) +ud)) + FiXx) xqXt)i (3-19)
RiXx, t) = FiXx) =g\t (3-20)
RiXx, t) = FiXx) xq\t)i (3-21)

3.3 The Kinetic Energy of the System

Thekinetic energy of thei th substructure can be written in the following form
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TO = %Q r (R, 1)) Rix, t)dx
¥ % 8 00 )T B, tydx
v % é r ORI, 1)) R Xx, tydx
= Ll + Y+ 2§ ) T F a0
+ % é;li) rl(qm)T(F(li))TF(li)q(i)dx + % g) rz(q(i))T(F(zi))TF(zi)q(i)dx
= 5l + )
* %(q(”)T?w) WFQTFYax + ¢ FOTFVdx + G rz(Fg’)TF(ydxﬁq“’
(3-22)
where
) = Cll%) rdx (3-23)

is the mass of the beam in the i th substructure. Extending the terms (F @ )T F¢, (F % )T FO

and (F9 ) FY yields
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(F((‘)’)TF((',’ -

®0 0 0o o 0 0] 0 00y

: | ,

§0 0 0 0 0 0! 0 00y

é 0 0 0 0 ] 0 004

g X i X X I i

& W ) 0 hph el ' ofng <'>)f(| (.))l © 004

e i o o 0! 0 00§

é ! a

é X\ iy L X Xy i a

& i 9F ol 0.0

e 0 I 0 0 u

. D R

g I

& ymmety £ )—f(l(,)oou

|

¢ | 00U

€ | u

e | 0g

(3-24)
(F(i))TF(li) -
S X X I | | l:l
NG T {7 m)' v i gl 000 |_E_ %
e ! : | (
A X X X , ,
g hf(l—ay) hl(l—(—i)—)hz(l—(—iy) hl(l—ay)hs(l—(—.)—)l” 1(|5—)h4———)l‘ 00'0 hl(l(.))y(l(.))
< 1 1 1 1 p
& h12) h{2Ih =) h o Jhf ) D oono h 04
e ) MY ) AI(.) | 2(,(.))y<|(.)) 3
A |
I I 1
2 32(|‘a‘ q( )) é(l—a—) ‘&I (. q ) 00:0 hé(l (.) |‘U‘| 7 Ou
é | u
g 2(| (. ( (I)) 00'0 hzﬂl (.))Y(I—(—.)—)| ¢ OU
¢ 00i0 0 Og
g 0l 0 04
S~ ——_—— ————————— —— ——————————————————————————— t-——————————————=
g Symmetry iO 0T 03
é & x .0 x,
& - @G Yo O
é | 1 4 1 G
é ! 0g
(3-25)
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(F(z'))TF(z') -

X X X\ (i
&l () hz(I w00 hiEY
é 1
= X 0
s (=) (. hz( ) )00h( (.))hé( (.))l
(:9 (i)
€ h22(|(_i)) 00 hé(l(—i))ul(—i))' 1
€ 1 1 1
é 00 0
s 0 0
2 X (i i))2
¢ nfil ©)
é
é
é

@D: D> D D D> D

| <
(i) I u
4(“, )¢ oo y(l(, ;
X\ 0 | X\ G
hy( I(_i))hA(I(_i))I 1 :0 0 hl(l(—i))Y(I(—i)) 3
1 1 | 1 ﬂ
X X (i) X P
hz(l(—i))ha(l(—i))| 1 '0 0 th (.)) (I m)
1 1 1 u
0 |o 0 0 i
0 Io 0 0 3

X X iHR! (i)
(el ©F | 00 iy VG §
X i i lj
hf(l(—i))(l(l))z '00h4(|(| )Y(I(, G
______ 1 ____1 ________________U
100 0 u
! a
oo
| &, x.0 x.U
| QY(I(—i))i y(|<_'>)‘3
| 1 9 1 U

(3-26)

Furthermore, the kinetic energy of the i th substructure can be written in the matrix form as

following
. 1/ Y on o
7O = Z (g® ) Mg®
> a0 Mg

where
)
Mn 9 Ni Nihu
M M

(3-27)

(3-28)
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a1l 0 0 0 0 Ou
gl 0 0 0 0 0y
é 0 0 0 0 0
€ X
o @ hA—= ) oh !
RS L S
é 0 0u
é i
e Symmetry hf(ﬂ)@ Oy 0u
¢ o G
e 0g
s iy X iy Xy Gy X\ ) u
a 1(”.) e G I 00y
€ X X X X X o X a
A (i) (i) !
g f(l(—i) 1(|(—i))hz(|(—i)) hl(l(_i))h3(|(_i))| 1 hl(l(_i))h4(|(_i))| 1 OOH
@ € hg(l(—i)) hﬁl(—i))hg(l(—i))l 0 hz(l(—i))h4(|(—i))| M0 0u
+ Q rle 1 1 1 1 1 de
é X i 2 X X i 2 u
& hgw)(l(l)) h3(m)h4(W)6(l)) 00,
é u
= X i p
¢ symmetry hi=p(¢f  ood
é Y a
e 000
& oy
s iy X Q) (M) iy X ya U
& 1<|(.) S 00 h (I('))I h4<|T>|1 ;
g X X 0 ﬂ
€ hf(ﬂ) hy(—5)hL =73) 0 0 (5 )hs( (l))l hy( 0 )h( 0 )|
& I O 07 1074 G
e X X i X i U
TR - hf(l(—i)) OOh"(I(' )hé(l(.))l() hz(l 0 7h ‘(I“))I(l) U
A é 1 1 1 W
Q r2é 00 0 0 l'JX
é symmetry 0 0 0 u
e X i)\ X X i)Y
é h =IO h=h=l ¢ Fa
e I1 I1 I1 u
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(3-29)
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, « N
@ w9
é 0 00q é x a
é a & h(ZHv(= ou
2 0 00; g 1(|(l.))y(|(l,)) ;
é 0 00U é x.  x. U
ho_ A & X X ) ol 0 @ h,(Hy(w) 0
Mch - Q Mo gilg))f(lg))o Oot,:lxjx'i' Q r g Il ll uudx
i)
¢ 9y 9% 33 ‘°(|<'>)y(|<'>)| %
{76 oou ¢ G
e 1y u & hy )y( )|(I ou
= - (e IR
8 0 0 0f e I G
& 0 Og
; X i
gOO Y(W) u
é G
~ X X s
Q0 h(—y(-—— U
W D0 oy g
+Q Toe DTN (3-30)
@0 0 a
0 o
X X o iy ¢
goom(l(i W
1
é X iU
@0 4(|(I )Y(m)l(l 1]
e 1 u
Q ) u
g@%): f(-2) 00U @ 0 o1
. U & | o u © €@ x 8  x
M) C) ro € 0 00uWx + @ r, @ gy(—mi (_)OLUX
é a |() |(
; 0 00 G- g ' U
e u Y 0 OH
& i
: )
®0 0 u
1§ e u
tQ .80 0 (dx (3-31)
e & x,0  x U
& 0 &y(—7)= YU
@ |1 (4] |1 Q
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It should be noted that the element mass matrices M’ are only Hermite cubics dependent,

independent of the hierarchica functions, while M.’ are hierarchical function dependent,
independent of Hermite cubics.  When increasng a hierarchical function in discretizing

procedure to improve accuracy, only M.’ and M., are affected but M.’ keep unchanged.

The kinetic energy of the whole system can be represented by

q' M (3-32)

NI

1 ;2 8 (i)
TZEmBUB"'aT =

i=1

where

~- (N) (N) (N) ()Y (SN T (SN YT (N-1) ((N-1) ((N-1) (((N-2) )7 (i) (1) ()
q = {UB Uo"q;° Q; ( 0 ) (Q1 ) (Q2 ) Uo a: ds ( 0 ) Uy 0,705
T

@) (@) @] wi® a2 qi® (¢ ) - u® o qf (@) (@) (@ )T}
(3-33)

isa(l+ N (3+n, +2  n,) dimensond globa vector, and V isglobal mass matrix.
In carrying out the assembly of the element matrix, it is observed that displacement of base u,
appears as top component inal g, i =1, ---, N. Condstent with this, there are N
gement mass matrix entries corresponding to uy, the entry (1,1) of M, i =1, ---, N.
Smilarly, it is can adso observed that nodal displacement ul ¥, nodal angular displacements
gl "® and qf ¥ appear as the 3¢9, 5" and 7" componentsin q"" and as the 2, 4" and 6"
componentsin g, respectively. Consistent with this, there are two element mass marix
entries corresponding to u) ", the entry (3,3) of M) and the entry (2,2) of M"Y, two

entries corresponding to q{ ¥, the entry (5,5) of M) and the entry (4,4) of M Y, two
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entries corresponding to gl Y, the entry (7,7) of M) and the entry (6,6) of M. The
assembly consists of dimination of the duplications of ug, u$ ", g ® and o} ® fromthe
nodal vector § and adding correspondingly the entries (1,1) in M, i =1, ---, N - 1,to0
the entry (1,1) in M"Y resulting in the mess, i, of the entire system; adding correspondingly the
entry (2,2) of M"Y totheentry (3,3) of M, theentry (4,4) of MY to the entry (5,5) of
M) the entry (6,6) of M~ totheentry (7,7) of M), Theresulting globa massmatrix V is
red symmetric and pogtive definite. 1t must be pointed out that the entry (1,1) of the globd

mass matrix NV is the total mass of entire sysem, i, indluding the base and the N -stores
building.

It is not difficult to observe that in order to improve accuracy, only one row and one column
needs to be added to the globa mass matrix NV without disturbing the other elements of the
matrix V. Hencethe global massmatrix NV possesses the embedding property.

3.4 The Potential Energy of the System

The potentia energy of thei th substructure can be expressed by

(i) i) &
v %é El (')aa%%dx
- _ i) 22 i)..2L‘1
18 @ ET e G @3
2 & x° g X gH
1w e (W) e a6l
+ 20 gEl”gﬂxzz_ 2 ﬂ)(Z:L'dX
g 2 24
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where EI ") isabending dtiffness, ') and P are axia forces. Introducing Egs. (3-18), (3-
20), and (3-22) into the above equation, the following is arrived:

1 w4 W°F, 0 T°F
V(I) - = (i) El (i) 0 0 dx
m €  gF § 02F e u
+ 11 El (|)a-[ F21 : ﬂ F21 §|)a-": 1 + T": 1 (3_35)
g e g X éﬂx g 4§
¢ € am2E0) g @2E0) aEO g gFOHu |l
- moFt T B Do
8 e g X x g &y b
i) a7 i
ea[ZF(O)g ﬂZF(O) _
Tx 5 1%
&0 0 0 0 0 0! 0 00y
é | u
& 0 0 0 0 0 0! 0 00,
é 0 0 0 0 0! 0 OOU
< X (G X X |
: G5 | o ngongl s oingr €l 00u
e 0 0 0
& 0 0 0! 0 oou
é X i \2 ! X i (i) 4
: gl F  oingrr € 0 0g! ")
0 0
g 0 0 00§
e e % 6  x u
€ Symmetry @@—— @—) 0 0u
é lg 17 18 a
e | 00U
: ! 0
(3-36)
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k-
m
Q1O
k-
™

0 0 0 00,0 0 oly

U
() N ) Mg ) §) ) 0000 oy ) 0,
u

)
e
g 1 , 1
S X X Xy X X\ X
¢ hzé(|(_i)) hgl—i)hﬁl(—i)'(l) hgl(—i)h&m)'() 00'0 hz@" 7)Y @| 5 O
1 1
é X I | X |
é hé(l ) &H.mxﬂnm‘ﬁ OQOh&UQYﬁUQ()Ou
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(3-37)
- T -~
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& 0 0 0 0 00, 0 0 Oy
é (i) (i) X L,J
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(3-38)
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Vi) = %( (.)) Kihg® (3-41)
where
. é K Ky
K(|) = & N . chl,J (3_42)
dk0) kg
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It should be noted that the element mass matrices K{

independent of the hierarchicd functions, while K¢

independent of the Hermite cubics.

are only Hermite cubics dependent,

are hierarchicd function dependent,
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Thus, the potential energy of the entire system can be represented as

1 > & i 1 - 1 2

V o= EkB(uB - ug) +a Vv = >3 K3 - kgugug + EkBug (3-46)
where k, is the spring congtant of the isolation system, u; indicates the motion of the ground,
K isthe globa tiffness matrix of the entire sysem., the entry (1, 1) of whichis k,, . Incarying
out the assembly of the dement matrix, there are two dement diffness matrix entries
corresponding to ul "7, the entry (3,3) of K and the entry (2,2) of K'?, two entries
corresponding to q¢' "7, the entry (5,5) of K’ and the entry (4,4) of K, two entries
corresponding to qY ", the entry (7,7) of K" and the entry (6,6) of K . Thus, the
assembly congists of adding the entry (2,2) of K" ¥ to the entry (3,3) of KU, the entry (4,4)
of K'Y totheentry (5,5) of K, and the entry (6,6) of K ~? to the entry (7,7) of K'). The
resulting global dtiffness matrix K is red symmetric and positive definite. It must be pointed out
that the entry (1,1) of the globd tiffness matrix K is k 5, dthough the entry (1,1) of al eement

diffness matrix K" are zero. This arises from the effect of eastic spring by which the base is
connected to the ground.

