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Abstract

This paper analyzes the dynamical modeling of high-
rise building and the design of control systems for suppress-
ing wndesired vibrational motion at the top of the build-
ing originaled by natural disturbances such as earthquakes,
wind, etc. The control system is designed according to I,
and Il robust control theorics. The performance of the
building with 17, controlier is analyzed in the time and fre-
quency domains and the vibration isolation and robustness
properties of 1T, and H, control systems are examined and
compared. The design procedure, structure and properties
of Il controllers are analyzed.

1 Introduction

The trend of building construction in the near future
will be of high-rise type. High-rise buildings have to be
protected {rom natural disturbauces such as earthquakes,
wind {orces, etc. This paper presents a design methodology
of the control system to suppress undesired vibrational mo-
tion at the top of the building. The objective is to keep the
lateral displacement of the top of the building as small as
possible and to reduce the vibration transmissibility from
ground motion (or wind forces) to the building compart-
ments in order to reduce the vibration sensitivity of people
staying inside the building as well as to reduce the vibra-
tional stress of the building itsell.

The structure of the building and control system
are modeled as a 2 degrecs-of-freedom system with spring,
damper and lumped masses. The control system is designed
according to Hy and H. control theories. According to
these theoties a controller is designed to minimize the cn-
ergy transfer from disturbances w to controlled oulput vari-
ables z. The amount of energy transfer is expressed by the
norm (M, or I ) of the transfer function from w to z.

The paper is organized as {ollows. Section 2 presents
the dynamical modeling of the building including the deter-
mination of the state variables, measured output variables
and controlled variables. Section 3 describes the generalized
plant as well as the assumptions imposed on it. Section 4
details the procedure to design H, controllers and analyzes
their internal structure. Section 5 analyzes the frequency,
step and random responses of the perlormance variables of
the closed-loop system with H, and H, controllers. Also
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Figure 1: Fundamental structure of building model

the robustness properties of the closed-system and the esti-
mation capabilitics ol [, and H; observers are examined.
Section 6 contains some concluding remarks.

2 Modeling of High-Rise Building

2.1 Motion equations

The fundamental structure of a high rise building and
its control system are shown in Fig.l. The structure of
the building may vibrate excited by ground motion (earth-
quakes) or lateral forces (wind). The control system is
basically composed of an actuator and a vibraling mass.
This mass vibrates driven by actuator forces which are
properly regulated so that the actuator-mass structure of
the control system absorbes the undcsired vibrations of the
building.

The building and coutrol system can be modeled as
a two degrees-of-freedom mass-spring-damper system as
shown in Fig.2. In this figure m, represents the equiva-
lent mass of the building and m, represents the mass of the
vibrating body of the control system. Mass m is connected
to ground through a spring and damper connected in par-
allel. Masscs my and my are connected by a spring and
damper and a controlled actuator which provides regulated
forces.

The equations describing the lateral motion of the
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building mass m and vibrating mass m, arc:

midy =~k — dyde + kargs 4 data — o (1)

Mgty = —hkyag — dydy + u (2)

where hy, k; arce spring constants, dy and dy are damp-
ing cocflicients and u is the controlled force provided by
the actnator whose dynamics is not considered.  xy and
xq are Lhe absolute displacements of masses my and my,
respeciively. g and @4 represent relative displacements:
Ty =1 —xp and xg = 1y — 7.

Delining the state vector x

X =[ta w2, &1, T (3)

and combining Tigs.1 and 2, the following state-space equa-
Lion can be formulated:

x=—Ax + Bu + Wu, (1)

where wy = #y. Matrices A, B and W are:

dafiny  kafing —dymy 0
— 0 | 0 ]
A= —dyfmy —kyfre (dy A+ dyY iy ko (5)
0 [t} —1 0
1/, 0
0 0 .
B= —1/m W= difm, (©)
0 -1

2.2 Measured output equation

Athough several sensors can be used to measure the
present value of the state variables of the building and its
comtrol system, in this paper it is assumed that an ac-
celerometer measuring #; and a gap sensor measuring the
relative displacement @y; are available. Since ¥ is nol a
stale varjable, it will be integrated to obtain the velocity
i which together with a4 are the measured onlput vari-
ables. Considering the presence of measurcment, noise, the
measured oufpul vector y is:

v= i o

where wy and wy represent Lhe measurement noise.

2.3 Controlled Variables

The objective of the control systéi is to reduce the
vibration of the building in order to minimize its mechani-
cal slress as well as to reduce the vibration transmissibility
to people staying inside the building. Several state vari-
ables may be selected as measure of the vibration of the
building as well as measure of the performance of the con-
trol system: (a) acceleration ol building mass &, is usually
related to human sensitivity Lo vibrations and dynamical
stress of building materials, (b) rclative displacement ol
building components w1 is usnally related to static stress
of building malterials. . is desirable that both variables be
kept as small as possible.

