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ABSTRACT

Semi-active base isolation system has been proposed mainly to mitigate the base drift of
isolated structures while in most cases, its application causes the maximum acceleration of
superstructure to be increased. In this paper, designing optimal semi-active base isolation
system composed of linear base isolation system with low damping and magneto-rheological
(MR) damper has been studied for controlling superstructure acceleration and base drift
separately and simultaneously. A multi-objective optimization problem has been defined for
optimal design of semi-active base isolation system which considers a linear combination of
maximum acceleration and base drift as objective function where Genetic algorithm (GA)
has been used to solve the optimization problem. H/Linear Quadratic Gaussian (LQG) and
clipped-optimal control algorithms have been used to determine the desired control force
and the voltage of MR damper in each time step. For numerical simulation, a four-story base
isolated shear frame has been considered and for different values of weighting parameter in
objective function, optimal semi-active base isolation system has been designed under
various design earthquakes. The results show that by using base isolation system and
supplemental MR damper, the superstructure acceleration and base drift can be suppressed
significantly. Also, it has been concluded that by selecting proper values for maximum
acceleration and base drift related weighting parameters in objective function, it is possible
to mitigate the maximum acceleration and base drift simultaneously. Furthermore, semi-
active control system has worked successfully under testing earthquakes regarding design
criteria.
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1. INTRODUCTION

Base isolation system is an effective control system which can reduce the response of
structure significantly. Its utilization has mostly drawbacks such as high base drift and no
adapting to different conditions. Base isolation system mitigates the structure response by
shifting the period of structure. To this end, the stiffness of base isolation system is selected
less than the structure stiffness which this low stiffness causes the high base drift. Also,
because the base isolation system is a passive control system, it cannot be adopted to
different earthquakes. To overcome these drawbacks, base isolation is used in combination
with passive [1], semi-active [2] and active [3-5] control systems. Though adding
supplemental passive control system can reduce the base drift, this hybrid control system
cannot be adopted to different conditions because its behavior is constant during excitation.
Using semi-active and active control systems lead to the adaptive hybrid system to different
earthquakes in addition to reduction of base drift. However, active control systems need high
external power supply during excitation that limits their application while semi-active
control systems can operate with low external power supply. So, semi-active control systems
are proper selection to combine with base isolation system. Different semi-active control
systems have been studied as supplemental system of base isolation such as variable orifice
damper [6-8] and variable friction system [2]. MR damper is another semi-active control
system that has been widely used separately [9-14] or in combination with base isolation
system [15-20]. Johnson et al. [15] demonstrated that adding MR damper to base isolation
system can reduce the peak base drift. Yoshioka et al. [16] investigated the performance of
semi-active base isolation system under far-field and near-field earthquakes and showed its
effectiveness for both earthquakes. Lee et al. [19] employed clipped-optimal algorithm to
apply voltage and showed that semi-active base isolation system can significantly reduce the
structural response.

Dyke et al. [21] proposed H,/LQG algorithm to determine the desired control force of
MR damper. In H,/LQG algorithm, the controller weighting parameter has been determined
based on try and error in previous researches [21-22] or optimization procedure [23]. In
application of semi-active base isolation system, the main objective from adding MR
damper has been mitigating the base drift of isolated structure which in most case, it causes
the superstructure acceleration to be increased. In previous researches, controlling the base
drift and acceleration has not been investigated simultaneously, while increasing the
maximum acceleration of superstructure causes problems regarding occupant comfort ability
criterion. Hence in this paper, it has been decided to design semi-active base isolation
system to mitigate the maximum base drift of base isolated structure and superstructure
acceleration, simultaneously. To this end, a multi-objective function has been considered
which includes the maximum acceleration and base drift in objective function to be
minimized.

