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A method is proposed to design an effective semiactive control system composed of a linear low damping base isolation and
a supplemental magnetorheological (MR) damper when the structure subjected to multiple earthquakes. In the proposed
design method, the parameters of semiactive control system have been determined based on minimizing the average of
maximum response of isolated structure under multiple design ground motions. To select appropriate value for force related
weighting parameter, defined in performance index, a range has been suggested for each design objective. For numerical
simulations, a scaled three-story base-isolated frame subjected to different scaled real earthquakes as well as filtered white
noise excitations and the proposed method has been applied to design semiactive base isolation system under multiple
earthquakes. 'e results of numerical simulations have shown the capability of the proposed method in designing an
effective semiactive base isolation system, the performance of which under multiple earthquakes has been almost close to the
case that it is designed optimally for each earthquake separately. Also, under multiple earthquakes, using the passive-off and
passive-on forms of MR damper can be recommended, respectively, regarding to the objectives of minimizing the maximum
acceleration and base drift.

1. Introduction

Base isolation system is widely recognized as one of the
most effective control strategies used for mitigating the
structural response, which helps a structure survive
a potentially devastating seismic impact through a proper
initial design or subsequent modifications. In many cases,
the application of the base isolation system has been
considerably helpful in improving a structure’s seismic
performance and its sustainability. However, being
a passive control system, it suffers from some limitations
such as large base drifts and the inability to adapt to
different earthquakes and vibrations. To reduce the base
drift of base isolation system, different strategies have
been previously considered including increasing the
damping of the natural rubber [1] and using supplemental
passive dampers in conjunction with the base isolation

system [2]. More recently, in order to both mitigate the
base drift and make the base isolation system adaptable to
different earthquakes, using active and semiactive control
schemes along with the base isolation system have been
investigated. 'e active control systems directly apply the
desired force for controlling the seismic response of
structures, [3] while in the semiactive control schemes, the
characteristics of control system are adjusted to make the
applied force track the desired control force. Hybrid active
base isolation systems have been studied by a number of
researchers [4–6] and have shown effective performance
in both mitigating the base drift and adapting to different
conditions. Nagarajaiah et al. [5] performed an experi-
mental and analytical study to investigate the effectiveness
of an active base isolation system in controlling a sliding-
isolated bridge and found significant reduction in the
response of the bridge. Since active control systems
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require high external power supplies, semiactive systems
have been proposed to replace them. Several semiactive
mechanisms have been examined in combination with
the base isolation system such as variable orifice damper
[7, 8] and variable stiffness system [9, 10]. Weber et al.
[11] studied the performance of structure equipped with
a semiactive friction pendulum against the seismic
loading and determined the optimal friction coefficient
of isolation system for minimizing the structure accel-
eration. Magnetorheological (MR) damper is also an-
other effective semiactive control system considered
separately [12, 13] or together with the base isolation
system for controlling the structural response [14–18].
Ramallo et al. [19] demonstrated the effectiveness of
adding a MR damper to conventional isolated structures
by achieving notable decreases in base drifts compared
to passive systems. Sahasrabudhe and Nagarajaiah [20]
proved experimentally the effectiveness of the semiactive
base isolation system in reducing the base drift and other
response of the superstructure under near-field
earthquakes.

In previous researches, mostly only one excitation has
been used in the design procedure of semiactive control
system while the characteristics of earthquakes may
strongly affect its performance. As examples, for de-
signing a semiactive base isolation system, Johnson et al.
[21] designed the control system under one excitation,
and Yoshioka et al. [22] used the H2/LQG algorithm to
minimize the peak acceleration under only the El Centro
earthquake. Also, Mohebbi et al. [23] determined the
optimal weighting parameter of semiactive base isolation
system under one excitation with design objective of
minimizing the peak base drift. However, although
Ramallo et al. [19] designed the control system to reduce
the base drift without increasing acceleration based on
the results of four historical earthquakes, they de-
termined the design variables of the control algorithm
based on try and error.

