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Abstract.  In this paper, a decoupled proportional-integral-derivative (PID) control approach for seismic 

control of smart structures is presented. First, the state space equation of a structure is transformed into 

modal coordinates and parameters of the modal PID control are separately designed in a reduced modal 

space. Then, the feedback gain matrix of the controller is obtained based on the contribution of modal 

responses to the structural responses. The performance of the controller is investigated to adjust control force 

of piezoelectric friction dampers (PFDs) in a benchmark base isolated building. In order to tune the modal 

feedback gain of the controller, a suitable trade-off among the conflicting objectives, i.e., the reduction of 

maximum modal base displacement and the maximum modal floor acceleration of the smart base isolated 

structure, as well as the maximum modal control force, is created using a multi-objective cuckoo search 

(MOCS) algorithm. In terms of reduction of maximum base displacement and story acceleration, numerical 

simulations show that the proposed method performs better than other reported controllers in the literature. 

Moreover, simulation results show that the PFDs are able to efficiently dissipate the input excitation energy 

and reduce the damage energy of the structure. Overall, the proposed control strategy provides a simple 

strategy to tune the control forces and reduces the number of sensors of the control system to the number of 

controlled stories. 
 

Keywords:  seismic control; smart base isolated structures; piezoelectric friction dampers; multi-

objective cuckoo search; PID controller 

 

 

1. Introduction 
 

Seismic isolation of structures and bridges is a method to reduce or eliminate the potential 

damages caused by dynamic loads such as earthquakes and strong winds (Naeim and Kelly 1999). 

However, recent studies on the performance of isolated structures have shown that isolation 

bearings experience very large displacements during near-field earthquakes (Jangid and Kelly 

2001, Shen et al. 2004, Etedali and Sohrabi 2016). In order to enhance the performance of base- 
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isolated structures against near-field earthquakes, passive, active and semi-active control devices 
have been suggested (Etedali et al. 2013a). Passive friction dampers are widely used as energy 
dissipation systems to reduce the base displacement of isolated structures under dynamic loads 
(Colajanni and Papia 1997, Gaul and Lenz 1997, Gaul and Nitsche 2001, Mualla and Belev 2002). 
These systems are not capable of adequately coping with variations in excitation loads; therefore, 
their performance is limited. However, passive friction dampers cannot adjust the slip force in real 
time. When the contact force is too large, the damper will not dissipate energy for weak and 
moderate earthquakes since it may not slide. On the other hand, when the contact force is reduced, 
the damper will have small energy dissipation capacity under strong earthquakes due to its small 
sliding friction force. Therefore, it is favorable to have a controllable contact force to provide the 
required amount of energy dissipation for various levels of earthquakes. Piezoelectric friction 
dampers (PFDs), as semi-active devices, are used for energy dissipation in structures. They can 
effectively suppress structural vibrations. Several experimental and theoretical studies have been 
conducted on these dampers in recent years. Chen and Chen (2000) offered a PFD embedded 
between the floor of a structure and its supporting bracket. Morita et al. (2001) proposed a base-
isolated system equipped with PFDs. Li et al. (2004) presented a new design of PFD composed of 
piezoelectric actuators and an existing slot bolted connector. Chen and Chen (2004a) suggested a 
viscous and Reid friction (VRF) control strategy in which the control force was computed as a 
function of displacement and velocity of the damper. Also, they proposed a semi-active control 
algorithm to adjust the contact force of a PFD system applied to a 20-story steel structure (Chen 
and Chen 2004b). Using acceleration response as the feedback signal, Xu and Chen (2008) 
presented a modified VRF control strategy with a Kalman filter. To improve the performance of 
seismic isolation systems subjected to near-fault earthquakes, Lu and Lin (2009) proposed a semi-
active isolation system equipped with PFD called a piezoelectric seismic isolation system (PSIS). 
Lu et al. (2010) developed a simple fuzzy controller for adjusting the friction force of PFDs in the 
PSIS. They showed that the proposed controller was very effective in suppressing the isolator 
displacement and story acceleration of the isolated system, simultaneously. In order to regulate the 
contact force of PFDs in an isolated structure, Ozbulut and Hurlebaus (2010) proposed two fuzzy 
logic controllers. Etedali et al. (2013a) developed optimal PD/PID controllers for seismic control 
of a benchmark isolated structure equipped with PFDs. 

Because of its remarkable effectiveness and simplicity of implementation, PID controllers are 
known as the most popular industrial controllers. Although significant developments have been 
made in advanced control theory, most industrial controllers are still PID (Tavakoli et al. 2006). 
PID controllers are widely used in industrial control systems; however, few studies have been 
carried out on the use of them for seismic control of buildings (Guclu and Yazici 2007, Guclu and 
Yazici 2009, Etedali et al. 2013a). Considering a multiple-input multiple-output (MIMO) control 
system, the cross coupling of the plant channels makes it difficult to design each loop 
independently. In other words, adjusting controller parameters of one loop affects the performance 
of other loops (Tavakoli 2005). In structural control, the equation of motion of a structure is a set 
of N simultaneous differential equations, which are coupled by the off-diagonal terms in damping 
and stiffness matrices. This issue makes it difficult to design a MIMO PID controller. 

