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Abstract 

Earthquakes are responsible for the destruction and severe damage to buildings and structures because of their 
peak accelerations. The objective of this paper is to design controllers for buildings which are modeled using 
nonlinear models and subjected to earthquakes. The designed nonlinear controllers ought to be able to 
significantly reduce the floor displacements when a building is subjected to earthquakes. The nonlinear 
controllers are designed for buildings which are subject to earthquakes are based on the Sliding Mode Control 
(SMC) technique. The designed controllers are simulated using the Matlab/Simulink software. The simulation 
results indicate that the proposed controllers work well. 
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1. Introduction 

An earthquake is the result of the abrupt release of energy of the earth’s crust; it is among the most feared and 
annihilating natural disasters.  Earthquakes strikes almost without prior notice; they last only few seconds and 
they can leave death and destruction. Earthquakes may result in disease, lack of basic necessities, loss of life, 
property damage, roads and bridges damage, the collapse of buildings or the destabilization of the base of 
buildings and structures, etc.  

The application of linear control schemes to civil engineering structures has been investigated in recent years. 
However, the efficacy of these methodologies in the presence of near field external forces (such as earthquakes) 
is not very adequate. This is the case because linear controllers rely on the assumption of small range of 
operation of the system. However, when the required operation range is large, a linear controller is likely to 
perform poorly or to lead to instability. 

A lot of the previous research works in the area of seismically excited building/structures have used linear 
models of the buildings and linear control methodologies. Generally, this is not very adequate because structures 
which are subject to near field earthquakes behave nonlinearly due to the excessive excitation levels and near 
field ground motions. 

2. Design of sliding mode controller 

2.1 Summary of nonlinear building model 

The earthquake ground motion is characterized by high peak acceleration and velocity pulses with long period 
components as well as large ground displacements. Such characteristics are responsible for severe damages to 
flexible structures. The peak ground acceleration occurs in the form of shocks to buildings. 

To assess the basic performances and examine the physical significance of the proposed nonlinear controllers, a 
three-story building structure equipped with nonlinear dampers and spring devices on each floor is analyzed 
when subjected to an earthquake excitation. The nonlinear dampers and spring devices are assumed to be 
installed between the floors as shown in Figure 1. Agrawal and Yang proposed nonlinear controllers for seismic 
excited inelastic buildings taking in consideration nonlinear dampers, springs and interaction between floors. 
Similar to the works of Agrawal and Yang, a 3-story base-isolated building subject to one dimensional 
earthquake ground acceleration is considered. 
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2.2 Nonlinear equations of building motion 

The equations of motion for 3-story base-isolated building subject to one dimensional earthquake ground 
acceleration are: 

( ( ) ( )) [ ( )] [ ( )] [ ( )] [ ( )] ( )1 1 1 2 1 2m x t x t F x t F x t F x t F x t u to c c s s A                                   (1) 

( ( ) ( )) [ ( )] [ ( )] [ ( )] [ ( )] [ ( )] [ ( )] ( )2 2 2 3 1 2 3 1m x t x t F x t F x t F x t F x t F x t F x t u to c c c s s s B                              (2) 

( ( ) ( )) [ ( )] [ ( )] [ ( )] [ ( )] ( )3 3 3 2 3 2m x t x t F x t F x t F x t F x t u to c c s s C                              (3) 

With 

( ) 1( ) 2( )u t U t U tA                                      (4) 

( ) 2( ) 3( )u t U t U tB                                      (5) 

( ) 3( )u t U tC                                          (6) 

And 
3

[ ( )]F x t kxs i i
                                    

(7) 
3

[ ( )]F x t cxc i i 
               

                      (8) 

The equations of motion for building can be written in compact form as follows: 
3 3

( ) ( ) ( ) ( )Mx t Cx t Kx u t M x to                                  (9) 
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Note that ( )x t  is a three-dimensional vector with ( )x ti  being the displacement of the ith story; ( )u t  is a 

three-dimensional vector consisting of three control forces; η is a three-dimensional vector denoting the 
influence of the earthquake excitation; M  is a (3x3) mass matrix and C and K are damping and stiffness 
matrixes respectively. 
2.3 Simulation results without controller 

The displacements of the three floors are shown in Figure 3, Figure4 and Figure5 respectively. Clearly, the three 
displacements oscillate around zero with a magnitude of about 0.3 m. 

2.4 Design of A Sliding Mode Controller for a three- story building  

The sliding mode control technique is an attractive control technique which can be used to control linear as well 
as nonlinear systems. A very important feature of sliding mode controllers is their robustness against parametric 
uncertainties and un-modeled dynamics such as external disturbances. 

In this section, we propose a sliding mode controller to control a three-story building subjected to an earthquake. 