Hence, in previous researches which use only one
excitation in designing semiactive base isolation systems,
the effect of earthquake characteristics on designing and
performance of semiactive base isolation has not been
studied in detail. On the other hand, according to regu-
lations of seismic design codes, to take into account the
effect of different earthquake characteristics in design
output and design a structure to be resistant under dif-
ferent excitations, it is recommended to consider multiple
design records in a design procedure where the design
records are selected based on site seismic condition.
'erefore, following this recommendation and extending
it in designing control system to be effective under dif-
ferent earthquakes, in this paper, it has been decided to
design the semiactive base isolation system based on
considering multiple earthquakes in the design procedure
that the earthquake records have been selected randomly.
However, in addition to considering the randomly se-
lected earthquake records, the filtered white noise

excitations are considered in this paper. If the obtained
results based on the selected earthquakes are satisfied
under the filtered white noise excitations, it can be
concluded that the results are valid for a wide range of
earthquakes as well as sits. Also instead of trial-and-error
method, a systematic procedure is explained to design the
semiactive base isolation system. According to the seismic
design codes, the acceleration and drift have been known
as the proper criteria of designing structure that, re-
spectively, represent the criteria of the occupant comfort
ability and the structure safety. In most previous researches, it
has been seen that the maximum acceleration of isolated
structure increases when adding the supplemental MR
damper to the base isolation system which can cause
problems regarding occupant comfort ability criterion
[23, 24]. Hence, in this research, controlling the base drift
and superstructure acceleration separately or simulta-
neously under multiple records has been considered as
design objectives. For numerical simulations, a three-
story frame subjected to different earthquakes and for
different design objectives, the parameters of control
system have been determined based on minimizing the
average of responses obtained under several excitations.
In addition, the performance of control system designed
based on using multiple records in the design procedure
has been evaluated under different test records.

2. System Model

Assuming that the performance of the hybrid base isolation
and MR damper system is adequate to keep the structure in
the linear region, the equation of motion of the semiactive
base isolation system can be written as

Ms €x + Cs _x + Ksx � Γf−MsΛ€xg, (1)

where Γ� [−1 0i×1]T which indicates the position of MR
dampers, Λ is the vector that all of its components are
unity, f is the force of the MR damper, €xg is the ground
acceleration, x is the vector of the displacements of the
structure relative to the ground, andMs, Ks, and Cs are the
mass, stiffness, and damping matrices of controlled
structure, respectively.

'e state-space form of the equation of motion is given by

_Z � AZ + Bf + E €xg,
(2)

y � CZ + Df + ], (3)

where Z is the state vector (Z � [x, _x]T), ] is the mea-
surement noise vector, y is the vector of measured outputs,
and A, B, C, D, and E are the system matrices. Defining y as
the vector that includes the acceleration of the base iso-
lation, floor accelerations of the isolated structure, and the
displacement of the base isolation (i.e., y �[ €x1, . . . , €xn, x1]),
the system matrices of (2) and (3) for a system with n
degrees of freedom can be written as
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A �
0n×n In×n

−M−1s Ks −M−1s Cs
[ ],

B �
0n×1
M−1s Γ
[ ],

E �
0n×1
Λn×1
[ ],

C �
−M−1s Ks −M−1s Cs
1, 01×n−1 01×n

[ ],

D �
M−1s Γ

0
[ ],

(4)

3. MR Damper Model

MR dampers are semiactive control systems whose dy-
namic behaviors can easily be adjusted by changing voltage
levels. �is enables the device to produce high variable
damping forces with less energy requirements than other
devices of its class. So hybrid isolation systems consisting of
the base isolation system and MR dampers can reasonably
adapt to di�erent excitations even to near-�eld earthquakes
where the isolated structure is more susceptible to damage
[25]. A simple mechanical idealization of the MR damper is
depicted in Figure 1.

�e applied force, f, predicted by this model is given as
[26]

f � az + c0( _x − _y) + k0(x−y) + k1 x−x0( ) (5)

or equivalently

f � c1 _y + k1 x−x0( ),

_z � −c| _x− _y|z|z|n−1 − β( _x− _y)|z|n + A( _x− _y),

_y �
1

c1 + c0
az + c0 _x + k0(x−y){ },

(6)

where k1, c0, and c1 represent the accumulator sti�ness, the
viscous damping, and the dashpot, respectively. x0 is the
initial displacement of spring k1, k0 is present to control
the sti�ness at the large velocities, and the parameters c, β,
and A are the parameters used to de�ne the shape of
hysteresis loops.

�e force of the MR damper depends on its volt-
age. Spencer et al. [27] have suggested the following
equations to obtain the dynamic parameters of the MR
damper:

a � a(u) � aa + abu,
c1 � c1(u) � c1a + c1bu,
c0 � c0(u) � c0a + c0bu,

(7)

where u is given as the output of a �rst-order �lter given by

_u � −η(u−V), (8)

where V is the MR damper voltage and η is a constant
modulus with dimension of sec−1.