2. SEMI-ACTIVE BASE ISOLATION MODEL

According to the results of previous researches, it can be said that the structure response
controlled by semi-active base isolation system falls in the linear region. Therefore, in this
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paper it can be assumed that the structure has had the linear behavior. The equation of
motion of isolated structure by semi-active base isolation system can be written as:

M X +CoX+Kgx =Tf — M AKX, 1)

where "= [-1 0]" indicates the location of MR damper that has been installed between base
isolation and ground , 4 is a vector that all components are unity, f is MR damper force, X

is the ground acceleration, x is the vector of the displacements of the structure relative to the
ground and Ms, K and C; are the mass, stiffness and damping matrices of system. In this
paper, a linear elastomeric with low damping is considered as base isolation system. To
model base isolation system, one degree of freedom is added to the dynamic model of fixed
base structure.

The state-space form of the equation of motion is given by:

Z = AZ +Bf +EX, (2)
y=CZ +Df +v (3)

where Z is the state vector (Z=[x,%x]"), v is the measurement noise vector, y is the vector
of measured outputs and A, B, C, D and E are system matrices.

MR damper behavior depends on the value of voltage current and can be adopted by
changing voltage. The simple mechanical idealization of the MR damper is shown in Fig. 1
[21].
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Figure 1. Simple mechanical model of the MR damper
The applied force predicted by this model is given as [21]:
f=az+cy(X—y)+ko(X—y)+ ki (X—Xg) 4)
or equivalently

f=cry+ki(x—%p) ®)
2=—y|x=¥lzl7"" - Bx- V)" + AX-y) (6)
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y= {az+coXx+ko(x=¥)} )

CL+Co

where ki, co and c; represent the accumulator stiffness, the viscous damping and dashpot,
respectively. o is the initial displacement of spring ki, ko is present to control the stiffness at
the large velocities and the parameters y,  and A are the parameters used to define the shape
of hysteresis loops.

Spencer et al. [24] have presented the following equations to determine the dynamic
parameters of MR damper according to the applied voltage:

a=a(u)=a, +a,u (8a)
Cy =y (U) =Ca +Cpp (8b)
Co = Co(U) = Coa +CopU (8c)

where u is given as the output of a first-order filter given by:
u=-nu-V) (9)

V is the value of voltage and 7 is constant modulus with dimension sec™.

3. CONTROL ALGORITHM

In this paper, clipped-optimal control algorithm is employed to determine the applied
voltage to MR damper as [21]:

V =VimaH{(f; - f)f} (10)

Vmax 1S the maximum voltage that can be applied to MR damper, and H{.} is the
Heaviside step function. According to property of the Heaviside step function, it is clear that
the applied voltage is set to zero or the maximum voltage. A block diagram of the clipped-
optimal control is shown in Fig. 2. f. is the desired control force that is determined by
H./LQG control algorithm [21]. In this algorithm, X is taken to be a stationary white noise

and the structure response is minimized by using the following cost function:
3 =tim,_,, 2E[[ (2" (OQz(t)+ri2)ct] (11)
T

where Q and r are the controller weighting matrix and parameter which affect the
performance of control system.

In this paper, the controller weighting matrix Q is selected as unit matrix and the
controller weighting parameter r is optimized by using genetic algorithm (GA) for different
objective functions. Minimizing the cost function of Eq. (11) leads to the desired control
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force as follow:

fo =—kez (12)
7=Az+Bf +L(y—Cz-Df) (13)

k. is the gain matrix for Linear Quadratic Regulator (LQR) and L is the gain matrix for
state estimator which is determined as:

ke =— (14)
L=(CS) (15)
where P and S are the solution of the algebraic Ricatti equation given by:

PA-{—A'P—PB’BF%'FQ:O (16)
SA' + AS—SC'CS + )EE' =0 (17)

Figure 2. Diagram of clipped-optimal control algorithm

4. OPTIMAL DESIGN OF SEMI-ACTIVE BASE ISOLATION SYSTEM

In this paper, to improve the safety and occupant comfort ability design criteria, semi-active
base isolation system is designed to reduce the maximum base drift and acceleration of
superstructure, simultaneously. For this purpose, a multi-objective function optimization
problem is defined to design the optimal semi-active base isolation system which considers a
linear combination of maximum acceleration and base drift as objective function and the
controller weighting parameter r as variable. Hence, the optimal value of controller
weighting parameter is determined by solving the following optimization problem:

Find: X =r (18)
maX( db)Semi—Active—B—l + ﬂ maX( a'l""’ a'4)Semi—Active—B—I
max(db)Single—B—l max(al""’ a4)Fixed—Base

Minimize: 9., =& (19)
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where d, and a; are the base drift of isolated structure and floor acceleration of
superstructure. o and S are weighting parameters which is applied on the peak base drift and
acceleration. In Eq. (19), using different values for o and g leads to different reduction in the
base drift and acceleration. It is clear that when o=1 and =0, it is desired to minimize the
maximum base drift and also by selecting =0 and p=1, mitigating the maximum
acceleration of superstructure has been important. To solve the optimization problem,
genetic algorithm (GA) has been employed.

4.1 Genetic algorithms (GAs)
GA is a method for optimization of problems which uses principles inspired by natural
genetics [25]. GA has been applied to solve the optimization problems in different fields of
civil engineering such as optimal design of multiple tuned mass damper [26], optimal
locations of the actuators for frame active control [27], solution of truss optimization
problems [28] and stability analysis of gravity dams [29]. Fundamental parameters in the
GA are: (1) chromosome representation, (2) initial population, (3) fitness function, (4)
selection function, (5) crossover, (6) mutation.
(1)Chromosome representation

A GA starts with a population of chromosomes and goes toward better chromosome in
next generation. Each chromosome is created from a sequence of genes and represented in
real-valued or binary coding. In this research real-valued coding has been applied for
chromosomes representation.
(2)Initial population

The GA requires an initial population to solve the optimization problem that is created by
a random number generator. The total number of chromosome in each population called
population size is important in the optimization problems. A high population size will result
a large computational cost while a low population size will cause to inadequate
computational accuracy. The range of 50-150 population size has been proposed to balance
between computational cost and accuracy [30]. In this study, the population size is set to 50
chromosomes.
(3) Fitness function

The fitness value of chromosomes is effective factor in selection of chromosomes for
mating. In this paper, the fitness function is defined the rank of each chromosome in the
sorted objective function.
(4)Selection function

The selection function is employed to select the chromosomes from current generation
for crossover. In this research, the stochastic universal sampling method [31] has been used
for selection operator based on chromosome fitness value as:

P(Xi) :NiFﬂ'i =12,.., Nind

ind

> F(x) %)

where F(x;) is the fitness value of chromosome x;, P(x;) is probability of selection of x; and
Ning IS the population size.
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(5)Crossover

The crossover operator is used to produce new chromosome from the parents. In this
paper, the method proposed by Mihlenbein and Schlierkamp-Voosen [32] has been used for
crossover. Two newborns are produced from each pair of parents that each newborn gets its
genes from either parent with equal probability as follows:

O=PR,+a(P,-R) (21)

where P; and P, are the parent genes, O is the newborn gene, and « is a scale factor selected
randomly between [-0.25,1.25].
(6) Mutation

In GA, the mutation operator helps GA to escape from the local optimum. This operator
alters the genes of a chromosome and produces a newborn. The mutation ratio shows the
number of parents selected for mutation. In this paper, mutation rate=4% has been selected
and also the Gaussian mutation is employed for mutation operator [33].

In this research, the elite strategy has been used where a number of the best chromosomes
are selected as elites and go to the next generation directly.

5. NUMERICAL EXAMPLE
For numerical simulations, a four-story shear building has been considered to evaluate the
performance of semi-active base isolation system. The properties of isolated structure have
been presented in Table 1 [34].

Table 1: Parameters of structure and base isolation

Story Floor masses Stiffness Damping coefficients
(ton) coefficients (MN/m) (KN.s/m)
Base isolation 450 18.05 26.17
1 345 340 490
2 345 326 467
3 345 285 410
4 345 250 350

By defining y in Eq. (3) as y=[X,,%,X,,%;,X,,X,] which includes the structure

accelerations and the base drift, the system matrices A, B, C, D and E in Eq.s (2) and (3) can
be written as:
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The dynamical parameters of MR damper used in this paper have been reported in Table
2 [22]. The capacity and maximum voltage of MR damper have been 1000 (kN) and 10 (v),
respectively.