This research work studies a simple approach for implementation of PID controllers in seismic-
excited buildings. This strategy is a combination of PID controller with modal controller. At the 
first phase of this approach, the state space equation of a structure is transformed into modal 
coordinates.  In the second phase, the parameters of the modal PID controller are determined in a 
reduced modal space. Then, according to the contribution of modal responses to the structural 
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responses, the feedback gain matrix is obtained. The proposed control strategy is employed to 
control variable friction dampers in a benchmark smart base isolation building. Although the base 
isolated structures have appropriate performance in far-field earthquakes, near-field earthquakes 
with long duration pulses result in very large displacements at the isolation level.  

An effective control algorithm for seismic control of base-isolated structures should provide a 
good performance under various seismic excitations. In addition, sudden changes in the damper 
friction force of variable friction dampers can result in a high-frequency response. Due to such 
changes, the friction dampers tend to cause a large acceleration. To tune the modal feedback gain 
of the controller, a good trade-off among the conflicted objectives, namely the reduction of 
maximum modal base displacement, maximum modal floor acceleration of the smart base isolated 
structure, as well as maximum modal control force, should be made using the MOCS. Finally, the 
performance of the proposed controllers is compared with those resulted from other reported 
controllers for seven pairs of earthquakes. 

The paper is organized as follows. The optimization procedure using the MOCS is explained in 
Section 2. The procedure of PID control design for seismic control of structures is explained in 
Section 3. In section 4, a decoupled PID controller is proposed for seismic control of structures. In 
section 5, numerical studies are carried out for a benchmark base-isolated structure equipped with 
PFDs. Simulation results are discussed in section 6. At the end, the concluding remarks are drawn. 
 
 
2. Multi-objective cuckoo search 
 

Metaheuristic algorithms are able to solve optimization problems without the need for a 
continuous and differentiable function. Furthermore, they are able to handle complex optimization 
problems and take into account the nonlinearities of the problems. Metaheuristic methods such as 
genetic algorithm (GA), particle swarm optimization (PSO), artificial bee colony algorithm 
(ABC), simulated annealing (SA) and harmony search (HS) have been applied to solve 
optimization engineering problems. Recently, a new metaheuristic search algorithm, called cuckoo 
search (CS), has been developed to solve optimization problems. This algorithm was introduced 
by Yang and Deb (2009). Two important features in the CS make this algorithm superior to many 
other metaheuristic algorithms. First, it applies Lévy flights, which are far more efficient than 
simple random walks. Lévy flight has infinite mean and variance. Therefore, it can explore search 
space better than standard Gaussian process and is useful to larger moves for a global search where 
the new moves can cover much more extensive regions. Second, the CS restores a balance between 
local search and global search exploration. The population size n, switching probability pa, step-
size α and Lévy flights exponent β are some configurable parameters of the CS. Compared with 
other algorithms, it has fewer algorithm-dependent parameters. Apart from the population size, 
switching probability is the main parameter of the CS. Other parameters such as Lévy flights 
exponent and step-size can be set as constants without affecting much on the performance of the 
algorithm. In contrast with α and β that have constant values 0.1 and 1.5 for most problems, pa and 
n are variable and have great effects on the algorithm performance. Switching probability provides 
a balance between the local and global optimization. By increasing pa, the probability for global 
optimization is reduced and vice versa (Yang and Deb 2009, Rajabioun 2011, Valian et al. 2013). 
Committed to the principles related to the single objective CS, Yang and Deb presented a MOCS 
for optimization problems with conflicting objectives. The following idealized rules are used in the 
MOCS (Yang and Deb 2013).  
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• Each cuckoo lays K eggs at a time, and dumps them in a randomly chosen nest. Egg k 
presents the solution to the K-th objective. This rule can be converted into a randomization 
process, so that a new solution can be randomly generated either by a random walk or by a Lévy 
flight. At the same time, a localized random permutation is performed over the solutions, which 
can be considered as a form of crossover. There can be K solutions for each nest.  

• The best nests with a high quality of eggs (solutions) will carry over to the next generations. 
This rule is similar to elitism so that the best solutions are passed to the next generation. Such a 
selection of the best solutions helps the algorithm to ensure it converges properly. 

• Each nest will be abandoned with a probability pa∈ [0,1] and a new nest with K eggs will be 
built according to the similarities/differences of the eggs. In order to generate diversity, some 
random mixing can be used. This rule can be seen as a mutation so that the worst solutions are 
discarded at a certain probability and new solutions are generated, according to the similarity of 
the solutions to the other solutions.  

Multi-objective optimization algorithms provide multiple optimal solutions, which form the so-
called Pareto-optimal front. The Pareto-optimal front indicates the nature of the trade-off between 
the conflict objective functions. In order to obtain a good approximation for the Pareto front, a 
diverse range of solutions should be generated using efficient techniques. In the MOCS, a good 
diversity of the solutions is ensured by Lévy flights. To solve multi-objective problems associated 
with structural engineering, designers may be interested in a set of possible solutions, which 
provide alternative structural designs, instead of a single solution. This advantage provides the 
possibility to choose the best solution from among the presented solutions. In other words, the 
designer can select a possible solution that better fits with the designer’s preferences. 
 
 
3. PID control design for seismic control of structures  
 

Considering the form of PID controller, its transfer function in the s domain, KPID(s), is given 
by Eq. (1), where kC, τi and τd  are proportional gain, integral time and differential time, 
respectively. Also, the PID control force in time domain, uPID(t), is determined using Eq. (2) 

( )PID c d
i

1
K s = k (1 + + s)

s



 (1)

 
 
 


t

PID c d
0

i

1 de(t)
u (t) = k e(t) + e(t)dt +

dt



 (2)

where parameter t is the duration of the occurrence of an earthquake. Furthermore, e(t)=yref(t)-y(t) 
is the error signal, which yref(t) and y(t) denote the reference input and the plant output, 
respectively. In structural control, it can be assumed that yref(t)=0, therefore e(t)=-y(t). When the 
velocity of a story is feedback, the control force vector of the structure, u(t), can be expressed as  

( )u G Wc c(t) t  (3)

in which Gc refer to nc×3nc feedback gain matrix and Wc(t) is a 3nc×1 feedback vector of the 
controller. Also, nc represents the number of actuators, i.e., the number of controlled stories. Gc 
and Wc(t) are given by 
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( ) [ ]

   


. ..