4. Control Algorithm

In this paper, the H2/LQG control algorithm has been
used to determine the optimum control force required for
mitigating the response [28]. To design the controller, €xg
is taken to be the stationary white noise, and the response
of the structure is minimized using the following cost
function:

J � limτ→∞
1
τ
E ∫

τ

0
yT(t)Qy(t) + rf2

c( )dt[ ], (9)

where Q and r are the response weighting matrix and force
weighting parameter that a�ect the performance of the active
and semiactive control systems [29] and should be selected
properly. Similar to the previous researches in designing
semiactive control systems, in this paper, too, the response
related weighting matrix Q has been considered such that
di�erent weights are assigned to accelerations and drifts as
follows [19, 21]:

Q �
qaccelsI 0

0 qdriftsI
[ ], (10)

where qaccels and qdrifts are, respectively, the weights assigned
to the accelerations and drifts of the structure. In this paper,
the output vector, y, includes accelerations of the stories and
the base drifts, y � [€xb, €x1, ..., €xn, xb]; hence, the cost
function de�ned in (9) for a structure with N degrees of
freedom can be written as

J � limτ→∞
1
τ
E∫

τ

0
qaccels ∑

N

i�1
€x2i + €x2b 

+ qdriftx
2
b + rf

2
c
dt.

(11)

�e optimal control force is given as follows:

fc � −kcz,

_z � Az + Bf + L(y−Cz−Df),
(12)

c1

c0

k1

k0

y x

f

Bouc−Wen

Figure 1: Simple mechanical model of MR damper.
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where kc is the gain matrix for the linear quadratic regulator
(LQR) and L is the gain matrix for the state estimator which
is determined as

kc �
B′P
r
,

L �(CS)′,

(13)

where P and S are the solution of the algebraic Riccati
equation given by

PA + A′P−
PB′BP
r

+ C′QC � 0,

SA′ + AS− SC′CS + cEE′ � 0.

(14)

Because MR damper force cannot be changed to the
optimal control force directly, the second algorithm is
employed to apply MR damper voltage by comparing the
MR damper force and the optimal control force. �e
clipped-optimal control has been used to apply MR damper
voltage that is determined as [26]

V � VmaxH fc −f( )f{ }, (15)

where Vmax is the maximum voltage that can be applied to
the MR damper, and H{.} is the Heaviside step function.
When the force produced by the MR damper is smaller
than the optimal control force and two forces have the
same sign, the voltage applied to the MR damper is in-
creased to the maximum level. Otherwise, the voltage
applied is set to zero.

5. Numerical Example

For numerical analysis, a scaled model of a three-story shear
building frame has been considered in �xed-base and base-
isolated forms. In the isolated system, an MR damper has
been installed between the ground and the base isolation
system. �e con�guration of the considered dynamic model
has been shown in Figure 2.

�e structural properties of both the �xed-base and
the isolated structures are the same taken as m1�m2�
m3� 98.3 kg, k1�516 and k2� k3� 684 kN/m, and c1�125
and c2� c3� 50N·s/m [26]. For the isolated system, one de-
gree of freedom is added to the dynamic model of the
structure. �e properties of this degree of freedom depend on
the characteristics of the base isolation system. �e base mass
m0 is chosen equal to the £oor mass, and the base damping c0
is chosen such that the damping ratio of the isolated mode
equals to 2% of the critical damping [1]. Since the base iso-
lation system is in combination with the MR damper, utili-
zation of high damping base isolation is not needed. �e base
sti�ness k0 is also selected such that the natural period of the
isolated structure is equal to triple the natural period of
the �xed-base structure [30]. So the properties of the base
isolation system are m0� 98.3 kg, c0�180N·s/m, and
k0� 56 kN/m. For numerical simulations, a program has been
developed using theMATLAB software. For the isolated shear
building considered in the numerical example, the matrices of
system in (1) can be written as

Ms �

m0 0 0 0

0 m1 0 0

0 0 m2 0

0 0 0 m3




,

Cs �

c0 + c1 −c1 0 0

−c1 c1 + c2 −c2 0

0 −c2 c2 + c3 −c3
0 0 −c3 c3




,

Ks �

k0 + k1 −k1 0 0

−k1 k1 + k2 −k2 0

0 −k2 k2 + k3 −k3
0 0 −k3 k3




.