Table 2: Parameters of MR damper model

Parameter Value Parameter Value
Coa 110 kN.sec/m aa 46.2 KN/m
Cob 114.3 kN.sec/m.V Ay 41.2 kN/m.V
ko 0.002 kN/m y 164 m™
Cia 8359.2 kN.sec/m B 164 m™
Cip 7482.9 kN.sec/m.V A 1107.2
K1 0.0097 kKN/m n 2
Xo 0 n 100 sec™

For numerical simulation, a program has been developed by using MATLAB software
which in this program, the MR damper behavior has been controlled by using H,/LQG and
clipped-optimal control algorithms and also the matrix of k. in Eq. (14) has been calculated
by using the control toolbox in MATLAB. The comparison of results of this program and
experimental study produced by Dyke et al. [21] shows its acceptable accuracy. This
research includes the following sections:

(a): designing passive hybrid base isolation system

(b): designing optimal semi-active base isolation system

(c): assessment of semi-active base isolation performance under testing earthquakes

5.1 (a): Designing passive hybrid base isolation system

MR damper can be employed with the constant voltage that operates the same as passive
control system. In this section, the performance of hybrid base isolation system is studied in
passive form and the structure response is evaluated for the constant voltages of 0, 5 and 10
(v). The peak response of structure subjected to El Centro (PGA=0.348g, 1940), Parkfield
(PGA=0.35g, 1996) and Northridge (PGA=0.535g, 1994) earthquakes have been shown for
the fixed-base structure and isolated structures by using single and passive hybrid base
isolation systems in Tables 3-5 where dy, and d; are drift of base isolation and the inter-story
drift of superstructure, a, and a; are acceleration of base isolation and superstructure.
According to the results presented in Tables 3-5, it can be concluded that:

1) Isolating structure by using single base isolation system can mitigate the inter-story drift and
acceleration which in this case study, the maximum inter-story drift has reduced about 66%,
88%, 80% and the maximum acceleration has reduced about 78, 88, 87% under El Centro,
Parkfield and Northridge earthquakes, respectively. Therefore, single base isolation system is
an effective control system in reducing structure response while the peak base drift has been
high which in this research has been controlled by using MR damper.

2) Adding supplemental MR damper in passive form (constant voltage) can reduce the peak
base drift effectively. This reduction is significant especially when the maximum voltage
(v=10) has been applied. In this case, the peak base drift has reduced about 78%, 71% and
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63% under EI Centro, Parkfield and Northridge earthquakes, respectively. Therefore, using
MR damper is an appropriate alternative for mitigating the maximum base drift.

3) Adding supplemental MR damper has reduced the structure response in comparison with
single base isolation system under El Centro earthquake while it has increased the structure
response under Parkfield and Northridge earthquakes. However, in comparison with fixed-
base structure, under all excitations it has been seen that the response of superstructure has
been suppressed significantly.

4) Increasing the voltage of MR damper has led to more reduction in the peak base drift while it
increases mostly the peak inter-story drift and acceleration of superstructure. From the results
of numerical simulations, it is clear that the minimum acceleration and base drift have been
achieved by using passive-off (v=0) and passive-on (v=10) MR dampers, respectively.

Table 3: The peak response of structure subjected to EI Centro earthquake

Response Fixed base Single base Hybrid base Hybrid base Hybrid base
isolation isolation (v=0) isolation (v=5) isolation (v=10)

dy - 31.53 19.15 9.46 6.94

d; 3.88 1.30 0.80 0.54 0.59

d, 3.52 1.04 0.63 0.47 0.59

d; 3.09 0.81 0.49 0.38 0.53

dy 2.08 0.47 0.28 0.27 0.43

(cm)

o : 286 183 161 253

ai 722 302 193 132 224

a 1037 318 197 141 202

3 1165 329 200 161 225

L, 1509 338 206 195 310
(cm/s?)