G G G G

w x x x

C C CC I P D

T
C CC Ct (t) (t) (t)

 (4)

where G
CI , G

CP  and G
CD are nc×nc matrices. Moreover, xc(t), ẋc(t) and ẍc(t) refer to nc×1 

displacement, velocity and acceleration vectors of the controlled stories, respectively. 
 
 
4. Decoupled PID control approach for seismic control of structures 
 

In this section, a modal PID control design approach is proposed for seismic control of 
structures. This 2-phase hybrid control strategy combines the PID control design with control 
methods based on the modal space.  
 

4.1 Phase 1 
 

Considering an n-degree-of-freedom linear smart structure subjected to ground acceleration, 
ẍg(t), the equation of motion can be written as 

  
.. .

M x + Cx + Kx Mr Dug(t) (t) (t) x (t) (t)  (5)

where M, C and K are n×n mass, damping and stiffness matrices, respectively. x(t), ẋ(t) and ẍ(t) 
refer to n×1 displacement, velocity and acceleration vectors, respectively. Also, r=[1,1,…,1]T is an 
n×1 vector representing the seismic influence vector. Moreover, D is an n×nc location matrix of 
control forces. Furthermore, u(t) represents an nc×1 control force vector, where nc is the number of 
actuators. There is a set of n simultaneous differential equations in Eq. (5), which are coupled by 
the off-diagonal terms in the mass and stiffness matrices. In the modal space, theses equations are 
transformed into a set of n independent normal coordinate equations. In order to obtain the state 
space equation in the modal space, the coordinate transformation is defined as 

x Φy(t) (t)  (6)

where y(t)=[y1(t), y2(t),…,yn(t)]
T is the modal displacement vector and Φ is an n×n 

orthonormalized mode shape matrix relative to the mass matrix. By substituting Eq. (6) in Eq. (5) 
and considering the term Φ Mr T

gx (t)  as the load disturbance, which must be applied to the 
structure, Eq. (5) can be written in the state space as follows  

.

.2..
( )m

m

(t)(t)
t

(t)(t)

                      

y0 Iy 0
u

-Ω -C Iyy
 (7)

where 1 2( , ,..., )Ω ndiag     and 1 1 2 2(2 , 2 ,..., 2 )Cm n ndiag       . Parameters ωi and ξi are 
the natural frequency and modal damping ratio of the i-th mode. Also, um (t) is an n×1 modal 
control force vector, given by Eq. (8) 

u Φ DuT
m (t) (t)  (8)
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The lower order modes of a structure subjected to seismic excitations usually provide the 
greatest contribution to the structural responses. Thus, it is reasonable to truncate analysis when 
the number of modes is sufficient. In other words, a control system can be designed based on the 
reduced modal space. By considering only nmc (nmc<n) modal equations from Eq. (7), Eq. (8) can 
be rewritten as 

u Φ DuT
mc mc(t) (t)  (9)

where Φmc is an n×nmc matrix of the selected nmc shape modes and umc is an nmc×1 modal control 
force vector of the selected nmc modes. In addition, the modal control force vector for the first nmc 

modes of the structures, umc(t), can be expressed by 

( )u G Wmc mc mc(t) t  (10)

where Gmc is an nmc×3nmc modal feedback gain matrix and Wmc(t) is an 3nmc×1 modal feedback 
vector of the controller for the selected nmc modes. 
 

4.2. Phase 2 
 

The transfer function of the PID controller in the i-th mode, ( )mik s , can be defined as 

( ) 1
mi mi

mi

mi c d
i

1
k s = k ( + s)

s



 (11)

where 
mick ,

mii and 
mid are proportional gain, integral time and differential time in the i- th mode 

of structure. Also, the PID control force in the i-th mode, umi(t), can be given by 

( )G Wmi mi miu (t) t  (12)

where Gmi is a 1×3 modal feedback gain vector and Wmi(t) is a 3×1 modal feedback vector of the 
controller in the i-th mode. These vectors can be obtained from the following equations 

1
[ 1 ]

( ) [ ]

    


. ..

G G G G

w

mi mi mi mi mi

mi

mi c d I P D
i

T
mi mi mi mi

k

t y (t) y (t) y (t)


  (13)

Also, ymi(t), ẏmi(t) and ÿmi(t) refer to the displacement, velocity and acceleration of structure in 
the i-th mode, respectively. By obtaining parameters of the PID controller in each mode, Gmc and 
Wmc(t) are given by 

( ) [ ]

   


. ..