3.5 Virtual Work of the Nonconservative Forces

The virtuad work of the nonconservative forces consisting of the damping and the control forces

acting onthei th substructure can be written as

) a . R i ) e [
dec) _ o‘o f((jIO)(X’ t)d\/\/ol)dx + él féll)(x’ t)d\l\fll)dx + éz fé‘z)(x, t)d\l\l(z')dX
+ FO(dug + i)+ FE Dldug + dw Hx + g F50x Dldug + dafy) pix

(3-47)
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where f {{{ x, t), f{{x, t) and f {{x, t) denote the damping force densities on the floor, the
left and right elagtic columns on the i th substructure, respectively, F{Xt) is the horizonta
control force applying on the i th floor, f {{{x, t) and f {,{ x, t) arethe control force densties

on the left and right eagtic columns on the i th substructure, respectively. Since damping forces

can be generated by means of a Rayleigh's disspation function and accounted for separately in
the virtud work [64], the Rayleigh dissipation function has the form

ft) = 2 cobidt) - ugO)
£ 28 & ctoolitix nfax + § Loiix Dfx (349

i =1

£ chlx t))zdxg

where ¢ is the coefficient of viscous damping of the isolation system, ¢}, ¢’ and ¢!’ are

coefficients of viscous damping per unit length of the floor, the left and right agtic columns of

the i th substructure, respectively. Then, the damping forces can be generated from f(t) by
writing

qf
Fd = - E = -CB(UB - Ug) (3'49)
foo = -cowp’,  f =-ctwy), g = -cPwh)  (3-50)

Introducing the above damping forces into Eq. (3-47), it is obtained

(i (i)

_ o , ) . o .
af) = _éo O dnfdx - é)l ¢ dndx - é)z cOME dnd) dx

' ] (i) ) : bK i i
+ FO(, + )+ Qg F5x Oldug + W Bix + & FEIx t{du, + dw} ix
(3-51)
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Considering the expressions of the eagtic digplacements relative to the base in Egs. (3-5), (3-9)
and (3-12), the virtua work can be expressed in the following form:

1 (1)

W = é)&') () (F, ) F ,00"dx - o < (@) (,:(I ) EOdg"dx
)

@Il c(')(q" ) (F(' ) F4dg"dx + Fé”(duB + du‘C‘,’)
+ Q180 Oldu, + FOagOx + & f 0, {du, + FPdg Pix

10

= [T T Fax + § FTFVax + § o (FY T ax

M 4+ & fog L ¢ gy U Ogu® + A § HFD L7 e OHEO gy Yyg®
g Q fidx + Q fldxydug + FPAUY) + 50 fFYdx + fczedxadq
(3-52)
In order to be concise, the previous equation can be rewritten as following:
aw) = [@ + Q"] dg® (3-53)

where

(0 (G
1

. Al . . .
)= 8 D) Rvex +

) 14

c(l”('lf(l”)TE‘i)dx + 0 c(;)(lz(z”)TIE(z”dxgq(”

(3-34)
is agenerdized damping force vector onthei th substructure,
iF" 0
TEmi
. J'c |} ) ' . ) _ '

@ =lobh e § oRTax + § 1Y ax 359
[ |
ol
(Y b

isagenerdized control force vector onthei th substructure.
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Introducing Egs. (3-28), (3-29) and (3-30) into the above generaized vectors arrives at
gy = -cqV (3-56)

where

Z () (W]

i Lo’ i i i 1 i)y (zi) Y = 5 (=i Y = ¥
® « 8 ey eoc + § WEDT e + § W TEd oo

In assembling dwt?, the total virtua work of the damping and the control forces exerted on the

entire system can be represented by

AW, = F, +Fo)du, + & W)
i =1

[ ety - uy) + Foldu, + & (@ + @) dg® (359
i =1

A~

@ +a +q)'da@

where c; is the coefficient of viscous damping of the isolation sysem, F_; is the horizontdl
force on the base, Qd = - Cq isagenerdized globa damping vector, QC agenerdized globd
control force vector, Qg a generdized globa disturbance vector due to externa excitation. It
should be pointed out that in the globa disturbance vector Qg , dl elements are zero except for
the first entry being cgl, . In carrying out the assembly of the element vectors G’ (or C")
and @, Smilar carrying out the assembly of the dement matrices M and K™, the second
entry of G, (or C'"P)and @ P must be added to the third entry of @ (or C") and
Q, respectively. Meanwhile, the fourth entry of @, (or C' "V)and @ " is added to the
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fifthentry of Q) (or C")and @, and thesixthentry of @, (or ¢' V) and @ " tothe

seventhentry of @’ (or C) and @, respectively.

3.6 Derivation of Discrete Equations of Motion

Inserting the kinetic energy represented by Eq (3-32), the potentia energy expressed by Eq. (3-
46) and the virtual work performed by nonconservative forces expressed by Eqg. (3-58) into the
Extended Hamilton’s principle Eq. (2-11), the discrete equations of motion can easily obtained.
The Extended Hamilton's principle can be expressed in the form

éz(dT- dv +dw )t =0, dg, =0, j =12, M, t =t,t, (2-11)

The varidion in the kingtic energy and the potentid energy are expressed in the form,
respectively

dT = (dg) M (3-59)
dv = (dg) Kg - kyu,dug (3-60)
In congdering
Coarde =8 (6] Mt =& 999" gy
9 Q( ) t Q "ar t (3-61)
= (da) M - ¢ (da) Mide = - (o)’ Weidt
5 avdt =§ (@) Rg - k,u,du,pit (3-62)
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aw, = (@) (Q +Q +qQ) (3-63)

the Extended Hamilton' s principle can be rewritten in the following format

”—
[N

- (da) M - (da) R + k,udu, + (da) (Q, + Q, + Q) =0 (364

ko)

Setting Q = kyu,dug + (dd)'Q (3-65)
the following is derived:
6 ()| Mi-cq-Rg+Q +Qpt =0 (3-66)

The generdized coordinates are independent, so that the virtua displacements dg, inthe dq
are entirdly arbitrary. It follows that the integra can be zero for dl dq, if and only if the
coefficientsof dq; identicaly zero, which yields the equations of motion

M +Cj+Kj =Q +Q (3-67)

3.7 Model Reduction

In the preceding section, the discrete equations of motion were derived in the matrix form. For
the convenience of control design, rewrite the globa mass matrix NV, the global damping matrix
C and the globdl stiffnessmatrix K in the following form:
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S
o
o

(3-68)

oo o
Al
I

DD

o

A

oo o

Assume that the globa mass matrix N, the globa damping matrix C and the globa stiffness
meatrix K are (m+1)” (m+1) dimensond meatrices, in which
m=N"(3+n, +2° n,). Moreover, rewrite the generdized displacement vector, the

generdized control vector and the generdized disturbance vector in the following form

qt) = i EB((tt))g (3-69)

5 - IFe a R fax v g g 370
t fe b
16 N @l ) W o ol

3, = _:'_S:Bug + kguy, + ia:l 8] fu'dx + o fu deES,/ (3-71)
te Fu th

which are (m+1)-dimensiond vectors.

The HFEM vyidds a discrete model with far fewer degrees of freedom than the ordinary finite
element method. Still, the number of degree of freedom tends to be large rdation to the useful

information contained in such a discrete modd. Indeed, it is a well-known fact that higher
modes are difficult to excite, as they require a great deal of energy. Moreover, higher modes
tend to be inaccurate, which is a characteristic of discretized models [64]. Hence, a model

reduction designed to diminate the effect of higher modes seems in order. To this end, the
elgenvaue problem corresponding to the undamped structure is considered separate, which can

Page 3-28



CHAPTER 3 THE EQUATION OF MOTION

be obtained by assuming that the base is held fixed and by ignoring damping. The eigenvaue

problem has the form
K.U= MU (3-72)

where U isa m = m dimensond modd matrix and L the m = mn dimensond diagond
matrix of eigenvalues of the dadtic dructure clamped a the base. The modd matrix is
orthonormal with respect to both the mass mairix and stiffness matrix, or

uUmMu =1, UK, U =L (3-73)
inwhich | isthe r * 1 identity matrix.

It is assumed that the structure alone has - degrees of freedom, sothat Uand L aremr ~ v
matrices. Consgtent with the above discusson, it is proposed to retain only n modes,
n << mr. Tothisend, the suomatrix of U isdenoted by U, containing thefirst n columns

done and introduce the linear transformation

qe(t ) = Utr q e(t) (3' 73)
or

& 0 Giugi

é 0 0
t) =& . @) =& . G 3-74
q) @Utr UL(F() & ul’ H\{qe% ( )
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where g, isan n dimensond vector of elastic modd coordinates, q = {uB ql}T isthe

displacement vector of the truncated system. Introducing Eq. (3-74) into Eq. (3-67) and
T

I éL 0 . .
premultiplying through by g) U ﬂ , the truncated equations of motion are;
tr U

Mi+Cq+Kg=Q +Q (3-75)

inwhich

d 0OuUém QU 00 é m QU
M = 4 0 é~r ~Q 1A Q = A T Q Q (3-76)
O U, G Mod U, d &Qul I g
6 0ué&, Ol OO &, OO
C=g, Uégmlh, U~ € ol (3-77)
©U, §8 CtOU, 4 &0 Cy
6 0ék, Ovdl O &, O
K= g, Geew @y =60, i (3-78)
OU, b E0 KU, 4 &0 L,y
are the truncated mass, damping and stiffness matrices, respectively, where
Ce = U;rr Ce Utr (3'79)
L,, isthetruncated diagonal matrix of the lowest eigenvalues and
. ] &y &l FRAPINe |
ad o iR +3 38 fhdx + & fOdx9
Q =g, ul=i" Ao Tat T TG (3-80)
o UL, b
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N N . 1)
éd 0 U~ 1eu. + ky, + 3 & fildx + ‘2 (’dx
O LN (AL 4 oo
tr U %e U f

are truncated control and disturbance vectors, respectively. Observe that the truncated discrete
system, Eq.(3-75) hasonly n + 1 degrees of freedom, as opposed to i + 1 degrees of
freedom of the origind discrete system.
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CHAPTER 4 STATE SPACE REALIZATION OF DYNAMIC SYSTEM

4.1 Introduction

One of the most important tasks confronting a control system anayst is to develop a
mathematical model of the dynamic system of interest. In many situations the essence of
the analytical design problem is in the modeling; once that is done the rest of analysis
falls quickly into place. There are two modeling and analysis approaches customary for
usein linear systems: the transfer function approach and the state space gpproach. In this
dissertation, the state space model will be considered. The state variable model of a
system includes a description of the internal status of that system, in addition to the input-
output behavior. Therefore, state variable models represent a more complete description

in general.

The feature of the state space approach that sets it apart from the transfer function
approach is the representation of the process under examination by systems of first-order
differential equations. The state space is the model of representation of a dynamic
system that would be most natural to a modern control system analyst.

The basic premise of Newtonian dynamics, on which equation of motion developed in the
previous chapter, is based that the future evolution of a dynamic process is entirely
determined by its present state. Indeed this premise might be considered as the basis of
an abstract definition of the state of a dynamic system. The state of a dynamic system is
a set of physical quantities, the specification of which completely determines the
evolution of the system. The difficulty with this definition, as well as its magor
advantage, is that the specific physical quantities that define the system state are not
unique, athough their number called the system order is unique. In many situation there
is an obvious choice of the state variables to define the system state, but there are aso

many cases in which the choice of state variables is by no means obvious.
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In the very beginning of control system design, the mathematica model of dynamic
systems is generally represented in differential equations. Afterwards the mathematical
model needs frequently to be transferred to the state space. The transformation of
dynamic systems from differential equations to the state space representation is preferred
to as the state space realization of the dynamic systems.

In the previous chapter the mathematical model of the building system has been
presented using differential equations. In this chapter, the concept of state is introduced
and methods of writing state variable forms of the system models are presented. Three
state variable models of the dynamic system will be developed based on the truncated
equations of motion developed in the preceding chapter, one of which is referred to as
Multiple Channel Control (MCC) model, another is the Single Channel Control (SCC)
model and the final one is the Specia Single Channel Control (SSCC) model.

4.2 Differential Equation of Motion

Before beginning the state space redlization of the building system, differential equation
of motion needs rewritten. In the previous chapter, the truncated equations of motion

were derived in the matrix form were given by
Mj+Cq+Kq = Q +Q (3-75)

This equation in the matrix form is essentially systems of ordinary differential equations
characterizing the behavior of the dynamic system. For the sake of convenience of
control design, the truncated mass matrix N, the truncated damping matrix C and the

truncated stiffness matrix K is rewritten in the following form

m

f
"M

)('D\

€, O0u &, Ou
6 K=g) 0 @)

M= e ,)
80 C.f 80 K.

: C=

@i
Oy
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The truncated mass matrix v, the truncated damping matrix C and the truncated
stiffness matrix K are assumed (1+1) " (n+1) dimensiona matrices. Moreover, the
truncated displacement vector, the truncated control vector and the truncated disturbance
vector take on following form

IUB(t)u
= 4-2
= g0 (4-2)
! o &l () L ¢ ) gy OH
o = [ AR e g 1o »
f u.f. b
P, + Ug * anN. 2t gy + § 1 gy S
ST A g? ' O Ty (4-4)
te U f, ab

which are (n+1)-dimensiona vectors. The goal of this research work is to seek a suitable
control law for minimizing the response of the elastic structure to the ground motion with

the most economic control force.

The following notations are introduced
C, =i’y = <ol (4-5)
- | ) =i
9 T Og g T o %

into Eq. (4-3) and assume that the wind force Q,, can be described as filtered white noise,

and can be written as
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12 @Oy gy O
f Odx + f dx 3

Qt) = (& &0 v Q TR = wyt) (4-6)
f U f, b

where W isan (n+1)-dimensional constant vector, g( t ) is white noise with variance s g.