(16)

�e dynamical parameters of the MR damper used in
this research are given in Table 1 [26].�emaximum voltage
and the capacity of the MR damper have been 2.25V and
3000N, respectively. �e design earthquake records are se-
lected randomly while according to regulations of seismic
design codes, the earthquake records should be selected based
on the seismic conditions of a speci�c site. Hence, the ob-
tained results from the randomly selected earthquake records
are validated under the �ltered white noise excitations. By this
validation, it can be concluded that the results will be valid for
a wide range of earthquakes as well as sits. Also, the design
earthquake records should be scaled based on the regulations
of seismic design codes while because the considered struc-
ture in this paper is a scaled model, the earthquake records
cannot be scaled based on the scaling method described in
seismic design codes. �erefore, the design earthquake re-
cords are employed in the unscaled form.

c1

m1

k1

c0

m0

k0

c2

m2

k2

c3

m3

Semi-active base isolated Fixed base

k3

c1

m1

k1

c2

m2

k2

c3

m3
k3

MR damper

Figure 2: Model of the structure and control system.

Table 1: Dynamical parameters of the MR damper [26].

Parameter Value Parameter Value
c0a 21N·sec/cm aa 140N/cm
C0b 3.5N·sec/cm·V ab 695N/cm·V
K0 46.9N/cm c 363 cm−2

C1a 283N·sec/cm β 363 cm−2

C1b 2.95N·sec/cm·V A 301
K1 5N/cm n 2
X0 14.3 cm η 190 sec−1
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Numerical analysis conducted in this research can be
classified into four cases as follows:

Case (a): base isolation system and supplemental
passive MR damper
Case (b): designing semiactive hybrid base isolation
system under multiple earthquakes
Case (c): validating the proposed design procedure
under filtered white noise excitations
Case (d): assessing the performance of the designed
control system under testing earthquakes

5.1. Case (a): Hybrid Base Isolation System and Passive MR
Damper. In this case, the performance of hybrid control system
is evaluatedwhen theMRdamper voltage has been constant and
control system acts in the passive form. 'e maximum re-
sponses of structure under different scaled earthquakes have
been reported in Table 2 for constant voltages of 0 (P-Off) and
2.25V (P-On). Since the considered structure is a scaled model,
the earthquake records have been reproduced at five times the
recorded rate. 'e maximum response of the fixed-base (F-B)
structure and the controlled structure by using the single base
isolation (S-B-I) system has been presented in Table 2.

As shown in Table 2, adding the single base isolation
system to the structure decreases the maximum response of
fixed-base structure which under multiple excitations the
maximum interstory drift and acceleration have been aver-
agely reduced by 77% and 80%, respectively, while the base
drift has been high. For mitigating the peak base drift, the
supplemental passive MR damper is employed in combina-
tion with base isolation control system. From the results, it is
clear that using the passive MR damper has mitigated the
maximum base drift of base-isolated structure significantly.
About 62% and 78% reduction in the average of the maxi-
mum base drifts under different excitations has been achieved
for the passive-off and passive-on forms, respectively, while
the average of the maximum accelerations of isolated
structure has been increased about 48% and 141% for the
passive-off and passive-on forms, respectively.

5.2. Case (b): Designing Semiactive Hybrid Base Isolation
System. In this case, the structure subjected to different scaled
earthquakes and the semiactive base isolation system has been
designed to be effective undermultiple excitations. Forweighting

matrix, Q defined in (9), different combinations of qaccels and
qdrifts can be considered. In this paper to evaluate the effect ofQ’s
elements on performance of hybrid control system, six different
sets of qaccels and qdrifts have been defined as reported in Table 3,
which cover a wide range of qdrifts/qaccels ratio. In set (A-1), the
acceleration and drift are weighted equally in the performance
index function, while in set (A-6), drift is weighted much more
than acceleration. For each set, the force weighting parameter, r,
in (9) is determined to minimize the peak superstructure ac-
celeration and base drift, separately or simultaneously.

'e proposed method includes two steps: first, the struc-
ture subjected to each earthquake separately, and by using
different sets of qaccels and qdrifts defined in Table 3, the peak
acceleration of superstructure and base drift of isolated
structure are determined through a sensitivity analysis for
different values of weighting parameter, r. As instance for sets
(A-1) and (A-6), the peak response under different earthquakes
has been shown in Figures 3 and 4. For other sets of Q, similar
trends for response variation versus weighting parameter have
been obtained aswell, which because of space limitation has not
been reported here. 'en, by using the results obtained in first
step for each ground motion, the average of maximum re-
sponses are calculated under all earthquakes, for different
values of weighting parameter, r, and various sets of Q. In
Figure 5 the result of second step has been presented.