Consider the equations of motion for a three-story building subject to a one dimensional earthquake ground 

acceleration ( )x to and interaction between floors: 

3 3 3 3
( ) ( ) ( ) ( )1 1 1 2 1 2 1 2 2 2 2 11

m x c c x k k x c x k x u t m x tA o                           (10) 

3 3 3 3 3 3
( ) ( ) ( ) ( )2 2 2 3 2 2 3 2 3 3 3 3 2 1 2 1 2m x c c x k k x c x k x c x k x u t m x tB o                            (11) 

3 3 3 3
( ) ( )3 3 3 3 3 3 3 2 3 2 3m x c x k x c x k x m x t u to C                        (12)  

To obtain a state space representation of the above system, we define ( 1, ..., 6)z ii   such that 

The state space representation of the model of the building is as follows: 
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                 (13) 

Let the sliding surfaces ,1 2S S  and 3S  be such that:  

1 2 1 1S z z 
                                     (14) 

2 4 2 3S z z                                      (15) 

53 6 3S z z    (16) 

Where ,1 2  and 3  are positive scalars. 

Also, let , , , , ,11 12 21 22 31 32W W W W W W ,  and  be positive scalars. 

Define the sign function such that: 

1 0
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Proposition: The discontinuous static sliding mode controller: 
3 3 3 3

( ) ( ) ( ) ( )1 2 2 1 2 1 2 4 2 3 1 1 2 11 1 2 1 1

2 1 1            sgn( )12 1 2 1 1 1
2 1 1
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                   (17) 

3 3 3 3 3 3
( ) ( ) ( ) 52 3 4 2 3 3 2 2 2 1 3 6 3 2 2 4

4 2 3
           ( ) sgn( )21 2 4 2 3 22 2 4 2 3 2

4 2 3
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3 3 3 3
( ) ( )5 53 6 3 3 4 3 3 3 3 6 31 3 6 3

56 3           sgn( )532 3 6 3 3
56 3

u t c z k z c z k z m z W m z zC

z z
W m z z m t
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                  (19) 

When applied to the dynamic model of the three-story building given by equation (13) guarantees the asymptotic 
convergence of the floor displacements to zero as t tends to infinity. Differentiating equation (14) with respect to 
time and using (13), (17), (18)and (19) we can write the following: 

 sgn( ) ( )1 2

SiS W S W S x toi i i i i t
S ei


    

    for  i=1, 2,3.          (20) 

To prove the existence of sliding mode, we use the following Lyapunov function candidate, 

1 2                         ( 1, 2, 3)
2

.V S ii i                    (21) 
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The time derivative of
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is such that    
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Taking the limit as t  approaches infinity on both sides of the inequality (21) and using Barbalat’s lemma, it can 

be concluded that  lim 0.V
t




  Therefore, we are guaranteed switching. 

The trajectories associated with the discontinuous dynamics (20) exhibit reachability to zero from any given 

initial condition provided that the constant gains , , ,11 12 21W W W  , ,22 31 32W W W are chosen to be large 

enough strictly positive scalars.  

On the sliding surfaces ,1 2S S  and 3S , we have 

1 2 1 1S z z  =0                                  (22) 

2 4 2 3S z z   =0                                 (23) 

53 6 3S z z  =0                                        (24) 

Therefore, the closed loop dynamics on the sliding surfaces is such: 

2 1 1

4 2 3

56 3

z z

z z

z z







 

 

 

                                              (25) 

Hence, we can write, 

1 1 1

3 2 3

5 53

z z

z z

z z







 

 

 







                                              (26) 

Clearly (25)-(26) imply that, 
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                                                                             (27) 

Therefore, it can be concluded from (27) that ( )iz t  (i=1,…,6) converges to zero as t tends to infinity. 

Hence, the controller (17), (18),(19) when applied to the dynamic model of the building given by equation (13) 
guarantees the asymptotic convergence of the floor displacements to zero as t tends to infinity. 

2.5 Simulation results by using controller 

The displacements of the three floors are shown in Figure 6, Figure7 and Figure8 respectively. Clearly, the 
displacements have been reduced. 

3. Conclusion 

The figures 6, 7, 8 clearly show the controllers have dramatically reduced the amplitudes of the oscillations of 
the three floors. It is observed that the controllers reduce the peak responses of the displacements of every floor. 

The first floor has a reduction from 0.25m  to 
5

12 10 m


 , the second floor has a reduction from 0.3m  to 
5

12 10 m


  and the third floor has a reduction from 0.35m  to 
5

12 10 m


 . 
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Figure 1. A Three- Story Base-Isolated Building Model 
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Figure 2. ( )x to Ground acceleration (Real) 

 

Figure 3. ( )1x t First floor displacement 

 

Figure 4. ( )2x t Second floor displacement 

 

Figure 5. ( )3x t Third floor displacement 
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Figure 6. First floor displacement by using controller 
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Figure 7. Second floor displacement by using controller 
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Figure 8. Third floor displacement by using controller 
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Figure 9. First floor controller 
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Figure 10. Second floor controller 
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Figure 11. Third floor controller 

  