Thus, Eq. (4-3) can be rewritten as
Q = Gy + Ky + V¢ (4-7)

Assuming that the control forces are implemented by means of r discrete actuators, the

control density function f . can be expressed by
fo = aF (AP - R) (4-8)
i=1
where P, denote the location of the actuators, then
O fldx + g fEdx2= 3 R = L xR, (4-9)

where 1,.  denotes arow vector al elements of which are unity, and

iy

M
N
o R o

(4-10)

— — ———— —

-

isa r dimensional vector of actual controls acting on the elastic structure, and the

truncated control vector written as
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U, f. = BF, (4-11)
where
&.P) F.() FAR)B
B, = g 25(P1) FZSPZ) FZSP“ )g (4-12)
&.0) F.0) — F.E)

isan n ~ r dimensional control influence matrix for the elastic structure. Inserting Egs.
(4-9) and (4-11) into Eq.(4-4), the generalized control vector C. in terms of actual

control forcesis as follows;

Q = B.ut) (4-13)
where

1F(t)d

A ST (414)
’ g)n’l Be LLJP B %Fe(t)g

aean (n+1)° ¢ + 1) control influence matrix for the system and a (r +1)
dimensional actua control vector for the system, respectively. Thus, when substituting
Egs. (4-7) and (4-13) into Eq. (4-1), Eq. (4-1) can be rewritten in the form

Mj + Cq + Kg = Cu, + Ku, + Bu+ W (4-15)
or

Mj +Cq + Kg = Cu, +Ku, +Q +Q, (4-16)

It is noted that derivative of the ground motion appear U, in the system differentia
equations (4-15) and (4-16).
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4.3 Multiple Channel Control (MCC) Model

The most commonly used state variables in structural dynamics are phase- variables-type
date variables [63]. However, when derivatives of the input appear in the system
differential equation, phase-variablestype state selection must be modified. If the
method is applied without modification, a set of first-order differential equations is
obtained as desired, but the input derivatives will still be present. The state equations
must express the derivative of the state variable vector as a function of the state variable

vector and input but not the derivative of the input. A serious mistake that is sometimes

made is to define a new vector with components made up of u, and its derivatives. This

is incorrect because the inputs to the state equations must be actua physical inputs to the
system. Arbitrary mathematical redefinition is not allowed here or in the output [13].
This differs from the situation for the internal state variables, which may or may not
correspond to real physical variables. The input components must be independently

selectable variables. Clearly when u(t) is specified, there is no freedom left in
specifying its derivatives U (t). The correct method of dealing with input derivatives is

to absorb the derivatives terms into the definitions of the state variables.

To this end, taking the Laplace’s transform of both sides of the foregoing equation,
Eq.(4-16) can be expressed as following:

(Ms? + & + Kls) = (G5 + K Ls) + Q(s) + Q(s) (4-17)
Multiplying both of sides of the above equation by s "> and V! leadsto
q = s {M'Cu, - M'cg) +s?(M'Q + M'Q, + M'Ku, - M'Kg)  (418)

Eq. (4-18) can be represented by a block diagram shown in Figure 4-1.
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Q.
1
M Kg Mlcg
Q X2 o
) —p Ml s-1 —>» 51 >
M 1K M1iC
A A

Figure. 4-1. Block diagram of the system

According to the smulation diagram corresponding to Eq. (4-18), shown in the above

scheme, it is not difficult for us to arrive at

-M'Cx, + X, + M'Cyu,

x.
=
I

X, = -M'Kx, + M'Ku, + M'Q + M'Q, (4-19)
q = X, (4-20)

.
Introducing the notation X, = ixlg into Egs. (4-19) and (4-20), it can be arrived at
122

& MC 10 éMC U 60 | é0 |
X, =& o @ , WMy *a i e 0 (4-21)
° & M'K 0g MK, ° SlvllﬁQ glvlluqu
q =[] 0JX

Introducing the following notations
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e mic g
a — € - U,
& M K 0g

g -¢0u
a g'v[lv\H’

Egs. (4-20) and (4-21) can be written in the standard form of the feedback control of

dynamic system in state space

X, = A X, + B,u + Fu, + Gg

q = CaXO

Figure 4-2 illustrates the corresponding block diagram.

(4-23)

Ay

Figure 4-2. Block diagram of the MCC model

Note that the system is a multiple-input and multiple-output (MIMO) system. In

addition, the system is also a multivariable control system sinceu is avector.
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4.4 Single Channel Control (SCC) Model

Section 4.1 mentioned that the selection of the state variables is not unique process, other

choices could be made. If the actual control vector Wt ) in Egs. (4-14) can be written in

the form
_ IRUu _ du _ Ux : ]
O = ) = gl ut) + aut)] = Uxut) +aut)] (4-24)
where U = )

U . o )
bg is a constant vector called control force distribution vector, a isa

!
1
| “e
constant to be determined, and Ut) is a single control signal. In this model, it is noted

the input signa Ut) is a scalar being different from that in the MCC model where the

input signal isavector Ut). Therefore only one control channel is needed, which is very
valuable in real practice engineering. Hence, EQ. (4-12) can be rearranged as

Mj +Cq + Kg = Cu, + Ku, +aB W + B W + g (4-25)
Let F. = B.U,and F, = aF, = aB.U (4-26)
Eq. (4-25) can be rewritten as

Mj + 3 + Kg = CU, + Ku, + Fu + Fu + g (4-27)
In the same way as stated in MCC model, taking the Laplace's transform and multiplying

both of sides of the previous equation by s and NM', Eq.(4-27) can be expressed as

following
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q = s*Micu, + M'Fu - MCg) + s?(M'Ku, + M'Fu + M'Vg - M'Kq)

(4-28)
Eq. (4-28) can also be represented by a block diagram shown in Figure 4-3.
ugo R o
A 4 i
MK, | | MIF || MIC, | | MIF,
g \ / Xz / X1 q
—> M1W—>@—> s —» s1 >
M 1K miC
A A
Figure 4-3. Block diagram of the systemin the SCC model
According to the block diagram above, it is not difficult to arrive at
X, = -M'Cx, +Xx, + M'Fu + M'Cu,
X, = -MKx, + M'Fu + M'Ku, + M*Vg (4-29)
q = X,

Introducing the following notations

(e exy e
W
1

|
XO:l
|
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(4-30)

éM'C U u
Fa = é g,’ Ga = 7, Ca = |l 0
YRS A ol

Egs. (4-29) can be written in the standard form of the feedback control of dynamic
system in state space

X, = AX, + Bu + Fu, + Gg (4-31)
qa = CX

which has the same form as Eq. (4-23), except that the control vector u(t) is replaced

by the single control signal u(t) . It must be pointed out that the control matrix B, in

Egs. (4-30) is different from that in Egs. (4-22), which is the most important distinction

between the MCC model and the SCC model.

It is noticed that the Laplace's transform of Eq. (4-24) gives
us) = Yas + 1) Us) (4-32)

From the above equation, afilter with transfer function [Xs) is obtained

Uds) = % = Yas + 1) (4-33)

in which [Xs) appears to be a typical Proportional Derivative (PD) compensator,
although it functions for achieving a different goal in this problem. This implies the
control law developed in this ®ction is redizable in the physica world since the PD
compensator is widely used in the industry. Essentially, the PD compensator serves as a

combined active damper and active spring.
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4.5 Special Single Channel Control (SSCC) Model

In the SCC model, he control force distribution vector U and the constant a were
introduced. These parameters play an important role in control system design, however

their determination is a parameter optimization problem that 5 out of the scope of this

dissertation. Here only a specia control force distribution vector U and constant a are
discussed.

Allowing u = u,, one can minimize the effect of the ground motion u; on the system,

as long as the following relations are satisfied

F. = -C and Fo = -K, (4-34)
From F, = -K,

é 1. au,d _|k U (4-35)

o BewU% AO%

The following must hold true
U, = -k, and U =0 (4-36)
if the previous equation is valid. Similarly, in order to satisfy F, = -C,, that is

1, U, \C }
a(?l v Ul U a (4-37)
e UIUK g

the statement
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a = = (4-38)

must hold true as well. Hence, a very smple control model is obtained based on the SCC
model, given by Egs. (4-36) and (4-38), only a control force F(t) = -c Ut) - k,ut)
acting on the base is needed. The conclusion is reasonable. Since the external effect on

the system is merely cu (t) + k,ut) acting on the base, which arises from the ground

motion and exerts disturbance force through the viscous damper and the elastic spring,

only a control force that suppress c,u(t) + kyu,(t) isnecessary.

The SSCC modd is very chalenging in real engineering because only one control force
is needed and it is placed on the base. Its significance lies not only in engineering cast
reduction, but also in the fact that implementation of the control system is smpler than
other models.
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CHAPTER 5 CONTROL SYSTEM DESGN

5.1 Introduction to Optimum Feedback Control Theory

In atypical control system design problem, inputs are a dynamic system to be controlled
(plant), a description of the types of inputs to be encountered, and specifications
regarding acceptable values of system errors, i.e., the difference between desired and
actual responses. What is then required is to design a controller so that the plant-
controller combination satisfies the specifications. If the inputs are know precisely, e.g.,
steps, ramps, exponentials in the deterministic case or random processes with known
means and covariances in the stochastic case and specifications can be transated into a
quadratic performance index, then optimal feedback control theory will furnish a useful

design tool.

Over the past decades, optimum feedback control approach has been applied increasingly
to the physical engineering. The design of optimal feedback control systems for linear
plants by using quadratic penalties on the state and control variables represents one of the
most studied class problems in dynamic deterministic and stochastic optimal control
theory. Results are available for both the time-varying and the time invariant cases, as

well as for the continuo us-time and discrete-time system models.

This chapter describes three control methodologies based on the MCC, SCC and SSCC
control models developed in the previous chapter. These three control approaches are the
Linear Quadratic Gaussian (LQG) control, he Disturbance Accommodating Control
(DAC) and hybrid LQG/DAC contral.

The LQG control is a modern state space technique for designing optima dynamic
regulators. It enables a trade off in performance and control effort, and takes into account
process ard measurement noise. Figure 51 shows the schematic of a typical dynamic

system with a regulator.
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Plant

LQG Regulator __/

Figure5-1. Schematic of atypical dynamic system with a regulator

The goal isto regulate the output y around zero. The plant is driven by the process noise

v and the controls u, and the regulator relies on the noisy measurements y , =y +u to

generate these controls. The plant state and measurement equations are of the form

X = AX +Bu +CGv 5-1

y,=Cx+u (5-2

and both v and u are modeled as white noise. The LQG regulator consists of an

optimal state feedback gain and Kaman state estimator. The design of these two

components independently is shown below.

Optimal state feedback gain
In the optimal feedback control, a gain matrix is sought to minimize a specified quadratic
performance criterion J (u) expressed as the integral of a quadratic form in the state

vector x plus asecond quadratic form in the control vector u, i.e.
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¥

Ju=9 (XTQ( +u' Ru)dt (5-3)

The weighting matrices G and R are user-specified and define the trade-off between
regulation performance (how fast x(t) goes to zero) and control effort. The first design
step seeks a state feedback law u =- Kx that minimizes the cost function J (u). The
minimizing gain matrix K is obtained by solving an algebraic Riccati equation [20].
This gain is usudly caled the LQ-optima gain. Sometimes, the process seeking the LQ
state feedback regulator, i.e. LQ-optimal gain matrix K, is caled Linear Quadratic
Regulator (LQR) design.

Kalman state estimator

It is clear that the LQ-optimal state feedback u = - Kx is not implementable without full
state measurement. However, one can cerive a state estimate X such that u =- KX
remains optimal for output feedback problem. This state estimate is generated by

Kaman filter [22] as shown below:

Kamar
estimator

Figure 5-2. Block diagram of the Kalman estimator

Mathematically, the Kalman state estimator can be expressed by

X = AR +Bu+L(y, - CR) (5-9)
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with two inputs, controls u and measurements y , =y +u. The noise covariance data

represented by

Q = Hvv'), R, = Huu’) (5-5)

determines the Kalman gain L in conjunction with dynamic systems through an
algebraic Riccati equation. The Kaman filter is an optimal estimator when dealing with
Gaussian white noise. Specificaly, it minimizes the asymptotic covariance of the

estimation error x - X, i.e

lim E((x - R)(x - %)) (5-6)

L QG regulator
To form the LQG regulator, ssimply connect the Kalman filter and LQ optimal gain K as
shownin Figure 5-3.

Figure 5-3. Block diagram of LQG regulator
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This regulator has state space equations:

X =(A-LC- BK)X +Ly, (5-7)

u=-KR (5-8)

In addition to LQG design, a Disturbance Accommodate Control (DAC) design and a
hybrid LQG/DAC control system are also studied in this chapter. Hence, nine cases will
have to be discussed, which are three control systems, the LQG, the DAC and the hybrid
LQG/DAC, in conjunction with three different control models, the MCC model, the SCC
model and the SSCC model, respectively.

5.2 Disturbance Rejection Problem

In genera control system design, the design of regulators is considered. Here
performance objective is to control the plant to achieve a specified, desired closed-loop
dynamic behavior of the system in response to arbitrary initial disturbances. A more
general design objective is to control the system error not only for initial disturbances,
but also for persistent disturbances. This is a disturbance regjection problem. The
disturbance regjection is an important factor in the design of many control systems,
especialy in the active vibration and noise control systems. In active vibration and noise
control system design, generaly there aways exist the persistent disturbances, with no
specified desired output. In the disturbance rejection problem, it is assumed that the

dynamic system

XO = AaXO + Bau

isdisturbed by adisturbance d(t ), i.e., the system dynamic equations are given by
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Xo = AX, + Bu +dt) (5-9)

The objective is to determine the control input Ut ) that minimizes the effect of the

disturbance d(t ) on the value of a performance.

Asshown in Figure 5-1, the plant is driven by the process noise v and the controls u in
general. The dynamic process considered here as elsewhere in the dissertation is, as

usual, characterized by the vector-matrix differential equation

Xy = A X, + B,u + Fu, + Gg

4-23
q = C.X, ( )

It is noticed that being different from Eq. (5-1) there are two terms Fu, and G.g

representing the influence of the ground motion and the wind force besides the state

variableterm A_X, and control term B,u. In Eq. (5-1), however, thereisonly one term
Cv representing the process noise. The Fu, can be not viewed directly as the process
noise, although the G,g can be treated as a process noise. Clearly, the problem is a
disturbance rejection problem as shown in Eq. (4-23), where dt) = Fu, + G,g isthe

disturbance signal.