f (kN) - - 163.8 680.0 1000

Table 4: The peak response of structure subjected to Parkfield earthquake
Hybrid base  Hybrid base  Hybrid base

Response Fixed base S:lelzﬁboanse isolation isolation isolation
(v=0) (v=b) (v=10)
dp - 5.77 3.41 2.14 1.66
d; 1.87 0.23 0.17 0.33 0.50
d, 1.76 0.20 0.17 0.42 0.61
ds 1.70 0.19 0.17 0.44 0.64
ds 1.08 0.13 0.13 0.34 0.57
(cm)
ap - 82 75 158 276
a 239 63 49 162 210
ay 452 59 40 107 190
as 619 63 56 189 268
ay 786 93 91 244 418
(cm/s?)

f (kN) - - 110.1 583.0 1000
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Table 5: The peak response of structure subjected to Northridge earthquake
Hybrid base  Hybrid base  Hybrid base

Response Fixed base S:lelztit())anse isolation isolation isolation
(v=0) (v=b) (v=10)
dp - 11.12 10.65 4.66 4.16
d; 2.28 0.45 0.46 0.33 0.45
do 2.10 0.36 0.38 0.32 0.41
ds 1.90 0.28 0.31 0.35 0.52
ds 1.25 0.16 0.18 0.30 0.38
(cm)

ap - 108 120 168 284
a 550 110 115 145 255
ay 642 110 115 181 291
as 679 114 121 148 316
as 907 116 133 216 278

(cm/s?)

f (kN) - - 125.6 581.3 1000

5.2 (b): Designing optimal semi-active base isolation system

To assess the effect of controller weighting parameter, r, in Eq. (11) on the performance of
semi-active base isolation system in controlling the maximum base drift and superstructure
response, for different values of r , the maximum response of controlled system has been
determined and given in Tables 6-8.

Table 6: The maximum response of controlled structure under El Centro earthquake

r 1010 10 1018 10% 102
dy 19.13 7.32 6.86 6.85 6.86
d, 0.80 0.53 0.56 0.57 0.57
d, 0.63 0.46 0.48 0.48 0.48
ds 0.49 0.41 0.42 0.41 0.41
ds 0.28 0.31 0.34 034 0.34
(cm)
ay 183 156 153 154 153
a 192 186 173 171 173
a 197 149 149 149 149
a3 201 185 174 172 175
a 206 224 246 247 248
(cm/s?)

f (kN) 163.5 1000 1000 1000 1000
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Table 7: The maximum response of controlled structure under Parkfield earthquake

r 10710 10 10718 1022 102°
dy 3.40 1.68 1.46 1.46 1.46
d; 0.17 0.38 0.40 0.40 0.40
d, 0.17 0.48 0.52 0.52 0.52
ds 0.16 0.50 0.53 0.53 0.53
ds 0.12 0.45 0.47 0.47 0.47
(cm)

ap 74 230 244 244 244
a; 50 184 188 188 188
a, 41 115 136 136 136
a3 57 218 205 205 206
a 90 327 343 343 342

(cm/s?)

f (kN) 110.2 969.3 1000 1000 1000

Table 8: The maximum response of controlled structure under Northridge earthquake

r 1010 10 10718 1022 102°
dy 10.66 3.97 3.64 3.64 3.65
d; 0.46 0.37 0.36 0.36 0.36
d, 0.38 0.37 0.36 0.36 0.36
ds 0.31 0.34 0.31 0.31 0.31
ds 0.18 0.21 0.20 0.20 0.20
(cm)

ay 120 137 129 146 145
a; 115 106 118 119 119
a, 115 107 101 104 107
a3 121 132 132 130 132
a 133 151 143 143 144

(cm/s?)