G G G G

w y y y

mc mc mcmc I P D

T
mc mc mc mct (t) (t) (t)

 (14)

where ymc(t), ẏmc(t) and ÿmc(t) refer to nmc×1 modal displacement, modal velocity and modal 
acceleration vectors of the selected nmc modes, respectively. Furthermore, 

mcIG , 
mcPG and 

mcDG
are nmc×nmc matrices given by the following equations 
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1 2
( , ,..., )G

mc nmc
I I I Idiag G G G

 

1 2
( , ,..., )G

mc n mc
P P P Pdiag G G G

 

1 2
( , ,..., )G

mc n mc
D D D Ddiag G G G  

(15)

Using the relationship between Wmc(t) and Wc(t) and some algebraic efforts, the feedback gain 
matrix is obtained as follows (Etedali et al. 2013b) 

1 1

1 1

1 1

( ) ( )

( ) ( )

 

 

 

 
 
 

E G Ψ

G E E E G Ψ ΨΨ

E EE G Ψ Ψ Ψ

mc mc c

T T T T
C mc mc c

T T T T
mc mc c

if n n

if n n

if n n

 (16)

In Eq. (16), Ψ is a 3nc×3nmc matrix defined as  

 
   
  

φ 0 0

Ψ 0 φ 0

0 0 φ

 (17)

where φ is an nc×nmc matrix obtained from removing the rows corresponding to the uncontrolled 
stories of the matrix Φmc. Also, E Φ DT

mc  is the modal participation matrix. 
 
 
5. Numerical study 
 

In order to evaluate the performance of the proposed controller in reducing the structural 
responses under earthquake loads, a five-story benchmark base-isolated building studied by 
Johnson et al. (1998) is considered. This structure has also been studied by Li and Ou (2006), 
Nagarajaiah and Narasimhan (2007), Ozbulut and Hurlebaus (2010), Ozbulut et al. (2011) and 
Etedali et al. (2013a). The structural mass of each story is equal to 5897 kg. From down to up, the 
damping coefficients for the five stories are 67, 58, 57, 50, and 38 kNs/m, respectively. Also, the 
corresponding stiffness coefficients are 33732, 29093, 28621, 24954, and 19059 kN/m, 
respectively. In case of having no isolator, the fundamental period and the damping ratio of the 
structure in the first mode are 0.3 second and 0.02, respectively. The isolation system, which 
consists of low-damping rubber bearings, assumed to have a linear force deformation behavior 
with a viscous damping. The total mass, damping coefficient and stiffness of the rubber bearings 
are 6800 kg, 7.48 kNs/m and 231.5 kN/m, respectively. The base isolated structure has a period of 
2.5 seconds and a damping ratio of 0.04 in its fundamental mode. In order to improve the 
performance of the base-isolated building against different earthquakes, PFDs, with a total force 
capacity of 16.8 KN, are installed on the base of the structure. The experimental and analytical 
studies on the PFD have been carried out by Lu and Lin (2009). The schematic of the components 
of the PFD are shown in Fig. 1. 

When this damper is subjected to an earthquake excitation, the relative motion between the 
friction bar and friction pad will generate a sliding force, which can be controlled by piezoelectric 
actuators. A piezoelectric actuator is embedded in the PFD to generate a vertical (contact) 
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.

.

if . 0

0 if . 0

 





Active
bActive

bActive

u
u x

N(t) =

u x

  (22)

where uActive  is the control force obtained from the linear feedback control and μ is coulomb 
friction coefficient. After determining the contact force, the actuator voltage V(t), which is an 
online control law, can be directly determined by Eq. (23) 

 o
max

PZ

N(t) - N
0 V (t) = V

C
 (23)

The PFD parameters used in this study are identical to the parameters used in experimental 
studies by Lu and Lin (2009). The parameters Npre, CPZ and μd are equal to 1000 N, 1.10 N/V and 
0.2, respectively. Also, the maximum actuator voltage is 1000 V.  

The PID control design in a reduced modal space can be seen as an optimization problem. In 
seismic control of structures, acceptable structural responses and control force may be achieved by 
solving such an optimization problem. In the case of semi-active control of a base isolated building 
using PFDs, a sudden change in the friction force of PFDs can increases the floor acceleration of 
the superstructure. In addition, the large displacement of isolator in near-field earthquakes is a 
major challenge for designers. An optimal tuning of the controller should aim at reducing the 
isolation displacement without any increase in the acceleration response of the superstructure. 
Therefore, a MOCS algorithm is used to provide a good trade-off between these conflicting 
objectives in a reduced modal space. For this purpose, three objective functions are defined for the 
optimization problems in each mode. J1i and J2i are respectively the maximum modal base 
displacement and floor acceleration in the i-th mode of the controlled structure normalized by their 
corresponding values in the uncontrolled structure. The uncontrolled structure is a structure with 
no control force feedback and control tools. J3i is defined as the modal control force normalized by 
the modal weight of structure in the i-th mode. Due to the limited capacity of the total control 
force of PFDs, it is assumed that the amount of J3i is limited to 0.05. To reduce the structural 
responses for different earthquake excitations, the proposed control strategy must reject load 
disturbances well. The  artificial ground acceleration  is used to model the earthquakes. A band 
limited Gaussian white noise, made by filtering a Gaussian white noise, is produced to model the 
artificial ground acceleration. By considering several earthquakes, one well-known filter was 
introduced by Kanai (1961). The output of this filter simulates the earthquake. Nagarajaiah and 
Narasimhan (2006), introduced a modified form of Kanai-Tajimi filter according to Eq. (24) 

2 2

4
( )

2


 
g g

g g g

S
F s

S S

 
  

 (24)

where ξg and ωg are the ground damping and frequency, respectively. In this study, ξg=0.3 and 
ωg=2π rad/s are used for numerical simulations.  