If the ground motion can be viewed as the impulse response of a certain system expressed
as
2 = Az + Bd + Gg

u, = Gz

(5-10)

where d(t) isaunitimpulse function at timet = 0, g is white noise with variance s

then combining Egs. (4-23) and (5-10), the following can be obtained:
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CHAPTERS
HXu _ A RCuXu &.u &, 0ug
. - @8 | A 1 i
H2p 80 Afzp s "8 cfap
, (5-11)
I 1 %o
g =|C Of "y
fa = | ]ng
The corresponding block diagram is drawn in Figure 5-4.
a | g
G, G,
d 4 y4 ug
8 CH ¢ S H R
J q
A X, X, C —
z u n
~ T B
B, \} ¢ | ] -

Yo

Figure 5-4. Block diagram of the system in the disturbance rejection problem

Thus, the disturbance rejection problem becomes the LQR problem represented by

X=AX+Bu+Cv (5-12)
q=C,X (5-13)

where
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éA, FCu éB.u €G,
A:.éo A L,J’ B:éolj’ G:éo
é 2 U elg é
iX, U igu
X=i "’y v:ig'
iz iq
with
$2
E[v] = o, Elvv'] =g ¢
a0

where E denotes mathematical expectation.
Egs. (5-12) and (5-13) isshown in Figure 5-5:

\Y

l

0%
i C=[c. o
G
(5-14)
ou
2L,.l (5'15)
g 2%
qu

The block diagram corresponding to

e
i

A

Figure 5-5. Block diagram of the systemin the form of the LQR

problem with noise

5.3 Linear Quadratic Regulator (LQR) Problem

During LQR design study, determination of the active control force is based on the

minimization of a given performance objective with respect to the control force under the
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constraint conditions defined by the equation of motion and the initial conditions. In this

study, the performance objective is represented by a quadratic cost function

J

I = (X"Qx + uRu) dt (5-16)

where Qis a symmetric and positive semi-definite matrix, R is a symmetric and positive
definite matrix. They are often caled the state weighting matrix and control weighting
matrix, respectively. In the cost function defined by Eq. (5-16) two terms contribute to
the integrated cost of control: the quadratic form X' QX that represents a penalty on the
deviation of the state X from the origin and the term u'Ru that represents the cost of
control. This means, of course, that the desired state is the origin, not some other place.
The state weighting nmetrix Q specifies the importance of the various components of the
state vector relative to each other. It should be obvious that the choice of the state
weighting matrix Q depends on what the system designer is trying to achieve. In this
study, the interest is only the state and its influence on the system output, and a suitable

performance criterion might well be

qg=C,X (5-13)
So in this case
Q = CoT Co (5_ 17)

The considerations alluded above with regard to Q apply as well to the control weighting

matrix R. Theterm u"Ru in the performance index (5-16) is included in an attempt to

limit the magnitude of the control signal u. Unless a “cost” is imposed for use of
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control, the design that emerges is liable to generate control signals that cannot be
achieved by the actuator. Actuator isthe physical device that produces the control signal.
And the result will be that the control signal will saturate at the maximum signal that can
be produced. Thusin adesire to avoid saturation and its consequences, the control signal
weighting matrix is selected large enough to avoid saturation of the control signal under
normal conditions of operation. The relationship between the weighting matrices Qand R
and the dynamic behavior of the closed-1oop system depends of course on the matrices A
and B and are quite complex. It is impractical to predict the effect on closed-loop

behavior of a given pair of weighting matrices. A suitable approach would be to solve
for the gain matrix K that result from arange of weighting matrices Qand R, and simulate
the corresponding closed-loop response. The gain matrix K that produces the response
closest to meeting the design objectives is the ultimate slection. With the software that
is now widely available, such as Matlab, it is a ssmple matter to solve for K given A, B, Q
and R. In afew hours time, the gain matrices and transient response that result for dozen
or more combinations of Q and R can be determined, and a suitable selection of K can be

made.

Now the optimal gain matrix K can be calculated such that the state feedback law

u = - KX (5-18)

minimizes the quadratic cost function under the constraint corditions defined by the

equation of motion

X = AX+Bu (5-19)
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Thus, the problem becomes a standard the linear quadratic regulator (LQR) problem. It
can be shown that a state feedback solution of the LQR problem is obtained in terms of
the solution of a differential, matrix Riccati equation [20]. The interest lies in the steady
state LQR problem. Therefore, the unique position definite solution to the associated
algebraic matrix Riccati equation:

0 =SA+AS+ Q- SBR'B'S (5-20)
Conseguently, the optimal feedback gain matrix K can be obtained as following

K = R'B'S, u = -R!B'SX (5-21)
For convenience, K can be partitioned into two components
K, | (5-22)
so that Eq. (5-17) can be rewritten as

u=-k,X, - k,z (5-23)

The control law given by Egs. (5-23) constitutes the solution to the steady state LOR

problem.

5.4 Linear Quadratic Estimator (LQE) Problem

It is obvious that regardless of the success of the LQR regulator, a key element in our
design of control is to seek an ontline, real-time state Xt). It is clear that the LQR

optimal state feedback u = - KX is not implemented without full state measurement. In
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the real world, it is difficult to find the true state Xt), if it is not impossible. However, a
state estimate X can be derived such that u = - KX remainsoptimal. In practice only a

state estimator needs to be constructed that produces a state estimate X, of X,. Thisis

because the system expressed by Eq. (5-10) is essentially an estimator that estimates the

ground motion u (t). Thus since such system being able to produce the disturbance state

z has been constructed by Eq. (5-10), then there is no need to reconstruct another device
to estimate z . Now start to construct a data processing device that can produce estimates

of the state Xt ), such that the feedback law expressed by Eq. (5-23) is changed as

u=u, +u, =-k,X, - k,z (5-24)

whereu, = -k X,, u, = -k,z,and X, isthe output of the estimator. Consider the

z

continuous-time system with state and measurement equation

0o - 0 a x a (5_ 25)

where C_ is a measurement output matrix, which in general differs from the output
matrix C,, v and u that is sensor noise vector with variance s, are white noise

processes, having known spectral density matrices represented by
Hvv'] = Q, FEuu] =R, (5-26)

Here, the control input u (t) can be measured directly, but the state X{t) is available
indirectly through the noisy output Wt) = C_X, + u. The LQE problem is to find a

dynamic system that optimally estimates the state of the system given the above
measurements. One would like to seek the optimum state estimator for the state X({t).
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Let 3(O(t ) denote the state estimate. The solution of the LQE problem is a Kalman filter.

It can be expressed by the differential equation

X, + Byu, + Ly - C.X,) (5-27)

A remarkable property of the Kaman filter is that it is optimum under any reasonable

performance criterion, provided the random processes, v and u, are white and

Gaussian. It can be shown that the L is the solution to the Ricutti equation as shown in

following
0 =AP+PA™ +GQG, - PC/R/'CP (5-28)
L = PCR? (5-29)

The block diagram of the LQE is depicted in Figure 5-6, in which a dashed frame
indicates the Kaman filter. The input into the estimator consists of the noisy

measurement of the plan y = C_X, + u and the control component u,, while the

output of the estimator is the estimate of the state X .

5.5 Steady State LQG Problem

The steady state LQG problem is to find a compensator that uses measurements Ut) and

yWt) to generate a control input ult) that minimizes the performance measure
represented by Eq. (5-16) given the stochastic system Eq. (5-25) and noise matrices Q
and R, for white noise processes v and u. The solution of this LQG problem depends

on a separation principle that states the optimal LQG problem may be solved by
separately solving the optimal estimation problem and deterministic certainty equivalence

control problem. The separation principle guarantees the LQG problem can be reduced
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to the solution of two decoupled Riccati equations, (5-20) and (5-28). So far, the full
procedure of the LQG problem has been described. The block diagram of the procedure

isdrawnin Figure 5-7.

g
Ga
Uy X, Xo
Ba —CS ] 0 Cm
Aa
uX
Ba
2~ 2 y u
% %
— -k o (&L s
A, - LC,
Kaman filter — |

Figure 5-6. Block diagram of the LQE

The LQG system described in Figure 5-7 is composed of three parts. The top component
is the disturbance estimate system expressed by Eq. (5-10), where the input is the unit
impulse d and white noise g, while the output is the disturbance state z. The middle
component describes the whole dynamic process with the LQG control system expressed
by Eq. (4-23). Here it can be observed that the active control force u consists of

Page 5-15



CHAPTER 5 CONTROL SYSTEM DESGN

u, = -k X, and u, = -k,z, where k and k, result from the solution of the

Riccati equation expressed in Eq. (5-20). The bottom part represents the Kalman

estimator. In fact Figure 57 describes the dynamic simulation process of the active

vibration control.

d
B,
Z Z q
( (G
_kz Az y
G, p{S){ F,
u, g « q
u X
(&—5. S : C,
. T
A, C
uX
Ba
X, X, Yyl u
A, - LC,

Figure 5-7. Block diagram of the LQG control system
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5.6 Disturbance Accommodation Control (DAC)

Disturbance Accommodation Control (DAC) theory is a elatively new technique of
modern control which enables design feedback controllers to maintain performance

specifications in the face of uncertain, persistent acting external disturbances [36].

The DAC theory is a collection of nonstatistical modeling and controller design
techniques for the class of multi-variable control problems in which it is required to
maintain set-point regulation or servo-tracking in the face of a broad range of uncertain,
multi- variable, and persistently acting external disturbances. Moreover, the DAC theory
permits that control performance to be realized in such a way as to optimally exploit any
useful energy or other effects that may be associated with the disturbances.

The first step in any approach to dealing with exogenous disturbances in real time control
problems is to mathematically model the anticipated disturbance characteristics. In the
DAC method, the anticipated disturbances are always assumed uncertain, but they are not
represented by statistical properties such @& means, covariances, etc. Rather, they are
represented by a basis- function descriptor that may be combined at any one moment of

time to create u(t). In particular, the class W of anticipated disturbances u(t) is

represented by [35]
W = B0 uyt) = cfyt) +cfft) + - + ¢ f ft)] (5-30)
where f (t), i =1 ---, M, are completely known linearly independent function of

timet ,and c, are completely unknown constant weighting coefficients that may jump

in value every once-in-a while in a completely unknown manner. Thus, the set of

Mfunctions {f (t)} form a finite basis-set for the class W of uncertain disturbarce

functions u (t), where at each t the loca behavior, waveform geometry, of u(t) is
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determined by the particular values of the ¢, which exist at that moment of time. In
other wards, the {f .(t)} represent the basic modes of u,(t) behavior and the weights c,

determine just how those modes are linearly combined at the t .

The exogenous disturbance descriptor Eg. (5-30) is called a wave form model in the DAC
theory and represents a time-domain version of the finite-element, or spline-function,
technique that has wide applications in engineering problems involving spatialy-
dependent phenomena (solid mechanics, fluid mechanics, electromagnetic, etc.) [36]. It
should be emphasized that in the DAC theory, the values of the arbitrary weighting
coefficients ¢, in Eqg. (5-30) are assumed piecewise constant but otherwise completely
unknown. No statistical property or probabilistic structure is assumed about the time
behavior of the c, . Thus, the traditional properties of uncertainty, such as mean,

covariance, €etc., of u(t) are completely unknown and, in fact, are of no concern in the

DAC theory. This means that assumptions regarding ergodic behavior, stationary
statistics, etc. are not required in the DAC approach.

The waveform model Eqg. (5-30) is the key idea behind the DAC approach to disturbance
modeling. However, the information reflected in the model Eq. (5-30) must be encoded
into another format before it can be used effectively in DAC design recipes. Therefore a
disturbance system has to be generated according to the waveform model Eq. (5-30), as
mentioned in section 5.2. In Chapter 6 the problem will be discussed in detail.

