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Abstract- In this study, PID, LQR and sliding mode controllers are designed as active
seismic isolation devices on a multi degrees of freedofn structure. At first PID control is
applied as a conventional method. Since this control method can be applied easily and
well known widely, it has an important role in control applications. Secondly, a LQR is
designed to suppress the vibrations of the structural system. But these methods are not
insensitive to parameter changes. Since the model might have uncertainties and/or
parameter changes, sliding mode control has been introduced because of its well-known
robust character and superior performance. Additionally, this control method can easily
be applied to non-linear systems. The simulated system has four stories. A disturbance
input representing earthquake is applied to the base. At the end of the study, the time
history of the storey displacements, control voltage and frequency response of the both
uncontrolled, PID, L.QR and sliding mode controlled structures have been presented and
results have been compared.
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1. INTRODUCTION

Vibration control of buildings has become more important recently.
Developments were started with using passive control methods. Rubber bearing system
was one of good vibration isolation system because of lower cost and high damping
effects at decreasing level of vibration amplitude [11,[2]. Then the application of semi-
active conirol methods were became widespread. In 1999 Watanabe used Bidirectional
Active Dynamic Vibration Absorber to control vertical and horizontal vibrations of a
base-isolated building [3]. Because actual buildings have non-linearities, using active
and semi active schemes which are based on sliding mode control method was
suggested [4].

The aim of this study is to apply PID, LQR and non- chattermg sliding mode.
control to suppress the vibrations of structural systems and compare the results.
Chattering may cause damages if not prevented. A chattering free sliding mode control
application has been realized by Sabanovic [5]. Static output feedback controllers using
only the measured information from a limited number of sensors installed at strategic
locations were developed. Yang et al. showed that using static feedback controllers with
sliding mode control method has robust character with successful performancc 6]
Recent days, shdmg mode control method has been applied at flight control, robot
control and power systems control,
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2. MATHEMATICAL MODEL OF THE STRUCTURAL SYSTEM

In this study, the building used has four stories. The physical system has been
shown in Figure 1. m), m; and mj are masses of each storey respectively. mg is the mass
of the base. X,, X1, X; and x3 are the horizontal displacements of them. All springs and
dAampezs_ are acting in horizontal directions. The system parameters are presented at the

ppendix.
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Figure 1. Structural System

The equation of motion is given by

MX +CX+KX =F, +F, &

where X = [ xoX{X2x31", Fa=[-Fs000]" and F, = [ -F, F, 0 0]". Fy denotes a force
representing the effect of earthquake acting on the structure. Control force F, is
produced by linear motor. M, C and K are the mass, damping and stiffness matrices.

The equation of the linear motor is:

R-i+K,(x,~%)=u 2)

u and i are the voltage and current of the armature coil respectively. u is the control
voltage input. R and K, are the resistance value and induced voltage constant of the
armature coil. The current of the armature coil and control force have the following

relation:
F,=K r i (3)
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Ky is the thrust constant. The inductance of the armature coil is neglected. By
combining the equations (1) through (3) and arranging them, it is also possible to get the
governing equations in state space form.

3. THE CONTROLLER DESIGN

In this study, three control methods are considered. These are conventional PID and
LQR control together with chattering free sliding mode control.

3.1. The PID Design

PID control has been used in industry widely. The control input ﬁ(t) is obtained
as follows:

Wi)=K e(t)+m{~fe(r)dt+fz' d‘;(” - )
tO '

K, 11 and T4 are proportionality constant, integral time and derivative time
respectively. These values are obtained using Ziegler-Nicholes method [7].

3.2. The LQR Design

The performance index in order to calculate optimum control mpul by. takmg
into account all state variables:

J= [CIIx] +92x2 +Q3x3 +guxs +asxs” +qexs” +arx,” +qgxg’ + Ru ]d (5)
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All weighting variables ¢; and [R] are taken to be positive to make the performance
index positive definite. From control law for LQR, optimal control input is given by:
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u=lG,, lx{RT[BY [P]x ®)

where P is the solution of the following matrix Riccati equation:
T (P1-1PIBIRY[8F [P)+ [PLal+0)=0  ~ ©
It is assumed that system is controllable and all state variables are observable.
3.3. The Sliding Mode Controller Design
Sliding Mode Control Theory has been applied to many non-linear systems. The
main idea is to bring the error on sliding surface such that system is on sliding surfice

and insensitive to the disturbances and parameter changes. If the system is defined .in
state space form as:

x=f()+ (Bl 4P
[B] is the control input matrix. The slidfng surface o (x.t) can be expressed as:
S=(x:0(x1)=0} S a