By testing a different range of effective parameters of the CS, namely the population size and 
switching probability, we found that the best values of these parameters are n=20, pa=0.25. In the 
design of the modal controller, the first three modes are selected for the control of the benchmark 
structure. Considering this structure subjected to the ground artificial acceleration, Fig. 2 shows 
the Pareto-optimal curve for the first three modes. This curve provides the possibility to choose an 
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appropriate solution from a set of non-dominated solutions. Each member of the Pareto-optimal 
curve represents a vector in the design space. Considering an appropriate solution provided by the 
MOCS for the first three modes, the PID controllers for the selected modes are as follows 

1 127.12( 0.02 )
9.72m

1
k (s) = 1+ + s

s
 (25)

98( 0.00284 )
8.47m2

1
k (s) = 0. 1+ + s

s
 (26)

2( 0.00692 )
3 1m3

1
k (s) = 0.0 1 + + s

. 7s
 (27)

 
 

 
(a) 

 
(b) 

Fig. 2 the Pareto-optimal front diagrams for the first three modes: (a) perspective, (b) side view 
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It is remarkable that the values of the control gains in the first mode are larger than the 
corresponding values in other modes. In other words, participation of higher modes is less than 
that of fundamental mode of the structure. After determining the PID controller parameters in the 
controlled modes of the structure, the modal feedback gain matrix, Gmc, is obtained from Eq. (14). 
Then, the feedback gain matrix of controller, Gc, is obtained through substituting Gmc in Eq. (16). 

 
 

6. Results and discussion 
 

To evaluate the performance of the proposed control strategy and compare it with that of other 
reported techniques, a set of fault-parallel (FP) and fault-normal (FN) components of El Centro, 
Newhall, Sylmar, Rinaldi, Kobe, Chi-Chi, Erzinkan, considered by Narasimhan et al. (2006) in 
structural control of smart base isolated structures, are used. Simulation results and time history 
analyses of the base-isolated building are obtained using MATLAB/Simulink. The quantities of the 
maximum displacement of isolators, xb,max, maximum inter-story drift, ds,max, maximum absolute 
floor acceleration of superstructure, ẍs,max, maximum damper force, Fd,max, maximum root mean 
squared of base displacement, σxb,max, and maximum root mean squared of floor acceleration of 
superstructure, σẍs,max, are considered to evaluate the performance of the various control strategies. 
The maximum absolute floor acceleration of the superstructure and its RMS value are given by 
ẍs,max=max (ẍ1,max, ẍ2,max, ẍ3,max, ẍ4,max, ẍ5,max) and σẍs,max=max (σẍ1,max, σẍ2,max , σẍ3,max, σẍ4,max, σẍ5,max), 
where ẍi, max and σẍi,max (i=1,2,3,4,5) refer to the maximum absolute acceleration of the i-th floor 
and its RMS value.  

The results are given in Tables 1 and 2. For comparison purposes, the results provided by the 
maximum passive operation of piezoelectric friction dampers; modified clipped-optimal controller, 
supervisory fuzzy logic controller (SVFLC), self-organizing fuzzy logic controller (SOFLC), and 
optimal PID controller are also listed in these tables. The results for the base-isolated building 
without any damper, i.e., uncontrolled structure, are also listed in these tables. Demanding the 
maximum voltage, the results show that the maximum passive operation of PFDs successfully 
reduces the maximum isolation displacement and the value of its RMS, in most earthquakes. 
However, this controller significantly increases the maximum floor acceleration for most of cases. 
In comparison with the uncontrolled structure, for example, the maximum passive operation of 
PFDs results in 73%, 80% and 38% increase in the peak story acceleration for the FN component 
of El Centro, Newhall and Kobe earthquakes, respectively. For the same earthquakes, the increase 
is as much as 131%, 135%, and 156% for the FP component, respectively. In comparison with the 
modified clipped optimal controller, the maximum passive operation performs better in reducing 
the maximum base displacement at the cost of increasing the maximum floor acceleration. When 
the PFDs are modulated by a clipped-optimal controller, there is an increase of 71%, 30% and 20% 
in the maximum floor accelerations compared to the uncontrolled cases for the FN component of 
El Centro, Newhall and Kobe earthquakes, respectively. The increase is as much as 80%, 59%, and 
95% for the FP component of the same earthquakes, respectively. The results obtained from the 
SVFLC and SOFLC show that these methods successfully limit the increase in the peak floor 
acceleration for the same excitation cases, while at the same time satisfactorily reduce the 
maximum isolator deformations. Also, the performance of PID controller shows that it is able to 
reduce the displacement of the isolator for different earthquakes without losing the advantages of 
the isolation. Also, it is observed that the proposed control strategy is able to reduce the maximum 
base displacement and floor acceleration, simultaneously. When the performance of the proposed 
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control strategy is compared with those given by SVFLC and SOFLC, it can be seen that the 
proposed controller is more effective than these controller, especially in controlling the 
acceleration response of the base-isolated building. In comparison with other controllers, i.e., 
SVFLC, SOFLC and PID controller, the proposed controller performs better in reducing the 
maximum base displacement at the cost of a slight increase in the maximum floor acceleration, in 
most earthquakes. Considering the FP component of El Centro earthquake, for example, SVFLC, 
SOFLC and PID controller provide a reduction of 48%, 55% and 26% in the maximum base  

 
 

Table 1 Maximum responses of the base isolated building subjected to FP component of earthquakes 

Earthquake Control case 
xb,max  

(cm) 
ds,max 

(cm) 
ẍs,max 

(m/s2) 
Fd,max 

(KN) 
σxb,max 
(cm) 

σẍs,max 

( m/s2)