The strategy of disturbance accommaodation control consists of designing the control u(t)
to completely cancel out the effects of the disturbance u (t) on the plant behavior. This
strategy is prompted by the common attitude that disturbances cause only unwanted
disturbance or perturbations in the plant behavior and therefore the best way of

accommodating those disturbances is to smply cancel out their effects on the plane. In
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terms of the specific plant represented by Eq. (5-9), and disturbance model represented
by Eqg. (5-10), allocate the control effort expressed by Eq. (5-18) into two parts as follows

u=u, +u, (5-31)

where the first term represented by

Uy = -k,%, (532)

u, = -kyz (5-33)

is the control utilized to reduce steady-state response. Substitution of Egs. (5-32) and
(5-33) into Eq. (4-23) and considering Eq. (5-10) yields

Xo = AX, - Bk, X, - Bk,z + Fu, + G,g

L (5-34)
q = C.X,

In the DAC theory, the task of u isto achieve and maintain the condition of complete

absorption

rri n{- B.kyz + Fug} (5-35)
Using the least square method, it is not difficult to obtain the gain matrix kK,

k, = (BIB,)'BIF,C (5-36)

a a -z

Page 5-19



CHAPTER 5 CONTROL SYSTEM DESGN

In the DAC theory, control component u , is responsible for accomplishing the primary

control task, such as stabilization, set-point regulation, servo-tracking, etc. One can now

proceed to design u, by conventional methods. The corresponding gain matrix k, can
be obtained by [35]

k, = (BIB.)'BIA, (5-37)

p

Actudly, Eq. (5-31) can be aso written in the form of Eq. (5-22), except that the gain
matrix K isexpressed by

K= '|.kp de (5-38)

5.7 The Hybrid LQG/DAC Approach

As stated earlier, that the technique of splitting the total control effort into two task-
oriented parts in the DAC design, as shown in Eq. (5-31), is a simple but notable
effective design idea which appears to be unique to the DAC theory. In the DAC theory,

control component u, is responsible for the disturbance reduction task. Its
corresponding gain k, represented in Eq. (5-36) is convinced. However the choice of
the gain matrix k, is manifold. In the previous sections, the LQG approach was

discussed to seek the optimal control force. Now, the LQG approach is proposed to find
k. Thetechnique in which the LQG method is used to design k , and the DAC method

is used to determine k , isreferred to as hybrid LQG/DAC control.
The LQG method of developing DAC design stars from the equation of motion

X, = A X, + B,u (5-39)
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Following the LQR design procedure developed in the section 5.3, it is not difficult to
obtainthegain k, by solving the associated algebraic matrix Riccati equation:

_ T 1T
0 =S,A, +AlS, +Q, - S,B,RBS, (5-40)

Consequently, the optimal feedback gain matrix k , can be obtained as following

— -1pT — -1pT <
k, = R'B'S,, u, = -R'BISX, (5-41)
Combining k, with k
k, = (B]B,)'BIF.C, (5-36)

the hybrid gain matrix can be obtained by
K =-lk, kq (5-38)

Figure 58 describes the dynamic smulation procedure with the hybrid LQG/DAC
design. It should be noticed that the estimator developed in the section 5.4 keeps

unchanged except for replacing u, by u  asthe input of the estimator in the hybrid
LQG/DAC design.
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Figure 5-8. Block diagram of the Hybrid LQG/DAC system
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CHAPTER 6 SYSTEM |IDENTIFICATION PROBLEM

As per the assumption in the section of Disturbance Reection Problem that the ground
motion can be viewed as the impulse response of a certain system. This is a system
identification problem. The system identification problem is to estimate a model of a
system based on observed input-output data. In this problem a system impulse function
is going to be built, known as disturbance function. Assuming there is an input signal

h(t) and an output signal z(t ), and the signas are related by a linear system, the

relationship can be written

z(t) = H9At) + n(t) (6-1)

where s isthe differential operator and H(s)h (t ) isshort for

HoMt) = QUL - tidt (6-2)
and
Hs) = (Sr(t)e-JWdt . sTt) = ¢ htdt (6-3)

The Ht) is caled the impulse response of the system. Clearly, Ht) is the output of the
system at timet if the input is asingle impulse at time zero. The function H's) iscalled
the transfer function of the system. This function evauated in the frequency domain
gives the frequency function Hj w). In Eq. (6-1) r(t) is an additional, unmeasurable
noise. Its properties can be expressed in terms of its autospectrum F (j w), which is

defined by

Fw = @, R(t)dt (6-4)
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where R(t) isthe autocorelation function of r(t)

R(t) = E[n(t)nt - t)]
Alternatively, the noise r(t) can be described as filtered white noise
t) = Gs)(t)
where gt ) iswhite noise with variance s, ad
Fiw = s./Gi wf
Egs. (6-1) and (6-6) together give atime domain description of the system
z(t) = Hsft) + Gs)dt)
while H(j w) and Eqg. (6-7) congtitute a frequency domain description.

A commonly used parametric model isthe ARX model that corresponds to

_ S“H9). _ 1
=%y ¥ Ty

where Bs) and A(s) are polynomiasin the integral operator s *

As) =1+as’ +--+as™"

n

Bs) = by + b,st + o+ bs T

(6-5)

(6-6)

(6-7)

(6-8)

(6-9)

(6-10)
(6-11)
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Here, the numbers n and m are the orders of the respective polynomials. The modd is

usually written

As)z(s) = Bs)s 'H(s) + «s) (6-12)

or explicitly

Z(n(t) + alz(n-ltt) + ... + anlz(t) + anZ(t)
= boh(n-ktt) + blh(n—k—ltt) + ot bnh(n_m_ktt) + e(n)(t)

(6-13)
where z"(t) indicates the nth time derivative of z(t).

In this problem, a system model whose impulse response is the ground motion ut) is

established by using AMX. The corresponding relations are expressed by

zZ(t) = ugt), Ht) = dt), nt) = q(t) (6-14)

The goal isto find A's) and Bs). The ground motion may be expressed in the following

form

c.fot) (6-15)

1

c
«Q
I
3 Qo=

where ¢, are arbitrary constant, and f (t) are referred to as waveform function. Here

the waveform components are assumed to have the form

jan(w.f) m=odd
%cos(wnt) m=even

f m(t ) = (6'16)
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Suppose the constants ¢ ,, can be writtenas

1W, cos m=odd
O (6-17)
iW.sanj . m=even
thus, Eq. (6-15) can be rewritten as
J
Ug = aWw Si n(VVnt +j n) (6'18)

n=1

where W and j , are arbitrary constants. To write the ground motion ut) in the

disturbance state model, taking the Laplace's transform of Eq. (6-18), and collecting
terms yields:

W(w, cosj , +ssinj,)

ufs) = a

s? + w?
2N1_ 2N-2 " (6_19)
—_ bls ot bzs A b2N—1S + sz
SN 4 azszm-z + ...+ azN-252 + a,

where a, and b, associated with W, w,, and j , are the parameters to be estimated. It
is noted that the Laplace's transform of d (t ) is unity, then the right side of Eq. (6-19) is
now viewed as the transfer function of a scalar output of alinear stationary system with a

:0)
As)

characteristic equation of the linear dynamic system. The information in Eq. (6-19)

unit impulse forcing function, i.e. And the denominator represents the

serves to completely determine a suitable and completely observable model of the form

Eg. (5-1). This can be written in the second controller canonical form:

uyt) = by boy - b, by xat)
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€0 1 0 . 0 00 i
e 0t o0
- u [
At) = eo 0 0 . 1 o xZt) + _:_0%,d(t) (6-20)
€¢o 0 0 . 0 1 ioi
g‘ a, 0 -ay., - -a OH %Ojb

Comparing the above equation to Egs. (4-34), the following equation is immediately
obtained

é 0 0 0 Ou 110
é a I Al
g 0 1 04 i0i
A =& i B =g=1l (62
720 0 0 1 og Z_GZ_-:-O-}’
€0 o0 0 -0 1 Ioi
é g [ 1
& ay 0 asn- 2 -a, 0Og t0p
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CHAPTER 7 NUMERICAL EXAMPLE

7.1 Basic Description and Assumption

As an illugtration of the development in the previous chapters, we consider the system similar to
that investigated in Chapter 3. The system is a four-gtory framed building that can be regarded
as aflexible structure. The building is claimed to a base in the form of arigid dab cgpable of
moving horizontdly relative to the ground. It is assumed that the base lies on a viscodagtic
support, modeled as a viscous damper and an dastic oring connected to the ground in pardld,

asshownin Figure 7-1.

—>
}ﬁ’ /—\/7 Ug
Ke n
e m >
©°“ 5 0

Figure 7-1. Model of a four-storey building system subjected to ground motion
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Figure 71 shows five horizonta control forces gpplied on the base and the four floors
individualy to attenuate the vibration of the building duo to the ground mation.

Condgdering the building is a two-dimensond assemblage of portd frames consding of
rectangular tubes and regarded as distributed-parameter beams and columns, modeed as
Euler-Bernoulli beams.  All eagtic members, whether a beam or column, have the same cross
section, which is a hollow rectangle. Each column |{? or 1’ is3mlongandeachbeam | {)’
is 7 mlong. The massdensty r, is 7800 Kg/n. The Young'smodulus E is216 GPa. The
weight of the base m, is8000 Kg. The spring stiffness k; is 2.63MN/m. The coefficient of
viscous damping € is 65.7 KNSm. The parameters of the structure and base are shown in
Table 7-1.

Table 7-1. The structural parameters used in the example

m Kg Cp E o O R R

8000Kg 2.63MN/m 657KNYm 216GPa 7800Kg/m® 7m 3m 3m

For the sake of smplicity, the motion of the ground and the base are assumed to take placein
the horizontd direction of the verticd plane done. The motion of the ground used in the
computer smulation was aways assumed uncertain and a random process. As mentioned in
Chapter 5, the ground motion was represented by a basis function descriptor that displays the
totaity of possble waveform components. That may be combined at any one moment of time
t toform uyt). In particular, it was represented by a combination of a set of snusoidd

functions, as shown in Eq. (7-1)

Uy () = & A sinmt +j) &
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Table 7-2. Parameters used in the random motion of ground

[ 1 2

3

4 5 6 7 8 9 10

A (mm) 7.4 3.6

w  (rad/s) 0 .0932
i, (rad) 0 -1.77

4.2
.1863
-.935

4.3 2.3 0.9 2.3 3.9 5.6 8.2
2795 3727 .4658 .5590 .6521 .7453 .8385
-1.69 -248 -459 -1.20 -154 -204 -2.64

[ 11 12

13

14 15 16 17 18 19 20

A (mm) 7.9 9.2
w (rad/s) .9317 1.025
j, (rad) 2924 2479

10.9
1.118
1.914

138 123 107 97 7.4 6.2 4.8
1211 1304 1398 1491 1584 1.677 1.770
1238 .3618 -304 -979 -1.80 -231 2932

In Figure 7-2 is shown

some of time histories of the random disturbance u (t) for

0 £t £50s
Ground Motion as Random Process
| mean —— —-sample_1 ------- sample_2 — - —--sample_3 — - — - -sample_4

150

100 {':3
—~~ M
£ I
E 50 f
£
4]
S
[
O
<
o
K9]
[a)

|
-100 U
o

-150

20 30 40 50

time, (sec)

Figure 7-2. The mean and 4 random samples of the motion of ground
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Thewind force Q,, was described asfiltered white noise, as seen in Eq. (4-6). Thewhite noise
g(t) haszero mean and variance s ;. Other noises used in previous development, ¢ (t ) and
u(t), were dso to be assumed to be white noise with zero mean. All variances of the white

noisssaregivenin Table 7-3.

Table 7-3. The variance of white noise

S4 S, S,

0.01 0.1 0.0001

7.2 Modeling of the System by Using the HFEM Technique

As a direct gpplication of the gpproach developed in Chapter 3, eigenfunctions of a uniform
fixed-fixes Euler-Bernoulli beam expressed in Eq. (2-13) were taken as the hierarchica
functions. In addition to the structurd parameters liged in Table 71, the other reative
parameters were number of sories N = 4 and number of hierarchicd functions

n, = n, = 3. Thusthe modd of the building system had 49 degrees of freedom before
model reduction by using moda truncation approach. To validate advantage of the HFEM, an

eilgenvalue problem was solved two times usng two models, one was HFEM, another was a
traditiond finite dement modd as a comparison.  The traditiond finite eement smulaion that
had 26,800 degrees of freedom was caried out usng the commercid software
MSC/NASTRAN.

The firgt 10 naturd frequencies of the entire building system from the HFEM is compared with
that results from NASTRAN. The comparison is shownin Table 4. It shows very good
agreement between the two results, with the fact that the analysis carried out by usng the
HFEM involved less degrees of freedoms, which is a sgnificant improvement. The degrees of
freedom were reduced from 26,880 to 49 usng HFEM technique, but the accuracy of the
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natura frequencies is in reasonable range. The difference between two results was within 2%

error.

Considering the highest angular frequency of the disturbance (lised in Table 7-2) was only 1.77
rad/s, we took the lowest 5 modes of the building with no the base as the truncated modes in
mode reduction, as mentioned in Chapter 3. Hence the truncated model had only 12 degrees
of freedom.

Table 7-4. Comparison of natural frequencies using HFEM and NASTRAN, (Hz)

Mode 1 2 3 4 5
HFEM 1.497 2.885 5.344 10.49 10.88
NASTRAN 1.480 2.886 5.101 9.924 10.09
Mode 6 7 8 9 10
HFEM 11.53 12.09 12.36 17.6 29.48
NASTRAN 11.25 11.96 12.31 15.46 28.46

7.3 The State Space Implementation of the Control Models

In producing the multiple Channd Control (MCC) modd of this example, it is only necessary to
adopt five control forces expressed in Eq. (4-10). Following the procedure developed in
Chapter 4 it isnot difficult to create the MCC modd used in the numerica amulaion.

As dressed in Chapter 4, it should be noted that the control matrix B, in Egs. (4-30)

representing SCC mode is different from that in Egs. (4-22) representing MCC model. When
generaing the single Channel Control (SCC) modd for the example, it was required to find an
gopropriate weighting matrix U. It was very tempting to adjust the eements in the weighting
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matrix U 0 as to minimize the dynamic response of the building to the motion of ground. The
weighting matrix U that we obtained findly was

U ={2047.5 - 0.42 0.68 1.02 1.13}

The specid single Channd Control (SSCC) mode of the example was generated completely
following the procedure developed in section 4-3.