According to the results, it is clear that for the considered
structure, the changing pattern of the peak base drift and su-
perstructure acceleration with r is almost similar under different
earthquakes. Moreover, for a specific structure, according to the
results to have effective performance under multiple earth-
quakes, an appropriate range can be proposed to select, r, for
each design objective. For example, as shown in Figure 3(a) for
set (A-1), the ranges (a), (b), and (c) are appropriate tominimize
the peak base drift, base drift-acceleration, and acceleration,
respectively. 'ese ranges are broken by the corner parameters
r1 and r2 which are shown in Table 3 for each set of Q.

Table 2: Peak response of structures under different earthquakes.

Earthquake
Peak acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

F-B S-B-I P-Off P-On F-B S-B-I P-Off P-On S-B-I P-Off P-On
El Centro (PGA� 0.348 g, 1940) 1413 217 206 478 0.54 0.10 0.06 0.15 1.27 0.44 0.19
Loma Prieta (PGA� 0.278 g, 1989) 618 133 211 500 0.23 0.06 0.06 0.20 0.64 0.34 0.20
Northridge (PGA� 0.535 g, 1994) 678 176 186 237 0.30 0.09 0.04 0.07 1.09 0.29 0.18
Petrolia (PGA� 0.163 g, 1992) 324 146 136 164 0.13 0.07 0.04 0.05 0.90 0.26 0.15
Parkfield California (PGA� 0.35 g, 1966) 564 90 323 370 0.15 0.03 0.05 0.07 0.26 0.186 0.15
Taft (PGA� 0.18 g, 1952) 529 77 179 279 0.21 0.03 0.04 0.07 0.37 0.25 0.17
Average 688 140 207 338 0.26 0.06 0.05 0.10 0.76 0.29 0.17

Table 3: Various sets of Q and corner force weighting parameter.

Various sets A-1 A-2 A-3 A-4 A-5 A-6
qaccels 1 1 1 1 1 1
qdrifts 1 102 104 106 108 1010

r1 10−8.6 10−8.6 10−8.6 10−8.3 10−3.7 10−1.5

r2 10−3 10−3 10−3 10−2.7 10−0.9 10−0.5

rl-a 10−5.8 10−5.8 10−5.8 10−5.5 10−2.3 10−1

Advances in Civil Engineering 5



According to the results, to havemore reduction in the averages
of maximum base drift and acceleration under multiple
earthquakes, it is recommended to select the force weighting
parameter, r, from ranges (a) and (c), respectively. For example,
in this case study, r� 10−14 and 10−0.5 are selected from ranges
(a) and (c) for minimizing the maximum base drift and ac-
celeration of isolated structure, respectively. According to
Figure 5, these values of r are the appropriate selections for all
considered sets of Q to minimize the maximum base drift and
acceleration. If it is desired to control the acceleration and base
drift of the isolated structure simultaneously, depending on the
relative importance between the acceleration and base drift,
appropriate value for r can be selected from range (b). For each
set ofQ, to control base drift and acceleration simultaneously, in

this research, the logarithmic average, rl-a, of corner parameters
r1 and r2 has been selected and presented in Table 3. From the
results presented in Figure 5, it has been found that under all
excitations the minimum values for the peak base drift and
superstructure acceleration of the isolated structure has been
achieved by using the sets (A-6) and (A-1), respectively. 'e
average of the peak base drift of the isolated structure and the
maximum acceleration of the fixed-base structure under design
records have been reduced about 79% and 70% for sets (A-6)
and (A-1), respectively.

'e results obtained by using the proposed values for r
under multiple records, which has led to r� 10−14, r� rl-a
(Table 3), and r � 10−0.5 for the case study of the current
research regarding different design objectives, have been
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Figure 3: 'e peak base drift for sets (A-1) and (A-6). (a) A-1. (b) A-6.
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Figure 5: Average of the peak base drift and acceleration for various sets of Q. (a) Peak base drift. (b) Peak acceleration.

Table 4: Peak response of structures under di�erent earthquakes for set (A-1).