Since both variables #; and @y are directly related to
the velocity of the building mass &4, in this paper &y, will
be the performance variable 1o be minimized by the control
system. Also, since the displacement of the vibrating mass
of the conirol system g should be bounded and the control
resources w are limited, hoth variables should also be kept,
al physically reasonable values. Therelore, the controlled
variables of the system arce chosen to he:

[, a9, @] (%)

3 Generalized Plant

By properly arranging the state-space equation, mea-
sured outpul cquation and controlled variables, the gener-
alized plant ol the controlled system can be formulated as:

x = —Ax + Bjv + B,w Q)]
Yy = CIX + D”U 4 I)|2\’V (IO)
z = Cyx + Dyu + Dyw (L)

where z represents the controlled vector composed of the
controlled varables affected by weighting coeflicients (e
and ;) selected so that the closed-loop system meets the
specificalions. w represents the disturbance vector com-
posed of ptant disturbances and measurcment, noisc:

u wy
7= | ey W= w, (12)
Ca ."I.'] wn

The composition of the matrices of the generalized plant are
detailed in Tq.43. The lollowing assumptions are made on
the generalized planl for a direct application of the DGKF
design procedure of 1., controllers:

e (—A, B))is stabilizable and (C;, —A) is detectable.
o (—A, B,) is stabilizable and (Cy, —A) is detectable.
e Dy = O and Dy, = O

e DIi[C, Dy} =[O0 I

EALEIN

A detailed description of the generalized plant with input
veetors woand u and ontput vectors z and y is shown in
g3
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Figure 3: Block diagram of generalized plant
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4 H, Robust Control

As it was mentioned in the previous section, the ob-
jective of the control system is Lo minimize the value of
the perforinance variables in order to improve the vibration
isofation propertics of the building. Since there are several
petformance variables, the objective of the control system
will be to minimize the norm of the perfomance veclor z.
In optimal control theory, two are the most common perlor-
mance measures of vector z: Il norm and Il norm. The
H, norm is related Lo the linear quadratic Gaussian (LQG)
optimal control problem. The H, norm is usually defined
in the frequency-domain for a stable transfer matrix and
is the performace measure to be optimized when designing
controllers according to Iy, robust control theory.

... controllers minimize the I, norm of the trans-
fer function T,,, from disturbance w to controlled output
vector z. The I, norm of a transfer function is defined
as its maximum singular value gy q, over all the frequency
speclrunm:

(13)

Optimal (sub-optimal) fl, controllers are designed so that
the following condition is satisfied:

”Tzlu”co = St‘/P Umur[sz(jw)]

by Tl

o <1 (14)
where 7 is the maximum possible scalar value. The [l
controller can he structured from the positive seni-definite
solutions X and Y of the following two Riccati equalions:

X[B,BT - 4’B,B] | X + ATX + XA - C]{C, = O (15)

Y[CTC, - 1*CIC, | Y + AY + YAT — B,B] = O (16)

In order to design an internally stable I controller, the
spectral radius (maximum absolute eigenvalue) of the prod-
uct XY should satisfy the following inequality:

p(XY) < 1 (17)

The Il controller is described by the following state-
space equation:

% = —Ax + Byy (18)
v = -C% (19)
where:
A = A+ [BBT —9’B,B]|X + ZYC{C, (20)
B, = zvcT (21)
¢, = BTx (22)
and
Z=(I-4YX)" (23)

H. controllers have the separation structure of observer-
based compensators: the controller is composed of an ob-
server and a feedbak gain which correspouds to the optimal
feedback gain for the case of full state fecdback. The state
veclor of the T, observer, X, is the I, estimation of the
state vector x of the generalized plant. Figure 4 shows the
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block diagram of the generalized plant and I, controller
where it can be noted that the internal structure of the I,
controller is similar to that of the gencralized plant.

Hy optimal controllers can be designed according to
the same procedure described above with the only difference
being the value assigned to v: while optimal H, controllers
are designed for the maxiimitm possible vatue of 4, optimal
I, controllers are designed considering ¥ = 0 which can
be interpreted as the fact that [, controlllers are designed
without imposing any constraint on the I norm of the
tranfler function T.,,,.

5 Results and Analysis

Alter 11, and Il controllers were designed, their prop-
crties and performance were analyzed in the time and fre-
quency domains. In the following, the reot-locus, lrequency
and step responses of the closed-loop system will be ana-
lyzed. Also the estimation capabilities of Hy, and /3 ob-
servers and the robustness propertics of the # and /1,
controllers will be examined.