El Centro 

Uncontrolled 20.36 0.13 1.86 - 0.08 0.52 

Maximum passive operation 4.89 0.13 4.30 16.80 0.01 0.83 
Modified clipped optimal  

controller 
10.38 0.10 3.35 16.80 0.03 0.66 

SVFLC 10.59 0.09 2.48 13.25 0.03 0.48 

SOFLC 9.16 0.08 3.02 15.55 0.02 0.51 

Optimal PID 15.15 0.10 1.47 6.49 0.05 0.34 

Proposed controller 5.09 0.10 1.56 13.51 0.02 0.56 

Newhall 

Uncontrolled 33.65 0.31 3.65 - 0.11 0.85 

Maximum passive operation 10.09 0.31 8.58 16.80 0.02 0.81 
Modified clipped optimal 

controller 
14.80 0.22 5.81 16.80 0.04 0.64 

SVFLC 12.79 0.20 4.60 16.80 0.04 0.50 

SOFLC 12.11 0.21 4.89 16.80 0.03 0.50 

Optimal PID 19.90 0.23 3.28 12.61 0.06 0.57 

Proposed controller 17.16 0.22 3.29 13.82 0.03 0.59 

Sylmar 

Uncontrolled 62.40 0.36 4.64 - 0.23 1.52 

Maximum passive operation 31.20 0.24 3.57 16.80 0.07 0.76 
Modified clipped optimal 

controller 
44.92 0.28 4.17 16.80 0.12 0.91 

SVFLC 40.56 0.27 3.80 16.80 0.10 0.76 

SOFLC 37.44 0.26 3.80 16.80 0.09 0.71 

Optimal PID 38.82 0.24 3.43 16.80 0.10 0.74 

Proposed controller 31.20 0.23 3.43 16.80 0.07 0.61 

Rinaldi 

Uncontrolled 71.98 0.41 5.55 - 0.26 1.68 

Maximum passive operation 37.43 0.26 4.00 16.80 0.09 0.84 
Modified clipped optimal 

controller 
54.71 0.33 5.39 16.80 0.14 1.03 

SVFLC 48.95 0.30 4.33 15.99 0.12 0.89 

SOFLC 46.07 0.29 4.27 16.80 0.11 0.86 

Optimal PID 44.37 0.27 3.47 16.80 0.11 0.81 

Proposed controller 36.71 0.25 3.44 16.13 0.08 0.72 
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Table 1 Continued 

Earthquake Control case 
xb,max  

(cm) 
ds,max 

(cm) 
ẍs,max 

(m/s2) 
Fd,max 

(KN) 
σxb,max 
(cm) 

σẍs,max 

( m/s2)

Kobe 

Uncontrolled 28.15 0.23 3.02 - 0.08 0.58 

Maximum passive operation 13.80 0.22 7.73 16.80 0.03 0.98 
Modified clipped optimal 

controller 
18.30 0.26 5.89 16.80 0.05 0.91 

SVFLC 16.61 0.19 4.05 16.80 0.04 0.60 

SOFLC 16.61 0.19 4.20 16.80 0.04 0.61 

Optimal PID 18.32 0.17 2.40 14.60 0.05 0.46 

Proposed controller 14.08 0.19 2.32 16.80 0.03 0.49 

Chichi 

Uncontrolled 59.51 0.33 3.88 - 0.13 0.87 

Maximum passive operation 32.73 0.23 3.14 16.75 0.06 0.59 
Modified clipped optimal 

controller 
38.68 0.24 3.57 16.76 0.08 0.62 

SVFLC 37.49 0.23 2.83 15.55 0.08 0.56 

SOFLC 36.30 0.23 2.91 16.53 0.07 0.58 

Optimal PID 39.59 0.23 2.69 16.80 0.08 0.55 

Proposed controller 33.92 0.23 2. 76 16.29 0.06 0.49 

Erzincan 

Uncontrolled 44.96 0.27 3.53 - 0.19 1.25 

Maximum passive operation 26.53 0.21 5.40 16.80 0.07 0.77 
Modified clipped optimal 

controller 
42.01 0.33 4.61 16.80 0.15 1.16 

SVFLC 39.32 0.32 3.85 14.45 0.13 1.00 

SOFLC 38.24 0.32 4.12 16.80 0.12 1.00 

Optimal PID 40.44 0.31 3.67 16.20 0.16 1.08 

Proposed controller 26.53 0.20 3.71 16.80 0.07 0.91 

 
 

displacement in comparison with the uncontrolled structure, while this reduction is 75% for the 
proposed controller. Considering the FP component of Kobe earthquake, the reduction is 41%, 
41%, 35% and 50% for SVFLC, SOFLC, PID controller and proposed controller, respectively. 
Compared to the uncontrolled cases for the FP component of El-Centro and Kobe earthquakes, 
SVFLC leads to an increase of 33% and 34% in the maximum floor acceleration. Similarly, an 
increase of 62% and 39% is obtained for SOFLC. However, the PID and proposed controller 
manage to provide a reduction of 21% and 16% for the FP component of El Centro earthquake and 
21% and 23% for the FP component of Kobe earthquake in the maximum floor acceleration.  

In addition, the results indicate that the proposed controller maintain acceptable responses in 
terms of the maximum inter-story drifts as well as the RMS values of the base displacement and 
floor acceleration. 