Earthquake
Peak acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

Optimal case r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 Optimal case
El Centro 208 209 272 392 0.061 0.067 0.108 0.438 0.361 0.368 0.338
Loma Prieta 213 213 312 400 0.062 0.067 0.103 0.335 0.293 0.290 0.282
Northridge 182 189 195 220 0.045 0.045 0.054 0.292 0.269 0.261 0.261
Petrolia 136 136 152 189 0.037 0.037 0.039 0.256 0.211 0.183 0.182
Park�eld California 321 323 328 348 0.047 0.053 0.055 0.182 0.175 0.169 0.169
Taft 179 179 201 227 0.040 0.051 0.057 0.255 0.227 0.202 0.202

Table 5: Peak response of structures under di�erent earthquakes for set (A-6).

Earthquake
Peak acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

Optimal case r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 Optimal case
El Centro 412 412 444 522 0.094 0.118 0.134 0.246 0.214 0.192 0.178
Loma Prieta 391 391 397 490 0.130 0.151 0.150 0.214 0.187 0.187 0.187
Northridge 205 205 218 242 0.060 0.067 0.070 0.174 0.146 0.135 0.132
Petrolia 154 157 155 161 0.043 0.047 0.050 0.157 0.139 0.137 0.137
Park�eld California 361 361 364 364 0.058 0.059 0.059 0.145 0.145 0.145 0.145
Taft 245 245 256 281 0.060 0.060 0.060 0.158 0.149 0.149 0.149

Table 6: Average of the peak responses for various sets of Q.

Various sets
Peak acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

Optimal case r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 Optimal case
A-1 207 208 243 296 0.049 0.053 0.069 0.293 0.256 0.245 0.239
A-2 207 208 243 296 0.049 0.053 0.069 0.293 0.256 0.245 0.239
A-3 207 208 243 296 0.049 0.053 0.069 0.293 0.255 0.244 0.238
A-4 207 208 263 325 0.049 0.060 0.076 0.293 0.217 0.212 0.201
A-5 210 212 283 357 0.049 0.069 0.093 0.289 0.196 0.158 0.154
A-6 295 295 306 343 0.074 0.084 0.087 0.182 0.163 0.158 0.155
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reported in Tables 4 and 5 for sets (A-1) and (A-6) as the best
sets for controlling the maximum superstructure acceleration
and base drift, for each excitationwhile the average values under
all records are given in Table 6 for all considered sets of Q. 'e
results show that the proposedmethod for designing semiactive
base isolation system has worked successfully under multiple
excitations regarding the design objectives. Also, to evaluate the
efficiency of the proposed method, the maximum response
under each excitation for the case that the control system has
been designed optimally for each earthquake separately has
been given in Tables 4 and 5 for sets (A-1) and (A-6), too, while
for all sets of Q, the average of corresponding values under all
design records has been presented in Table 6. 'e results show
that the maximum responses and their averages obtained by
using r� 10−14 and r� 10−0.5 for mitigating the maximum base
drift and acceleration have been very close to the optimal case
under each earthquake separately. For example, as shown in
Table 6 for set (A-1), when the control system is designed
optimally for each earthquake separately, the averages of the
peak accelerations and base drifts under design excitations are
207 cm/s2 and 0.239 cm, while by using the proposed method,
the corresponding values have been 208 cm/s2 and 0.245 cm
which are very close together. 'erefore, the performance of
control the system designed under multiple records by using
the proposed method has been very close to the optimal case
under each earthquake. In addition, if only one excitation is
used for designing the control system, the control systemmay
not have the most effective performance under multiple
earthquakes. As instance, if only the Parkfield California
earthquake is considered as the design record, r is determined
as 10−4.6 regarding the objective of minimizing the peak base
drift as shown in Figure 3(a). For this r, the average of the peak
base drifts under the considered earthquake records is equal
to 0.268 cm, while by using the proposed design procedure in
this paper and considering the multiple earthquakes, the
corresponding value has been 0.245 cm. 'erefore, the
multiple record-based design works better than the control
system designed based on only one excitation.

Comparing the semiactive and passive forms of the
hybrid control system (Tables 2 and 6) shows that in addition
to using semiactive form, using the passive-off and passive-
on forms can be recommended, respectively, to minimize
the maximum acceleration and the maximum base drift.
However, using the semiactive form because of its adapta-
tion capability to different conditions is preferred.