7.4 Control Simulation

The three control approaches developed in Chapter 5, the LQG control, the DAC control and
the LQG/DAC control, were dl smulated and compared in the numericd example in
conjunction with the three control models developed in Chapter 4, the MCC model, the SCC
mode and the SSCC modd. Thus, the smulation was carried up in nine cases. The nine cases
areasfollows:

Case 1. The MCC mode with the LQG control

Case 2. The MCC modd with the DAC control

Case 3. The MCC modd with the LQG/DAC control

Case 4. The SCC modd with the LQG control

Case 5. The SCC model with the DAC control

Case 6. The SCC modd with the LQG/DAC control

Case 7. The SSCC modd with the LQG control

Case 8. The SSCC mode with the DAC control

Case 9. The SSCC modd with the LQG/DAC control

All nine cases were performed by imitating red experiments. Figure 7-3 depicts the block
diagram of the smulation for the LQG control and the LQG/DAC contral. It should be pointed
out that the difference among the six smulation cases involved the LQG control or LQG/DAC
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contral liesin only the vaues of the gain matrixes K, , K, and L . But the smulation processes
were completely the same regardless the MCC model, the SCC mode or the SSCC mode.
Smilarly, no matter what the control model was the smulation processes for the DAC control

were the same. In Figure 7-4 the block diagram of the smulation for the DAC control is

shown.
|
d Fa
g
B, G, (S
Z ] Z X 0 . X 0 q
(S ( J - Kz CS) Ba /ﬁ) ( CT
A, A.
X, %, u
- K, ( (s

A, - LC, - B,K,

Figure 7-3. Smulation block diagram of the LQG control and the LQG/DAC control

The goad was to minimize the displacement of the top floor relative to the base in the
dissertation. Now, when using the LQG control gpproach to determine the optima feedback
gain matrix, the matrixes Q and R were taken individualy as mentioned below

Q=¢'C
R = |5x5

where | .. isa5x5 unit matrix.
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Figure 7-4. Smulation block diagram of the DAC design

7.5 Simulation Results and Discussion

Throughout this work, al computer Smulations were transent models and implemented using
Matlab. Computer smulation results were described by the displacements, velocities and
accderations, which were depicted as a time history. The disolacements, velocities and
accelerations are absolute values for the base, but are relative values to the base for the building.
It should be noticed that dl results are not plotted for the sake of saving space. Only results of
the top floor and base are displayed in the plots, while dl results are ligted in tables. Thosein
which performance is not obvious are ignored. Besides the time history plots, the root mean
square (RMS) vaues of the displacements, velocities and acceerations are listed. The RMS
vaueis defined by

1 7
U = "'IT Qu?(t)dt (7-2)

In addition, relative control efficiency is given as an index number, which judges control
performance, and is defined by
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_ the RMSvdue without control - the RMS vaue with control . 100%
the RMSvaue without control

(7-3)

Control forces are given in maximum absolute vaue, which the actuator is able to provide.

7.5.1 The MCC Model with the LQG Control

Table 7-5 ligs the smulaion results of the MCC modd with the LQG control. It covers the
RMS vaues of the displacements, velocities and acceerations with and without control, the
relative control efficiency and the maximum control forces applied on the base and the top floor
through the bottom floor.

Figure 7-5 shows the time histories of the displacements of the top floor relative to the base
with and without control, in which uncontrolled responseis plotted in a blue dashed line and the

controlled response in ared solid line.

Figure 76 compares the velocities rdative to the base on the top floor with and without

control.

It is observed that the relative dsplacement of the top floor was reduced from 20.9 mm to 6.4
mm by usng the LQG contral in the MCC mode, as a result, the reative efficiency
corresponding to the displacement | was 69.4%, dthough the displacement of the base
increased by 0.012 mm. Moreover, the velocities and the accelerations of the top floor were
dso reduced from 0.9793 mm/s and 0.2287 mm/s” to 0.4906 mnV's and 0.1734 mm/s’,
repectively.  Consequently, the corresponding relative efficiencies | were, 49.9% and 24.2%
repectively. These preliminary results are quite encouraging.
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Table 7-5. Smulation results of the MCC model with the LQG control

without control with control relative efficiency (%)
u,,(mm) 26.1464 26.1582 -0.045
u,, (mm) 20.9302 6.4046 69.4
u,, (mm) 15.3743 4.4739 70.9
u,, (mm) 9.5583 3.5366 63.0
u, , (mm) 3.5917 1.8210 49.3
u, , (mms) 0.3611 0.3609 0.06
u,, (mm/s) 0.9793 0.4906 49.9
u,, (Mms) 0.7446 0.3358 54.9
u,, (mm/s) 0.6154 0.4332 29.6
u,, (mm/s) 0.5864 0.4328 26.2
U, , (Mmmvs) 0.054 0.0538 0.45
u,, (mm/s) 0.2287 0.1734 24.2
U, (Mmm/s) 0.2549 0.1792 29.7
u,, (mm/s) 0.1452 0.1275 12.2
o, (Mmm/s) 0.2773 0.1994 28.1
F, , (N) 0.913
f,. (N) 53.666
fq, (N) 51.547
f,,(N) 49.458
f ., (N) 25.870

Figure 7-7 displays the actuator force acting on the base, where the largest pesk vaue was
only 0.913 N. Figure 7-8 shows the control forces gpplied on the building from the top floor
to the firgt floor, in which the maximum peak vaue was 53.7 N acting on the top floor.
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Comparison of Displacements on the Top Floor,
MCC Model with LQR Control

| — - — - - without control with control |

60

40

o UL L

Displacement, (mm)
o
—=
—5—

W G
-40‘

time, (sec)

Figure 7-5. Relative displacements of the top floor, (MCC model, LQG control)

Comparison of Velocities on the Top Floor,
MCC Model with LQG Control

| — - — - - without control with control

_[.IHM HHH

’lrl ””“

Velocity, (mm/s)

0 10 20 30 40 50

time, (sec)

Figure 7-6. Relative velocities of the top floor, (MCC model, LQG control)
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Table 7-6. The closed-loop eigenvalues for the MCC model with the LQG control

number the open-loop eigenvaues the closed-1oop eigenvalues

1 -0.0035+80.9693i -0.0035+80.9693i
2 -0.0035-80.9693i -0.0035-80.9693
3 -0.0035+84.2428i -0.0035+84.2428i
4 -0.0035-84.2428i -0.0035-84.2428i
5 -0.0061+5.4653i -0.0677+54.3117i
6 -0.0061-5.4653i -0.0677-54.3117i
7 -0.0319+543117i -0.2587+22.6167i
8 -0.0319-543117i -0.2587-22.6167i
9 -0.2150+22.6162i -0.5756+5.4957i
10 -0.2150-22.6162i -0.5756-5.4957i
11 -3.8387+17.4842i -3.8390+17.4840i
12 -3.8387-17.4842i -3.8390-17.4840i

Table 7-6 compares the closed-loop eigenvaues with the opentloop eigenvaues of the MCC
modd with the LQG control. The results show most closed-loop eigenvaues have greater
negative rea parts than the opentloop eigenvalues except that first four are the same. This
indicates the LQG control increased the damping of the controlled system in essentid.

7.5.2 The MCC Model with the DAC Control

In this case, the DAC problem is explored using the same mode as in the Case 1, i.e. five
independent actuator forces were utilized but the algorithm used to optimize the state feedback
gan marix K, was determined by using the DAC approach. Following the procedure

mentioned in the previous sections could obtain K, eadly from Eq. (5-36). The results of the

gmuldion arelisted in Table 7-7, while the corresponding curves are drawn in Figure 7-9
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Control Force Applied on the Base,
MCC Model with LQG Control

1.0
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0.6
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Figure7-7. Control force applied on the base, (MCC model, LQG control)

Comparison of Control Forces on the Building,
MCC Model with LQG Control

top floor  ------- third floor — - —--second floor — — — - first floor

60

Control Force, (N)

-60 1 1 1 1
0 10 20 30 40 50

time, (sec)

Figure 7-8. Control forces applied on the building, (MCC model, LQG control)

Page 7-14



CHAPTER 7 NUMERICAL EXAMPLE

through Figure 7-12. Figure 7-9 illugtrates the comparison of the displacements on the base
before and after the DAC control based on the MCC model, while Figure 7-10 displays that

on thetop floor.

Table 7-7. Smulation results of the MCC model with the DAC control

without control with control relative efficency (%)
u,,(mm) 26.1464 0.9413 96.4
u,, (mm) 20.9302 6.0698 71.0
u,, (mm) 15.3743 4.1818 72.8
u,, (mm) 9.5583 3.6513 61.8
u, , (mm) 3.5917 2.0976 41.6
u, , (mms) 0.3611 0.1141 68.4
u,, (mm/s) 0.9793 0.5768 41.1
u,, (Mms) 0.7446 0.4788 35.7
u,, (mm/s) 0.6154 0.4696 23.7
u,, (mm/s) 0.5864 0.5970 -1.8
U, , (Mmmvs) 0.054 0.0953 -76.4
u,, (mm's) 0.2287 0.2491 -8.9
u,, (Mm's) 0.2549 0.2896 -13.6
u,, (mm/s) 0.1452 0.1638 -12.8
o, (Mmm/s) 0.2773 0.3164 -14.1
F, . (kN) 270.2
f,. (N) 0.030
f4, (N) 0.089
f,,(N) 0.175
f ., (N) 0.181

The most notable characteritics of the DAC control were that the displacement and velocity of
the base was dgnificantly decreased. Especialy notable, the displacement of the base was
reduced by 96% from 26.1 mm to 0.94 mm. Thedisplacement of the top floor was dso
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Comparison of Displacements on the Base,
MCC Model with DAC Control
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Figure 7-9. Displacements of the base, (MCC model, DAC control)
Comparison of Displacements on the Top Floor
MCC Model with DAC Control
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Figure 7-10. Relative displacement of the top floor, (MCC model, DAC control)
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Control Force Applied on the Base,
MCC Model with DAC Control
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Figure7-11. Control force applied on the base, (MCC model, DAC control)

Comparison of Control Forces on the Building,
MCC Model with DAC Control
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Figure 7-12. Control forces gpplied on the building, (MCC model, DAC control)
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reduced from 20.9 mm to 6 mm. The relative control efficiency was up to 71%.

Figure 7-11 shows the control force acting on the base, the maximum magnitude of which was
270.2 KN. The DAC control force applied on the base was much greater than the LQG
control force that was only 0.913 N. Figure 7-12 depicts the comparison of the control forces

goplied on the building.

The results illudgtrate that the performance of the DAC control using the MCC model are good,
dthough the control force acting on the base was huge compared with that in the Case 1 in
which the LQG control was utilized.

It should be noted that an interesting phenomenon occurred in that the actuator forces acting on
the dadtic structure were very smal when compared with the forces acting on the base.

The closed-loop egenvaues of the MCC modd with the DAC control were aso caculated.
The closed-loop eigenvaues are the same as the opentloop eigenvaues. This is because the

DAC control only suppresses disturbance other than improves the characteristics of the system.

7.5.3 The MCC Model with the LQG/DAC Control

Table #8 shows the smulation results of the MCC modd with the LQG/DAC control.
Figure 7-13 demondrates the comparison of the displacements of the top floor relative to the
base after and before the hybrid LQG/DAC control using the MCC model. It indicates that the
RMS vadue of the relative displacement of the top floor to the base was reduced from 20.9 mm
to 23 mm. The rdative coefficient was 88.9 %, which is the best of three control dgorithmsin
the MCC modd.
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Figure 7-14 compares the displacements of the base with and without the LQG/DAC control.
It can be seen that the displacement of the base was reduced up to 96.7% from 26.1 mm to
0.86 mm by using the hybrid LQG/DAC contral.

Table 7-8. Smulation results of the MCC model with the LQG/DAC control

without control with control relative efficiency (%)
u,, (mm) 26.1464 0.8628 96.7
u,, (mm) 20.9302 2.3233 88.9
u,, (mm) 15.3743 1.3991 90.9
u,, (mm) 9.5583 1.9117 80.0
u, , (mm) 3.5917 1.4403 59.9
u, , (mms) 0.3611 0.1080 70.1
u,, (mmis) 0.9793 0.4054 58.6
u,, (Mm's) 0.7446 0.3507 52.9
u,, (mms) 0.6154 0.3569 42.0
u,, (mm/s) 0.5864 0.4052 30.9
G, , (mms) 0.054 0.0540 -77.8
u,, (mm's) 0.2287 0.2287 21.6
u,, (mm's) 0.2549 0.2549 26.8
u,, (Mmm/s) 0.1452 0.1452 7.7
u,, (mm/s) 0.2773 0.2773 26.4
F, . (kN) - 270.0 -
f,, (N) - 5.95 -
f4, (N) - 3.17 -
f,, (N) - 3.34 -
f,, (N) - 341 ;
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Comparison of Displacements on the Top Floor,
MCC Model with LQR/DAC Control
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Figure 7-13. Relative displacements of the top floor, (MCC model, LQG/DAC control)

Comparison of Displacements on the Base,
MCC Model with LQR/DAC Control
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Figure 7-14. Displacements of the base, (MCC model, LQG/DAC control)
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Comparison of Velocities on the Top Floor,
MCC Model with LQG/DAC Control
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Figure 7-15. Relative velocities on the top floor, (MCC model, LQG/DAC control)

Comparison of Control Forces on the Building,
MCC Model with LQR/DAC Control
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Figure 7-16. Control forces applied on the building, (MCC model, LQG/DAC control)
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Figure 7-15 shows the comparison of the relative velocities of the top floor to the base with
and without the hybrid LQG/DAC control.  The comparison illudtrates that the RMS value of
the velocity of the top floor relative to the base decreased by 58.6% from 0.9793 mnvs to
0.4054 mm/s,

Figure 7-16 displays the forces acting on the building from the first floor through the top floor.
The results indicated that the largest control force that was applied on the top floor was less
than 6 N. It was much less than that only using the LQG control, which was 53.7 N. The
results are quite encouraging. The reason of enthusasm isthat it is very difficult to gpply alarge
control force on the building even if it is not impossble. However the maximum magnitude of
the control force gpplied on the base ill was 270 kN, which had the same order of magnitude
asthe DAC control. Neverthelessit should not be atough problem because a number of larger
actuators can be adopted smultaneously on the base.

The closed-loop eigenvaues of the MCC modd with the hybrid LQG/DAC control were
cdculated. The same close-loop eigenvaues as the LQG control, shown in Table 7-6, were
obtained. Thisis due to the face that the DAC control does not affect the characterigtics of the

system.

Summarizing above three cases, it is gpparent the most of vibration mesasures, displacements,
velocities and accderations, were greatly improved by using active controller in the MCC mode
regardless whether with the LQG, the DAC or the LQG/DAC control law. It isfound that the
DAC contral including the LQG/DAC control mainly suppressed the dynamic response of the
base to the earthquake disturbance. As aresult the response of the entire building was reduced
greatly. This makes sense since the mation of the building structure arose from the motion of the
base, instead of the response to the direct input of theground u , . In contrast, the L QG control

didn’'t take effect on the motion of base. However the LQG control was able to reduce the
vibration of the building effectively. In addition, it was observed that the hybrid LQG/DAC
control developed in the dissertation resulted in the most displacement and velocity reduction on
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the base and al floors with much less control force gpplying only on the base, while the LQG
control yielded the most acceleration reduction.