For the proposed control approach, the time histories of the isolator displacement and top floor 
acceleration under the FP component of the El Centro and Sylmar, as far-field and near-field 
earthquakes, are illustrated in Figs. 3 and 4, respectively. The results of the uncontrolled structure 
are also shown in these figures. It is observed that the proposed controller effectively reduces the  
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Table 2 Maximum responses of the base isolated building subjected to FN component of earthquakes 

Earthquake Control case 
xb,max  

(cm) 
ds,max 

(cm) 
ẍs,max 

(m/s2) 
Fd,max 

(KN) 
σxb,max 
(cm) 

σẍs,max 

( m/s2)

El Centro 

Uncontrolled 24.14 0.14 2.17 - 0.07 0.49 

Maximum passive operation 6.76 0.10 3.75 16.80 0.01 0.79 
Modified clipped optimal 

controller 
12.31 0.11 3.71 16.80 0.02 0.62 

SVFLC 11.34 0.10 2.71 12.46 0.02 0.48 

SOFLC 9.65 0.10 2.60 15.07 0.02 0.52 

Optimal PID 16.59 0.11 2.00 8.06 0.04 0.33 

Proposed controller 7.24 0.10 2.12 13.45 0.02 0.48 

Newhall 

Uncontrolled 37.04 0.38 5.07 - 0.10 0.77 

Maximum passive operation 27.41 0.38 9.13 16.80 0.06 1.08 
Modified clipped optimal 

controller 
31.86 0.38 6.59 16.80 0.08 0.85 

SVFLC 30.75 0.37 5.73 16.80 0.07 0.80 

SOFLC 30.00 0.38 6.44 16.80 0.07 0.83 

Optimal PID 31.87 0.37 4.53 16.80 0.07 0.57 

Proposed controller 27.78 0.36 4.61 16.80 0.05 0.66 

Sylmar 

Uncontrolled 82.20 0.47 8.16 - 0.31 2.03 

Maximum passive operation 49.32 0.33 6.29 16.80 0.13 1.03 
Modified clipped optimal 

controller 
60.01 0.37 7.26 16.80 0.20 1.34 

SVFLC 53.43 0.34 6.45 16.80 0.16 1.14 

SOFLC 52.61 0.35 6.94 16.80 0.15 1.03 

Optimal PID 50.16 0.31 7.71 16.80 0.14 0.99 

Proposed controller 50.14 0.33 7.75 14.84 0.13 0.97 

Rinaldi 

Uncontrolled 53.86 0.38 4.48 - 0.14 0.95 

Maximum passive operation 40.39 0.35 4.79 16.80 0.08 0.82 
Modified clipped optimal 

controller 
45.24 0.35 4.70 16.80 0.09 0.85 

SVFLC 46.67 0.38 4.48 16.80 0.09 0.70 

SOFLC 42.34 0.35 3.96 14.14 0.08 0.64 

Optimal PID 41.39 0.35 3.97 16.07 0.08 0.63 

Proposed controller 39.85 0.33 4.13 16.80 0.07 0.69 

Kobe 

Uncontrolled 31.74 0.24 3.75 - 0.07 0.64 

Maximum passive operation 18.09 0.20 5.18 16.80 0.04 1.08 
Modified clipped optimal 

controller 
24.76 0.21 4.50 16.80 0.05 0.92 

SVFLC 23.49 0.21 3.49 16.80 0.05 0.72 

SOFLC 22.85 0.21 3.94 16.80 0.05 0.76 

Optimal PID 15.97 0.12 1.98 13.24 0.03 0.29 

Proposed controller 20.22 0.22 2.15 16.30 0.04 0.53 
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Table 2 Continued 

Earthquake Control case 
xb,max  

(cm) 
ds,max 

(cm) 
ẍs,max 

(m/s2) 
Fd,max 

(KN) 
σxb,max 
(cm) 

σẍs,max 

( m/s2)

Chichi 

Uncontrolled 123.77 0.70 8.07 - 0.29 1.84 

Maximum passive operation 73.03 0.45 5.49 16.80 0.14 1.01 
Modified clipped optimal 

controller 
95.31 0.56 6.62 16.13 0.20 1.33 

SVFLC 76.74 0.46 5.65 15.21 0.15 1.05 

SOFLC 79.22 0.48 6.30 16.80 0.16 1.07 

Optimal PID 84.34 0.51 6.05 16.80 0.15 1.01 

Proposed controller 66.84 0.42 5.08 16.80 0.14 0.96 

Erzincan 

Uncontrolled 74.18 0.42 4.79 - 0.29 1.86 

Maximum passive operation 51.93 0.34 4.17 16.39 0.15 1.12 
Modified clipped optimal  

controller 
59.35 0.36 4.60 15.96 0.19 1.31 

SVFLC 54.90 0.34 3.98 15.21 0.17 1.14 

SOFLC 53.41 0.33 4.12 16.18 0.15 1.07 

Optimal PID 51.87 0.31 3.61 16.80 0.15 1.04 

Proposed controller 52.43 0.34 3.56 16.39 0.15 1.04 

 

Fig. 3 Time histories of isolator displacement and top story acceleration of the uncontrolled and semi active 
controlled structure subjected to El Centro earthquake 
 
 
base displacement of the isolated building in both far-field and near-field earthquakes. Also, it can 
be seen that this controller is even able to reduce the maximum top story acceleration of the 
isolated building in both earthquakes.  