5.3. Case (c): Validating the Proposed Design Procedure under
FilteredWhite Noise Excitations. In Section 5.2, for designing
the control system under multiple earthquakes, different
earthquake records were selected randomly as the design re-
cords while selecting earthquake records based on seismic
conditions of a specific site has been recommended by the
seismic codes. In this section, it is shown that the results
obtained in Section 5.2 are independent of the selected
earthquake record. To this end, the seismic load is simulated by
passing two different Gaussian white noises (WN) processes
through the Kanai–Tajimi filter [31, 32] with the power spectral
density function given by

s(ω) � So

ω4
g + 4ω2

gξ
2
gω2

ω2 −ω2
g 

2
+ 4ω2

gξ
2
gω2

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦,

So �
0.03ξg

πωg 4ξ2g + 1 
,

(17)

where So is the constant spectral density and ξg andωg are the
damping and frequency of the ground, respectively. 'e
characteristics of the Kanai–Tajimi excitations used for the
numerical simulation are presented in Table 7. 'e peak base
drift and acceleration of structure subjected to the Kanai–Tajimi
excitations are reported in Figures 6 and 7 for sets (A-1) and (A-
6) and different values of r. From the results, it is clear that under
the Kanai–Tajimi excitations, the changing pattern of the peak
base drift with r is almost similar to the changing pattern shown
in Section 5.2 for the selected earthquake records. 'erefore, it
can be concluded that the proposed designmethod and dividing
r into three ranges regarding the design objectives are in-
dependent of the selected earthquake record, and if the design
records are selected based on seismic conditions of a specific site,
the results are consistent with that of Section 5.2.

5.4. Case (d): Assessing the Performance of Designed Control
System under Testing Earthquakes. To evaluate the perfor-
mance of control systems designed in Section 5.3, under other
earthquakes that are different in the frequency content with the
design records, the designed semiactive base isolation systems
have been subjected to different scaled ground motions. 'e
maximum response of uncontrolled and controlled structures
under testing records has been reported in Table 8 for different
types of passive control systems. Also, for the semiactive form,
the average of the peak acceleration and base drift under testing
earthquakes has been presented in Table 9 for r� 10−14, r� rl-a,
and r� 10−0.5 obtained for controlling the maximum base drift,
base drift-acceleration, and acceleration under multiple design
records. As an instance, the force-displacement curve of MR
damper force during Olympia (PGA� 0.28 g, 1949) earthquake
has been shown in Figure 8 for the P-Off and semiactive control
systems. Based on the results under testing records, it is possible
to reduce the average of the maximum base drift of isolated
structure up to 72% by using set (A-6) and r� 10−14 and
mitigate the maximum acceleration of fixed-base structure up
to 82%by using set (A-1) and r� 10−0.5. Hence, the effectiveness
of the semiactive control system in reducing different responses
under testing records has been proven as well.

For better comparison, the average of maximum re-
sponse under testing excitations has been determined for
different values of r and shown in Figure 9, while the min-
imum corresponding values are reported in Table 9 for each
set ofQ. From the results, it is clear that under testing records,

Table 7: Characteristics of the Kanai–Tajimi excitations.

Kanai–Tajimi excitation PGA (g) ξg ωg (rad/s)
WN I 0.475 0.3 37.3
WN II 0.432 0.4 60
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Figure 6: �e peak base drift under the Kanai–Tajimi excitations for sets (A-1) and (A-6). (a) A-1. (b) A-6.

150

200

250

300

350

400

Pe
ak

 ac
ce

le
ra

tio
n 

(c
m

/s
2 )

1E-17
Weighting parameter (r)
1E-11 1E-05

WN I
WN II

(a)

200

220

240

260

280

300

320

340

360

380

400

Pe
ak

 ac
ce

le
ra

tio
n 

(c
m

/s
2 )

1E-17
Weighting parameter (r)
1E-11 1E-05

WN I
WN II

(b)

Figure 7: �e peak acceleration under the Kanai–Tajimi excitations for sets (A-1) and (A-6). (a) A-1. (b) A-6.

Table 8: Peak response of structures under testing earthquakes.

Earthquake
Peak acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

F-B S-B-I P-O� P-On F-B S-B-I P-O� P-On S-B-I P-O� P-On
Olympia (PGA� 0.28 g, 1949) 840 156 177 284 0.28 0.08 0.04 0.07 0.93 0.25 0.17
San Helena Montana (PGA� 0.146 g, 1935) 306 36 113 170 0.13 0.02 0.03 0.07 0.21 0.18 0.12
Northridge (PGA� 0.344 g, 1994) 1728 117 205 514 0.68 0.05 0.06 0.22 0.52 0.45 0.20
Taft (PGA� 0.156 g, 1952) 727 97 145 256 0.32 0.04 0.03 0.06 0.52 0.18 0.15
Average 900 102 160 306 0.35 0.05 0.04 0.11 0.54 0.27 0.16
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Table 9: Average of the peak responses for various sets of response weighting parameters under testing earthquakes.