The baseline parameters of the building model correspoud
lo a laboratory-scale experimental set-up which is in con-
struction. 'he list of parameters is shown in Table 1.

5.1 Root-locus on S-plane

Figure 5 shows the root-locus plot of the closed-loop
system with controllers designed with different values of v.
Since the state ditmension of the building and controller is
4 (for each one), the closed loop systems has 8 poles. As
noted in the figure, the 1 poles related to the controller
change as « varics [rom ¥ = 0 10 Y4, = 0.00071428. As
i was mentioned in Section 4, v = 0 corresponds Lo the
optimal Il; controller and ¥y = ., corresponds to.the
optimal 1, controller.

[t is important to note that as v varies from 0 (0 Ve,
the poles of the closed-loop system move to the left on the
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Figure 5: Rool-locus of closed-loop poles

S-planc. It is known that as the poles move o the lelt the
stability and speed of response of the closed-loop system
are improved.

5.2 Frequency response

Figure 6 shows the gain of the frequency response of

the building mass acceleration #; and relative displacement
x19 and the relative displacement of the vibrating mass g
for the system with I, control, I1; control and passive
system (no control}. It can be noted that the peak of the
response around the resonant frequency has been siguifi-
cantly reduced by both Hy and Ty control. Irom the re-
sponse of 70 it can be noted that the system with H.
control presents better vibration isolation properties than
the system with H; control.
The gain of Lhe frequency response of x4y is higher [or /],
conirol than for Iy control and hoth responses are higher
than the response of the passive system. This behavior is
expected since the objective of the control system is to ab-
sorbe the vibrational motion coming {rom ground isolating
the building with the motion of the vibrating mass m; of
the control system.

5.3 Step response

Iigure 7 compares the step responscs of the perfor-
ance variables ¥y, a0 and x9( for active H., active Hy
and passive system. Similarly as the frequency responses
shown belore, the step responses of #, and x4 for H,, and
Iy control are better than the response of the passive sys-
tem: the rising and settling times of #; and the overshoot
and settling time of zyy are significantly improved by ac-
tive control. This improvements are more significative for
11, control than for /1; control. The relative displacement
x2i of the vibrating mass my is higber for /T, control than
for H, control and for the passive system as was for the
[requency response.

5.4 Response of H,, and I{; observers

Figure 8 and 9 compare the tie history of state vari-
ables 1 and a9 of the actnal system with the estimated
variables .7;:, and 2 of the ., and !/, observers when the
building is excited by stochastic motion of ground simulat-

dng and carthquake. From these responses it can be noted
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Fignre 6: Frequency response for ., control, H; control
and passive system

that the I, observer (FFig.8) estimate the actual state vari-
ables much better than the HH; observer (Fig.9). The better
estimation capabilities of the /1, observer in part explains
the better performance of the Hy, controller.

5.5 Change of nominal parameters

In order Lo examine the robustness properties of I,
and H, controllers against paramecter variations, the re-
sponse of the system for modified values of the parameters
have been analyzed. Figure 10 compares the step response
ol the system with /I and H, controllers when the nomi-
nal mass of the building has been incremented by 30%. It
can be noted that the responses for Hy, control have faster
rising and settling times. For x50 it can be noted that the
‘overshool is lesser for 11, control than for H; control.
Similar responses arc obtained when the equivalent damp-
ing of the building is reduced in 30% as shown in Fig.11.
While the vibrational motion of the building with If is
fastly damped out, it remains a longer time in the system
with /; control.

6 Conclusions

This paper has presented a procedure for the model-
ing and design of the vibration control system ol high-rise
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Figure 7: Step response for He control, Hy control and
passive system
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Figure 9: State estimation with If, obscrver

buildings. The design procedure ol Hy; and H, controllers
have been detailed and the performance of the building with
H. and I3 control have been analyzed and compared. 1t
has been found that the building with H, control presents
better vibralion isolation properties than the building with
I, control. The estimalion capabilities of If, and If, ob-
servers have been analyzed and it was found that If,, ob-
servers can identify the state vector of the actual system
much better than H, observers. The robustness propertics
of ., and H; controllers against parameter varialions were
analyzed and it was found that the Il controller preseiis
better robustness propertics.

Finally it is important to say that the performance improve-
ments and robustness achieved with 1/ control are at the
expense of larger actuator forces.
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Table 1. List of Parameters of Building Modcl

Building equivalent mass my | 10.0 Kg
Building cquivalent stillness ky §3552.0 N/m
Building equivalent damping dy | 57.0 N.s/in
Controller body vibraling mass my | 0.5 Kg
Controller hody equivalent stiffuess | k; | 0.0 N/m
Controller body equivalent damping { d; | 50.0 N.s/m
Weighting coeflicient ¢, cp | 100
Weighting cocllicient ¢y cz | 800
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