7.5.4 The SCC Model with the LQG Control

From the Case 4 through Case 6, smulations where the LQG, DAC and hybrid LQG/DAC
controls were used individualy to reduce the vibration of the building under seismic excitation
were based on the SCC modd. The advantage of the SCC modd is that, it needs only one
channd sgnd that five actuator forces share. Thisiseconomica in red engineering obvioudy.

Following the procedure developed in the section 4-2 and using the LQG control approach, we
obtained the results shown in Table 7-9. Figure 7-17 through 7-19 present the comparison of
the displacements, velocities and acceleration of the top floor reative to the base before and
after the LQG control. Figure 7-20 shows the contral forces acting on the building.

Figure 7-17 shows the comparison of the displacements of the top floor relative to the base
with and without the LQG control in the SCC modd. It can be seen that the rdative
displacement of the top floor was reduced by 88.3%. The RMS vdue of the reative
displacement was reduced from 20.9 mm to 24 mm by using the LQG control in the SCC
modd.

Figure 7-18 digplays the comparison of the velocities of the top floor relative to the base with
and without the LQG contral in the SCC modd. It can be seen that the relative velocity of the
top floor was reduced by 87.1%. The RMS vaue of the relative velocity was reduced from
0.98 mm/sto 0.13 mm/s by using the LQG control in the SCC modd.
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Table 7-9. Smulation results of the SCC model with the LQG control

without control with control relative efficiency (%)
u,,(mm) 26.1464 21.5969 17.4
u,, (mm) 20.9302 2.4488 88.3
Us, (mm) 15.3743 1.8449 88.0
u,, (mm) 9.5583 1.2139 87.3
u, , (mm) 3.5917 0.4849 86.5
u, , (mm's) 0.3611 0.2882 20.2
u,, (mm/s) 0.9793 0.1263 87.1
u,, (Mms) 0.7446 0.1050 85.9
u,, (mm/s) 0.6154 0.0972 84.2
u,, (mm/s) 0.5864 0.0897 84.7
U, , (Mmmvs) 0.054 0.0497 8.04
u,, (mm/s) 0.2287 0.0588 74.3
U, (Mmm/s) 0.2549 0.0568 71.7
u,, (mm/s) 0.1452 0.0553 61.9
o, (Mmm/s) 0.2773 0.0607 78.1
F, . (kN) 96.58
f,. (N) 19.811
fq, (N) 32.076
f,,(N) 48.113
f ., (N) 53.302

Figure 7-19 illugtrates the comparison of the accelerations of the top floor reative to the base
with and without the LQG control in the SCC modd. It can be seen that the rdative
acceleration of the top floor was reduced 74.3%. The RMS vaue of the relaive acceleration
was reduced from 0.23 mmvs’ to 0.06 mm/s® by using the LQG control in the SCC mode.
From the results, we observe that the relative acceleration the building was decreased alot after
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SCC Model with LQG Control

— - — - -without control

with control

Acceleration, (mm/s”2)

-1.5

0 10 20 30 40 50

time, (sec)

Figure 7-19. Relative accelerations of the top floor, (SCC model, LQG control)
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Figure 7-20. Control forces applied on the building, (SCC model, LQG control)
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the LQG control in the SCC model compared with that in the MCC modd (24.2%). Thisis
one important festure of the LQG control in the SCC modd.

Figure 7-20 demondtrates the transient control forces gpplied on the whole building. 1t can be
seen that the biggest control force that was applied on the first floor were 53.3 N, which was
smilar to those with the MCC modd. However, the LQG control force with the SCC mode

applied on the base was 96.6 kN, which was greater than that with the MCC model that was
only 0.91 N. But the magnitude was acceptable because the control force was applied on the

base.

Table 7-10. The closed-loop eigenvalues for the SCC model with the LQG control

number the open-loop eigenvaues the closed-loop elgenvaues

1 -0.0035+80.9693i -0.0035+80.9693i
2 -0.0035-80.9693i -0.0035-80.9693i
3 -0.0035+84.2428i -0.0035+84.2428i
4 -0.0035-84.2428i -0.0035-84.2428i
5 -0.0061+5.4653i -1.9581+3.9599i
6 -0.0061-5.4653i -1.9581-3.9599i
7 -0.0319+543117i -2.2283+54.1581i
8 -0.0319-543117i -2.2283-54.1581i
9 -0.2150+22.6162i -4.1477+21.9903i
10 -0.2150-22.6162i -4.1477-21.9903i
11 -3.8387+17.4842i -13.6530+21.2443i
12 -3.8387-17.4842i -13.6530-21.2443i

Table 7-10 compares the closed-loop egenvaues with the opentloop eigenvalues of the SCC
model with the LQG control. The results show most closed-loop eigenvaues have greeter
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negative rea parts than the opentloop eigenvalues except that first four are the same. This
indicates the LQG control increased the damping of the controlled system in essentid.

7.5.5 The SCC Model with the DAC control

In this case the gain matrix was determined using the DAC control approach based on the SCC
model and no estimator was used. The smulation results are shown in Table 7-11. Figures
7-21 and 7-22 present the comparison of the displacements of the top floor and the base before
and after the DAC control with the SCC modd. Figure 7-23 shows the comparison of the
velocities of the top floor relative to the base with and without the DAC control. Figure 7-24
shows the control forces acting on the building.

The rdative digplacement response of the top floor to the base with the DAC contral in the
SCC modd is compared with that without control in Figure 7-21. The comparison shows
good control performance of the control system with the fact that the relative displacement of
the top floor was reduced by 76.3%. The RMS vaue of the relative displacement was reduced
from 20.9 mm to 4.9 mm by using the DAC contral in the SCC modd.

Figure 7-22 displays the comparison of the disolacements of the base with and without the
DAC control in the SCC model. 1t can be seen that the displacement was reduced 58.6 %.
The RMS value of the displacement was reduced from 26.1 mm to 10.8 mm by using the DAC
contral in the SCC modd.

Figure 7-23 illugtrates the comparison of the velocities of the top floor relative to the base with
and without the DAC control in the SCC modd. It can be seen that the relative velocity of the
top floor was reduced by 63.3 %. The RMS value of the rdative velocity was reduced from
0.98 mm/s to 0.36 mm/s by using the DAC control in the SCC modd.
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Table 7-11. Smulation results of the SCC model with the DAC control

without control with control relative efficiency (%)
u,,(mm) 26.1464 10.8246 58.6
u,, (mm) 20.9302 4.9605 76.3
Us, (mm) 15.3743 3.8589 74.9
u,, (mm) 9.5583 2.9344 69.3
u, , (mm) 3.5917 1.5085 58.0
u, , (mm's) 0.3611 0.1546 57.2
u,, (mm/s) 0.9793 0.3594 63.3
u,, (Mms) 0.7446 0.3291 55.8
u,, (mm/s) 0.6154 0.2739 55.5
u,, (mm/s) 0.5864 0.4662 20.5
U, , (Mmmvs) 0.054 0.0518 4.07
u,, (mm/s) 0.2287 0.1834 19.8
U, (Mmm/s) 0.2549 0.2461 3.47
u,, (mm/s) 0.1452 0.0999 31.2
o, (Mmm/s) 0.2773 0.2702 2.57
F, . (kN) 271.59
f,. (N) 55.712
fq, (N) 90.2
f,,(N) 135.3
f ., (N) 149.89

Figure 724 demondrates the time higtory of the control forces gpplied on the building. It

shows that the biggest control force were 149.9 N, which was exerted on the first floor. From

Table 7-11, it can be seen that other control forces applying the building, from 55.7 to 149.9

N, were 0 quite large compared with those in the preceding cases. This implies that it will

probably be difficult to implement the control in the red world since these control forces should

be exerted on the floor.

It is dso noted that the DAC control force with the SCC mode

applied on the base was up to 271.6 KN. It was greater than that with the LQG control, which
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Figure 7-23. Relative velocities on the top floor, (SCC model, DAC control)
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Figure 7-24. Control forces applied on the building, (SCC model, DAC control)
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was only 96.6 KN. Luckily, this force is practicable because the control force was applied on

the base.

The closed-loop eigenvalues for this case were cdculated and are the same as the opertloop
eigenvaues. Asmentioned in section 7.5.2, the DAC control only suppresses disturbance other
than improves the characteristics of the system.

7.5.6 The SCC Model with the hybrid LQG/DAC Control

In this case, we used the hybrid LQG/DAC control approach to optimize the state feedback
gain matrix in the SCC modd. Then, acomputer smulation in which active controllers using the
gain was adopted to reduce dynamic response of the building to seismic excitation. Table 7-12
ligs the computer sSmulation results  Figures 7-25 to Figures 7-27 illugrae the
corresponding curves of the comparison of the disolacements, velocities and acceeration of the
top floor relative to the base before and after the hybrid LQG/DAC control. Figure 7-28
shows the control forces acting on the building.

Figure 7-25 shows the comparison of the displacements of the top floor relative to the base
with and without the hybrid LQG/DAC control in the SCC modd. It can be seen that the
relaive displacement of the top floor was reduced 85%. The RMS vaue of the reative
displacement was reduced from 20.9 mm to 3.1 mm by using the hybrid LQG/DAC control in
the SCC modd.

Figure 7-26 displays the comparison of the velocities of the top floor relative to the base with
and without the LQG contral in the SCC modd. It can be seen that the relative velocity of the
top floor was reduced 92.5%. The RMS vaue of the rdative velocity was reduced from 0.98
mnV/s to 0.07 mnvs by using the hybrid LQG/DAC contral in the SCC modd. Comparing the
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velocity with those in previous control, we find that the performance of the hybrid LQG/DAC
control in the SCC mode was the best in reducing vibration velocity of the building.

Table 7-12. Smulation results of the SCC model with the LQG/DAC control

without control with control relative efficiency (%)
u,, (mm) 26.1464 11.7659 55.0
u,, (mm) 20.9302 3.1395 85.0
u,, (mm) 15.3743 2.7520 82.1
u,, (mm) 9.5583 2.0168 78.9
u, , (mm) 3.5917 0.8297 76.9
u, , (mm's) 0.3611 0.1527 57.7
u,, (mmis) 0.9793 0.0734 92.5
u,, (Mms) 0.7446 0.0700 90.6
u,, (mm/s) 0.6154 0.0708 88.5
u,, (mm/s) 0.5864 0.0780 86.7
U, , (mm/s) 0.054 0.0495 8.34
u,, (Mmm/s) 0.2287 0.0583 745
U, (Mm's) 0.2549 0.0553 78.3
u,, (mm/s) 0.1452 0.0558 61.6
u,, (mm/s) 0.2773 0.0627 77.4
F, . (kN) 309.36
f,, (N) 63.46
fa, (N) 102.74
f,, (N) 154.12
f.,(N) 170.74

Figure 7-27 illustrates the comparison of the accelerations of the top floor reative to the base
with and without the LQG/DAC control in the SCC modd. It can be seen that the relative
accderation of thetop floor wasreduced 74.5%. The RMSvadue of the reative accderation
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Figure 7-25. Relative displacements of the top floor, (SCC model, LQG/DAC control)
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Figure 7-26. Relative velocities of the top floor, (SCC model, LQG/DAC control)
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was reduced from 0.23 mm/s® to 0.06 mm/s’ by using the LQG/DAC control in the SCC
mode. The effect was the same as that with the LQG control.

Figure 7-28 demongtrates the trandgent control forces gpplied on the whole building. It can be
seen that these control forces were quite large, even larger than those in the LQG contral.

Smilarly, it is not very convenient to reslize the control in the physca world. Meanwhile the
control force applied on the base was increased to 309.4 kN, which was the biggest vaue of dl

nine cases.

The closed-loop eigenvalues of the SCC modd with the hybrid LQG/DAC control were
caculated. The same close-loop egenvdues as the LQG control, shown in Table 7-10, were
obtained. Thisisdue to the face that the DAC control does not affect the characteristics of the
system.

7.5.7 The SSCC Model with the LQG control

From the Case 7 through Case 9, smulations were based on the SSCC modd, in which the
LQG, DAC and hybrid LQG/DAC controls were used, respectively to reduce the vibration of
the building under seismic excitation. As mentioned in Chapter 4, the most remarkable feature
of the SSCC modd was only one actuator needed to act on the base. In the Case 7, we
performed the smulation where the LQG control in the SSCC modd was used. Table 7-13
gives dl the amulation results, while Figure 7-29 through Figure 7-31 present the comparison
of the displacements, velocities and acceleration of the top floor relative to the base before and
after the LQG contral. In Figure 7-32 the time history of the LQG control force acting on the
base is shown.

Figure 729 shows the comparison of the displacements of the top floor relative to the
base with and without the LQG control inthe SSCC modd. It canbeseen that therddive
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Comparison of Accelerations on the Top Floor,
SCC Model with LQR/DAC Control
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Figure 7-27. Relative accelerations of the top floor, (SCC model, LQG/DAC control)
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Figure 7-28. Control forces applied on the building, (SCC model, LQG/DAC control)
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displacement of the top floor was decreased by 92.7% when usng LQG control, while the
RMS vaue of the relative displacement was reduced from 20.9 mm to 1.5 mm.