Various sets
Peak Acceleration (cm/s2) Peak interstory drift (cm) Peak base drift (cm)

Optimal case r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 r� 10−0.5 rl-a r� 10−14 Optimal case
A-1 156 160 170 206 0.041 0.044 0.049 0.265 0.250 0.236 0.235
A-2 156 160 170 206 0.041 0.044 0.049 0.265 0.250 0.236 0.235
A-3 156 160 172 208 0.041 0.044 0.049 0.265 0.250 0.235 0.234
A-4 158 160 205 245 0.041 0.051 0.062 0.265 0.213 0.201 0.198
A-5 163 164 223 339 0.042 0.059 0.089 0.263 0.185 0.151 0.151
A-6 241 241 269 358 0.065 0.079 0.082 0.174 0.156 0.151 0.151
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Figure 8: Force-displacement curve of MR damper force under Olympia earthquake for the P-O� and semiactive controls. (a) P-O� control
system. (b) Semiactive control system (set A-6, r� 10−14).
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Figure 9: Average of the peak accelerations and base drifts under testing earthquakes for various sets of response weighting parameters.
(a) Peak base drift. (b) Peak acceleration.
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too, the changing pattern of the peak base drift and accel-
eration with r is the same as design records, and the ranges of
(a), (b), and (c) are similar to the results shown in Figure 5 for
design records. Hence, from this similarity the effectiveness of
the semiactive control system under testing records has been
predictable. As shown in Table 9, under testing records, too,
the semiactive base isolation system designed by using the
method proposed in this research has worked the same as
optimal design for each record separately. For example, about
72% reduction has been achieved in the average of maximum
base drift of the isolated structure when using set (A-6) and
r� 10−14, while the corresponding value has been 72% for the
optimal case.

6. Conclusion

In this paper, a method has been presented for designing
a semiactive control system composed of a low damping base
isolation system and a supplemental magnetorheological
(MR) damper under multiple earthquake records to mitigate
the maximum superstructure acceleration and base drift of
the isolated structure. 'e H2/linear quadratic Gaussian
(LQG) and clipped-optimal control algorithms have been
used to determineMR damper force. In the proposed method
where the main focus has been designing the semiactive base
isolation system to be effective under multiple design records,
first the appropriate range for the parameter of control system
has been determined for each design objective under each
excitation, and then based on mitigating the average of
responses under multiple earthquakes, the control system
design parameters have been selected. For numerical simu-
lations, a scaled three-story shear building base-isolated frame
subjected to different scaled earthquakes and for different sets
of response weighting matrix, a semiactive base isolation
system has been designed to mitigate the peak base drift and
superstructure acceleration separately or simultaneously. In
addition, to compare the performance of the semiactive
control system with that of the passive hybrid system, the
response of the base-isolated structure equipped with passive-
off and passive-on MR dampers has been determined under
design earthquakes. According to the results of numerical
simulations, the following can be concluded:

(1) Changing pattern of the peak response with the
design parameter of control algorithm has been
similar under different real earthquakes and filtered
white noise excitations. Hence, for a specific struc-
ture and for each design objective, a range can be
proposed to the weighting parameter that is almost
independent from input earthquake.

(2) 'e semiactive base isolation system designed
according to the proposed method under multiple
records has been effective in reducing the desired
responses which in the current research up to 79%
and 70% reduction has been achieved in the average
of the peak base drift of the isolated structure and the
maximum acceleration of the fixed-base structure,
respectively.

(3) 'e performance of semiactive base isolation sys-
tems designed under multiple earthquakes to min-
imize the peak base drift and acceleration have been
approximately the same as passive-on and passive-
off forms, respectively.

(4) 'e most reduction in the peak base drift has been
obtained when the assigned weight on drift in the
performance index is much more than the acceler-
ation related weighting parameter, and when drift
and acceleration are weighted equally, the maximum
reduction in the peak acceleration is achieved.

(5) Under testing earthquake records, the average of
peak base drift of isolated structure and the maxi-
mum acceleration of fixed-base structure have been
reduced about 72% and 82% by using the proposed
design method, while the corresponding values have
been 72% and 83% when the control system has been
designed optimally for each earthquake separately.

'erefore, the proposed method has been an efficient
method for designing the semiactive base isolation system
under multiple excitations which should be considered in
design procedure as per seismic design codes.
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