For the same earthquakes, the hysteresis loops of the isolators for the controlled structure are 
also compared with those of the uncontrolled building in Figs. 5 and 6. In these figures, the total 
shear force includes the total friction and restoring force in the elastomeric bearings and w is the 
weight of the structures. Also, the time history of the command voltage for the proposed control 
approach is shown in these figures. Considering the hysteresis loops of isolation systems, shown in 
these figures, it can be seen that PFDs increase the height and decrease the width of the hysteresist 
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Fig. 4 Time histories of isolator displacement and top story acceleration of uncontrolled and semi active 
controlled structure subjected to Sylmar earthquake 

 

Fig. 5 Hysteresis loops of isolation systems and time history of the command voltage for the base-isolated 
building subjected to the El Centro earthquake 

 

Fig. 6 Hysteresis loops of isolation systems and time history of the command voltage for the base-isolated 
building subjected to the Sylmar earthquake 
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loop when the proposed controller is applied to adjust its contact force. This implies that the PFDs 
decrease the displacement of the isolators, but maintain the same level of energy dissipation 
capacity for the isolation system by increasing the damping force. Considering the time history of 
the command voltage for the semi-active control, it can be concluded that the proposed controller 
requests a higher value of voltage in the near-filed earthquakes in comparison with the far-filed 
ones. 

Vibration control of a structure subjected to an earthquake can be described as an energy 
transfer process. The energy balance equation of a linear base-isolated structure equipped with 
PFDs can be presented by Eq. (28) 

K D S PFD IE E E E E     (28)

where, EK, ED and ES are the absolute kinetic, damping and elastic strain energies. Also, EI and 

EPFD denote the hysteretic energy provided by the PFDs and the absolute seismic input energy. 
Note that the sum of the kinetic energy and strain is known as the total energy of the system or the 
damage energy. For the FP component of El Centro and Sylmar earthquakes, Figs. 7 and 8  
 
 

 
Fig. 7 Time histories of energy for the controlled base-isolated building and time histories of damage energy 
for uncontrolled and controlled base-isolated buildings subjected to El Centro earthquake 
 

 
Fig. 8 Time histories of energy for the controlled base-isolated building and time histories of damage energy 
for uncontrolled and controlled base-isolated buildings subjected to Sylmar earthquake 
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In order to compare the performance of the proposed controller with that of other control 
approaches in terms of the dissipated energy by PFDs, Figs. 9 and 10 are illustrated. In these 
figures, the dissipated energy by PFDs is normalized by the input excitation energy. Considering 
the results obtained from Tables 1-2 and Figs. 9-10, it is found that the selected control strategy to 
adjust the contact force of PFDs plays a key role in the dissipation of input excitation energy and 
seismic performance of base isolated structures. Furthermore, it can be seen that the maximum 
passive operation of piezoelectric friction dampers performs better than other control strategies in 
terms of dissipation of input excitation energy. However, as shown in Tables 1 and 2, the 
performance of the controller in simultaneous reduction of the maximum base displacement and 
maximum acceleration of stories is not satisfactory. For most earthquakes, the proposed controller 
is able to dissipate the input excitation energy better than the modified clipped optimal controller, 
SVFLC, SOFLC and optimal PID controller. Moreover, according to the results shown in Tables 1 
and 2, the proposed controller performs better than SVFLC, SOFLC and optimal PID controller in 
reducing the maximum base displacement at the cost of a slight increase in the maximum floor 
acceleration.  

It should be noted that the displacement, velocity and acceleration of the controlled stories are 
required to adjust the control force by the proposed controller. In fact, the proposed controller 
needs to be equipped with only one sensor to measure the feedback signal of the controlled story. 
Also, two computational resources are required for each controlled story of the structure. For this 
benchmark building, the proposed controller has to be equipped with one sensor on the base story 
to measure its velocity and two computational resources to determine the displacement and 
acceleration of the base story. Because of the limitation in the number of required sensors for 
measuring state variables in large structures, the proposed control strategy has many advantages in 
terms of simplicity, reliability and cost in comparison with common modern control methods such 
as LQG and LQR. 
 
 
7. Conclusions 
 

In this paper, a modal-PID controller was presented for seismic control of structures. In the modal 
coordinates, n coupled equations of motion of an n-degree-of-freedom structure were transformed into a 
set of n decoupled equations. In the reduced modal space, the modal feedback gain of the controller was 
designed. Then, based on the contribution of the modal responses to the structural responses, the feedback 
gain matrix of the controller was obtained. The proposed controller was used for adjusting the contact 
force of piezoelectric friction dampers in a benchmark base isolated building. To create a balance between 
two important structural responses, i.e. the maximum base displacement and maximum floor acceleration, 
subject to a physical limitation on the maximum control force, the modal feedback gain of the controller 
was designed using an optimization procedure based on the MOCS. Fourteen components of earthquakes 
were taken into account to investigate the performance of the suggested controller. Also, the performance 
of the proposed controller was compared with that of the maximum passive operation of the friction 
dampers, modified clipped optimal controller, SVFLC, SOFLC and optimal PID controller. The 
simulation results showed that the proposed controller performed better than others control strategies in 
terms of simultaneous reduction of maximum base displacement and story acceleration during both near-
field and far-field ground motions. Also, the results demonstrated that the proposed controller was able to 
significantly dissipate most of input seismic energy and reduce the damage energy of the building. One 
important advantage of the proposed control strategy was that it reduced the number of sensors of the 
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control system to the number of controlled stories. For the benchmark base isolated structure, the controller 
needed only one sensor to measuer the velocity of the base story and two computational resources to 
determine its displacement and acceleration in real time. In fact, the proposed control approach 
provided a simple control system with advantages in terms of simplicity, reliability and cost in 
comparison with the common modern control methods such as LQG and LQR. 
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