Table 7-13. Smulation results of the SSCC model with the LQG control

without control with control relative efficiency (%)
u,, (Mmm) 26.1464 16.1585 38.2
u,, (mm) 20.9302 1.5279 92.7
us, (mm) 15.3743 1.1069 92.8
u,, (mm) 9.5583 0.7264 92.4
u, , (mm) 3.5917 0.3053 915
u, , (mm/s) 0.3611 0.2149 40.5
u,, (mm/s) 0.9793 0.0911 90.7
U,, (mm/s) 0.7446 0.0759 89.8
u,, (mm/s) 0.6154 0.0763 87.6
u,, (mm/s) 0.5864 0.0774 86.8
U, , (mm/s) 0.054 0.0494 8.59
u,, (mm's) 0.2287 0.0567 75.2
U, (Mm's) 0.2549 0.0530 79.2
u,, (mm/s) 0.1452 0.0536 63.1
u,, (mm/s) 0.2773 0.0588 78.8
F, , (kN) 134.619
f, (N) -
fa, (N) -
f,, (N) -
f.,(N) -

Figure 7-30 compares the velocities of the top floor rdative to the base with and without the
LQG contral in the SSCC modd. By usng the LQG control, the relaive efficiency
corresponding to the velocity was reduced by 90.7% according to Table 7-13, and the RMS
vaue of the relative velocity was reduced from 0.98 mmy/sto 0.09 mnvs.
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Figure 7-29. Relative displacements of the top floor, (SSCC model, LQG control)
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Figure 7-30. Relative velocities of the top floor, (SSCC model, LQG control)
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Comparison of Accelerations on the Top Floor,
SSCC Model with LQR Control
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Figure 7-31. Relative accelerations of the top floor, (SSCC model, LQG control)
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Figure 7-32. Control forces applied on the base, (SSCC model, LQG control)
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Figure 7-31 illugtrates the accelerations of the top floor relative to the base before and after the
LQG contral in the SSCC modd. By usng the LQG control, the RMS vaue of the reative
acceleration was reduced from 0.23 mm/s® to 0.05 mnVs, where the rdaive efficiency of the
accel eration was reduced by 75.2%.

Figure 7-32 demondtrates the transient control forces applied on the base. 1t can be observed
that the maximum peak vaue of the control force was only 134.6 kN, which was quite larger
compared with those LQG control forces acting on the base in the previous cases. But the cost
was dill the most economy because this control force was only one used to reduce vibration of
the building.

Table 7-14. The closed-loop eigenvalues for the SCC model with the LQG control

number the open-loop eigenvaues the closed-1oop eigenvaues

1 -0.0035+80.9693i -0.0035+80.9693i
2 -0.0035-80.9693i -0.0035-80.9693
3 -0.0035+84.2428i -0.0035+84.2428i
4 -0.0035-84.2428i -0.0035-84.2428i
5 -0.0061+5.4653i -1.8525+3.8168i
6 -0.0061-5.4653i -1.8525-3.8168
7 -0.0319+543117i -2.7876+54.2144i
8 -0.0319-543117i -2.7876-54.2144i
9 -0.2150+22.6162i -4.1959+21.7732i
10 -0.2150-22.6162i -4.1959-21.7732i
11 -3.8387+17.4842i -16.8531+22.3393i
12 -3.8387-17.4842i -16.8531-22.3393i

Table 7-14 compares the closed-loop egenvaues with the open-loop elgenvalues of the SCC
modd with the LQG control. The results show most closed-loop eigenvaues have greater
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negative red parts than the openloop eigenvalues except that first four are the same. This
indicates the LQG control increased the damping of the controlled system in essentid.

Comparing the results with those from the previous smulations, it is observed that the
performance of the LQG control in the SSCC modd was the best one. Not only was the
reduction of the vibration including dl the measurements of displacement, velocity and
acceleration at the top of the building largest, but that at other floors were largest. Moreover,
the control force only exerted on the base was il rdatively smal among al the previous control

cases except the LQG control cases.

7.5.8 The SSCC Model with the DAC control

In this case, the DAC technique was used to seek the optima state feedback gain in the SSCC
model. Similar to the Case 7 only one actuator force was aso needed since the SSCC model
was used. Table 7-15 ligs the numericd results, while Figures 7-33 to 7-36 demongtrate the

performance curves.

Figure 7-33 presents the comparison of the digplacements of the top floor relative to the base
with and without the DAC control. It can be found that the relative displacement of the top
floor was reduced by 82.5% and the RMS value of the displacement was reduced from 20.9
mm to 3.7 mm by using the DAC control based on the SSCC modd.

Figure 7-34 compares the absolute displacements of the base with and without the DAC
control in the SSCC model. After using the DAC control based on the SSCC modd, the
displacement was decreased by 98.4%, and the RMS vaue was reduced from 26.1 mm to
0.42 mm.
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Table 7-15. Smulation results of the SSCC model with the DAC control

without control with control relative efficiency (%)
u,,(mm) 26.1464 0.4189 98.4
u,, (mm) 20.9302 3.6628 82.5
Us, (mm) 15.3743 2.1832 85.8
u,, (mm) 9.5583 2.9440 69.2
u, , (mm) 3.5917 1.8030 49.8
u, , (mm's) 0.3611 0.0979 72.9
u,, (mm/s) 0.9793 0.4916 49.8
Us, (Mmnvs) 0.7446 0.4155 44.2
u,, (mm/s) 0.6154 0.3840 37.6
u,, (mm/s) 0.5864 0.4586 21.8
U, , (Mmmvs) 0.054 0.0957 -77.3
u,, (mm/s) 0.2287 0.1965 14.1
U, (Mmm/s) 0.2549 0.2243 12.0
u,, (mm/s) 0.1452 0.1353 6.8
o, (Mmm/s) 0.2773 0.2429 12.4
F, . (kN) - 270.161 -
f,. (N) - - -
f4, (N) - - -
f,, (N) - - -
f., (N) - - -

Figure 735 digplays the comparison of the velocities of the top floor reative to the base
before and after the DAC control in the SSCC model. It can be observed that by using the
DAC control the relative velocity of the top floor was decreased by 49.8% and the RMS value
of the relative velocity was reduced from 0.98 mm/sto 0.49 mnvs.
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Figure 7-35. Relative velocities of the top floor, (SSCC model, DAC control)
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Figure 7-36. Velocities of the base, (SSCC model, DAC control)
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Figure 736 demongrates the comparison of the absolute velocities of the base with and
without the DAC contral in the SSCC modd. The redive efficiency of the veocity was
reduced 72.9% and the RMS vaue of the velocity was reduced from 0.36 mnv/s to about 0.1
mnV/'s by using the DAC control in the SSCC model.

In Table 7-15, note that the control force applied on the base was 270.16 kN, which had the
same order of magnitude as most of control forces applied on the base. Comparing the results
with those from the previous smulations observes that the DAC control in the SSCC modd had
the best effect on reducing vibrations of the base.

Smilar to previous cases usng the DAC control, the closed-l1oop eigenvalues caculated are the
same the open-loop eigenvalues since the DAC control does not affect the characterigtics of the
controlled system.

7.5.9 The SSCC Model with the LQG/DAC control

Findly we conducted the computer smulation of the dynamic response of the building under
seigmic excitation with and without the LQG/DAC control in the SSCC modd. The reaults
obtained are shown in Table 7-16. Figure 7-37 through 7-40 present the comparison of the
displacements and the velocities of the top floor and the base.

Figure 7-37 shows the comparison of the displacements of the top floor relative to the base
with and without the LQG/DAC control in the SSCC mode. It can be seen that the rdative
effidency of the displacement of the top floor was reduced 97.5% and the RMS vaue of the
relative digplacement was reduced from 20.9 mm to 0.52 mm by using the LQG/DAC control
in the SSCC modd .
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In Figure 738, the absolute displacements of the base with and without the LQG/DAC
control in the SSCC mode are compared. There, the relative efficiency of the displacement
was reduced by 99.1% and the RM S vaue of the displacement was reduced from 26.1 mm to
0.24 mm by using the LQG/DAC control based on the SSCC modd.

Table 7-16. Smulation results of the SSCC model with the LQG/DAC control

without control with control relative efficiency (%)
u,, (mm) 26.1464 0.2353 99.1
u,, (mm) 20.9302 0.5233 97.5
u,, (mm) 15.3743 0.3690 97.6
u,, (mm) 9.5583 0.3537 96.3
u, , (mm) 3.5917 0.2155 94.0
u, , (mms) 0.3611 0.0766 78.8
u,, (mm/s) 0.9793 0.0921 90.6
u,, (Mmms) 0.7446 0.0879 88.2
u,, (mms) 0.6154 0.0911 85.2
u,, (mm/s) 0.5864 0.0897 84.7
U, , (mms) 0.054 0.0992 -83.7
u,, (mm's) 0.2287 0.1141 50.1
u,, (mm's) 0.2549 0.0981 61.5
u,, (Mmm/s) 0.1452 0.1127 22.4
u,, (mm/s) 0.2773 0.1048 62.2
Fy » (kN) 270.562
f,, (N) -
f3, (N) -
f,, (N) -
f., (N) -

Figure 7-39 digplays the comparison of the velocities of the top floor relative to the base with
and without the LQG/DAC control in the SSCC modd. It can be seen that the
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Comparison of Displacements on the Top Floor,
SSCC Model with LQR/DAC Control
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Figure 7-37. Relative displacements of the top floor, (SSCC model, LQG/DAC control)
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Figure 7-38. Displacements of the base, (SSCC model, LQG/DAC control)
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reldive efficiency of the velocity of the top floor was reduced by 90.6% and the RMS vaue of
the relative velocity was reduced from 0.98 mnvs to 0.09 mmv/s by using the LQG/DAC control
in the SSCC modd.

Figure 7-40 demondrates the comparison of the velocities of the base with and without the
LQG/DAC control in the SSCC modd. After usng the hybrid control the relative efficiency of
the velocity was reduced by 78.8%, while the RMS vaue of the absolute velocity was reduced
from 0.36 mm/s to about 0.08 mmy/s.

From Table 7-16 it is observed that the largest control force exerted on the base was 270.6
kN, which had the same order of magnitude as much of the control force exerted on the base.

The closed-loop eigenvaues of the SSCC modd with the hybrid LQG/DAC control were
cdculated. The same close-loop eigenvaues as the LQG control, shown in Table 7-14, were
obtained. Thisis due to the face that the DAC control does not affect the characteristics of the
system.
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7.6 Summary

Synthesizing the smulation results above, it can be observed:

1.

The hybrid LQG/DAC design in conjunction with the SSCC modd is the best suitable,
when the primary objective is the disolacement reduction of the top floor rdative to the
base. 97.5% displacement reduction can be achieved.

The hybrid LQG/DAC design based on the SCC modd is the most favorable option when
the velocity reduction of the top floor relative to the base is desired. This dlows us to
reduce the relative velocity by 92.5%;

The LQG control with the SSCC modd is the firs choice in the ingance tha the
acceleration reduction of the top floor relative to the base is priority. In the example, the
acceeration is decreased up to 75.2% by using the LQG control with the SSCC model.

If the number and magnitude of the control forces is limited, the LQG control with the
SSCC modd is better, where one control force of 134.6 kN applied in the base can results
in the effectiveness of 92.7% displacement reduction, 90.7% veocity reduction and 75.2%
acceleration reduction of the top floor relative to the base.

Single Channd Control modd including the SCC and SSCC modd not only saves resource
but dso results in sgnificant vibration reduction in conjunction with the hybrid LQG/DAC
design.
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CONCLUSIONS

This dissertation has investigated the two most important problems of active vibration
control, modeling and control design. Three state variable models of building structures
with feedback control system under seismic excitation have been developed. The
modeling process contains two parts, the derivation of discrete differential equations of
motion based on the extended Hamilton principle by using HFEM and the state space
realization of the discrete equation. In the state space realization three models namely
the MCC, the SCC and the SSCC model have been proposed. The control system design
primarily adopts two differential control methodologies, the LQG and the DAC
approaches. Also, a hybrid LQG/DAC design has been proposed.

All the three models include a passive control system consisting of a viscous damper and
an elastic spring used to isolate vibratiors transmitted from ground motion. The MCC
model is a general multiple input/multiple output (MIMO) dynamic system. The SSCC
model, where only one actuator acting on the base is needed, is a single input/multiple
output (SIMO) dynamic system However the SCC model has duality. On one hard, it is
a MIMO system when control actuators are regarded as the input. On the other hand, it
can be regarded as a SIMO system when a control signal acts as the input. Moreover,
three different types of control methodologies, the LQG, the DAC and the hybrid
LQG/DAC control approaches, have been successfully developed to actively suppressthe
vibration of the building structures due to seismic disturbance. The distinction of the
three control designs lies in the application of differert algorithms for optimizing the
state feedback gain matrix. Additiorally, the Kalman filter is used as an optimal observer
to estimate the state of the system in the LQG and the LQG/DAC design. At the same
time, a system identification technique was adopted to model the disturbance state
equation, which proved to be indispensable for the feedback control in the state space.

A numerical ssimulation of a four-story building has been carried out under nine cases

considering various combinations of the three models ard the three control designs. The
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number of cases was necessary to verify the effectiveness of control technique devel oped
in this study. The simulation results are quite encouraging. In general, the hybrid
LQG/DAC control in conjunction with the SSCC model is the best choice.

Although the proposed methods utilize many well-known concepts and methodologies,
some significant contributions of the dissertation are:
A development of the HFEM for modeling building structures with feedback
control system with fewer than average degrees of freedom without losing
accuracy.
Three control models, the MCC, the SCC and the SSCC models, are proposed. It
has been shown that the standard state-space control design techniques, such as
the LQG control techniques, can be straightforwardly used in these models. The
main advantage of the SCC model is that only one control signal is necessary.
Evermore attractively, only one actuator is need in the SSCC mode.
The DAC technique is developed to actively reduce vibration of buildings
subjected to seismic excitation. The hybrid LQG/DAC approach proposed in the
study has especialy illustrated significant potential compared with other control
designs. The simulation results have shown excellent performance of the hybrid
LQG/DAC approach.
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