In order to obtain a stable solution of the system, the error must stay on this surface, as
shown in Figure 2. The sliding surface equation for the control of the system can be
selected as follows:

=[Gl (Xer - x) =[G]-¢ (12)
A deddt
&
e
Sliding
Surfac

Figure 2. Sliding Surface ,
In this equation x..r represents the state vector of the reference, e is the error,
and the constant [G] matrix represents the slope of the sliding surface. The first step in
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design is to select Lyapunov function v. According to Lyapunov Stability Criteria,

Lyapunov function must have a value greater than zero whereas its derivative is smaller
than zero. Selecting the function as below makes its value greater than zero:

a(x.t) (13)

v=oT(x1)- >0

In order to have the value of the derivative of Lyapunov Function smaller than zero:

% - —mo'mT(x,f)-[F]'Q(x’f)<0

(14)

Thus Lyapunov’s Stability Criteria has been satisfied. Here .‘[F ] is a constant term
matrix having positive values. Making necessary arrangements: '

Q(t):r_,geq(t)+[GB]"]]“-g(x,r) | | (15)

Equivalent control u.q can be obtained by equating Eq. (14) to the derivative of
Eq. (13) and solving for u . If the knowledge of f(x) and [B] are very poor, then the
equivalent control calculated will be too far from the actual value. In the literature a
number of approaches are proposed for the estimation of ue , rather that calculating it.
In this study, - the approach suggested uses the fact that the equivalent control is the
average of the total control. Designing an averaging filter for calculation of the
equivalent control as below. o '
Lol - e
T s+l

This is a low-pass filter. The value of 1/t gives the cut-off frequency. The logic
behind the designing a low pass filter is that low frequencies determine the
characteristics of the signal and high frequencies come from unmodeled dynamics.

4. EVALUATION OF THE CONTROL METHODS

Structural system has been tested against 10000 N. of step input to the base
starting at fifth second. Figure 3. shows the PID, LQR and SMC controlled and
uncontrolied time responses of the first and third stories. It is observed that there is an
important improvement when the horizontal displacements of the structure are
considered for both the LQR and SMC controlled structures.
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Figure 3. PID, LQR and SMC controlled and uncontroiled time responses
of the first and third stories : :

On the other hand, control voltage inputs are presented in Figure 4.
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Figure 4. Time history of the control voltages,

Since the system has four degrees of freedom, there are four resonance values. First
resonance value belongs to the third storey and around 2.6 Hz . S_éc__:‘bﬁd resonance value
belongs to the first storey and at 7 Hz. Third and fourth resonance values are around
12.5 Hz. coinciding on each other. Figure 5. shows the freqli_éncy responses of the first
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storey and third displacements respectively for both PID, LQR and SMC controlled and

uncontrolled cases. -
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Figare 5. PID, LQR and SMC controlled and uncontrolled ffequency responses
of the |
first and third storey.

As expected the upper curves belong to the uncontrolled system. Uncontrolled,
PID, LQR and sliding mode controlied frequency responses are plotted for both the first
and third stories. A significant improvement in terms of magnitudes have been
witnessed particularly for LQR and SMC. Especially at the resonance values of the
displacement response of the first storey, there is a satisfactory improvement. On the
other hand when PID, LQR and SMC controlled responses are plotted on each other, the
superiority of SMC on other controllers is witnessed. This becomes another advantage
of SMC besides its robust character and applicability to non-linear systems.

- 5. CONCLUSION

In this study, PID, LQR and sliding mode controllers have been designed for a
multi degrees of freedom structural system separately. Since the damaging effect of
earthquakes happens as a result of horizontal vibrations, all deg'ree‘sl of freédom have
been assumed only at this direction. System is modeled including the dynamics of linear
motor which is used as the active isolator. The structural systems and buildings have

uncertainties and their parameters are subject to the changes. Because of its robust
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character, applicability to non-linear systems and superior performance, the sliding
mode control must be preferred to the other methods. Against the disturbances coming
from the earth, it is verified that the designed non-chattering sliding mode controller has
brought satisfactory seismic isolation.
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APPENDIX
Parameters of the structurﬁl system:;
m, |5kg n; 1.5kg
my | 1.7kg ny 2.3 kg

ko 16 000 N/m k1= kx=k3 2600 N/m
¢ | 100Ns/m |[e=e=c (0.08 N.s/m .
K | 2N/A K. 2 Volt

R 1.5Q