f (kN) 125.6 1000 1000 1000 1000

As shown in Tables 6-8, under all excitations the performance of semi-active base isolation
system depends on the value of controller weighting parameter. Moreover, according to the
results it can be concluded that using large values for controller weighting parameter causes to
have smaller peak acceleration and MR damper force in expense of larger base drift.
Therefore, designing semi-active base isolation system for minimizing the maximum base drift
leads to increase the maximum superstructure acceleration, consequently making problem in
comfort ability of occupants. Therefore, to improve the safety and comfort ability design
criteria simultaneously, it is recommended to mitigate the maximum drift and acceleration
simultaneously. For this reason, in this paper for designing optimal semi-active control system,
a multi-objective function has been used. To avoid from complexity in numerical simulations,
the objective function has been defined as a linear combination of maximum normalized base
drift and acceleration for each excitation as follows:



330 M. Mohebbi and H. Dadkhah
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The objective function has been solved for several combinations of « and £ by using GA.
For example, the variations of the best fitness, mean of fitness of individual and the average
distance between individuals have been reported during generations in Fig. 3 for three
weighting combinations of [«,/] under Parkfield earthquake. The convergence behavior of

GA can be concluded from these results.
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The maximum response of superstructure and base drift for different combinations of

[a.f] as well as the optimum value for controller weighting parameter, r, have been reported
in Tables 9-11.

Table 9: The maximum response for different combinations of o and  under El Centro

earthquake
[0/ [L0] [0802] [0604] [0505] [04,06] [0208 [0.1]
Optlmal r 10-18.838 10-18.004 10-13.686 10-13.608 10-13.608 10-12.723 10-12.271
dp 6.84 6.85 741 7.45 7.45 9.21 11.56
d; 0.57 0.56 0.53 0.52 0.52 0.56 0.59
d, 0.48 0.48 0.47 0.45 0.45 0.46 0.47
ds 0.42 0.42 0.39 0.40 0.40 0.36 0.37
ds 0.35 0.34 0.28 0.27 0.27 0.23 0.22
(cm)
ap 154 154 143 143 143 139 146
ay 171 171 190 190 190 157 146
a 152 149 156 156 156 133 145
as 172 172 190 187 187 152 153
W 251 246 201 199 199 165 158
(cm/s?)
f (kN) 1000 1000 1000 1000 1000 1000 1000

Table 10: The maximum response for different combinations of o and g under Parkfield
earthquake

[0, 5] [1,0] [0.802] [0.60.4] [0505] [0.4,06] [0.20.8] [0,1]

Optlmal r 10—19.401 10-20.282 10-18.849 10-11.663 10—11.427 10—10.646 10—10.646

dy 1.46 1.46 1.46 2.72 2.90 3.40 3.40
d; 0.40 0.40 0.40 0.21 0.19 0.17 0.17
d, 0.52 0.52 0.52 0.23 0.21 0.17 0.17
ds 0.53 0.53 0.53 0.21 0.19 0.16 0.16
ds 0.47 0.47 0.47 0.18 0.15 0.12 0.12
(cm)
ap 244 244 243 93 84 73 73
a 188 188 188 64 60 51 51
a, 134 135 134 52 50 42 42
as 206 206 206 85 75 57 57
ay 343 342 342 131 109 89 89
(cm/s?)

f (kN) 1000 1000 1000 346.2 253.8 123.5 123.5
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Table 11: The maximum response for different combinations of a and B under Northridge
earthquake

[0, ] [1,00 [0.802] [0.604] [0505] [0.406] [0208 [01]

Optlmal r 10-19.078 10-19.881 10-20.368 10-19.889 10-16.282 10-16.069 10-12.335

dy 3.62 3.64 3.63 3.64 3.68 3.70 7.34
d; 0.36 0.36 0.36 0.36 0.36 0.36 0.35
d, 0.36 0.36 0.36 0.36 0.36 0.36 0.30
ds 0.31 0.31 0.31 0.31 0.32 0.32 0.27
ds 0.20 0.20 0.20 0.20 0.19 0.19 0.16
(cm)
ap 131 144 144 144 130 130 123
a; 119 119 118 119 118 117 99
a, 108 105 106 105 98 97 97
as 130 130 130 130 134 135 107
ay 144 142 141 142 139 139 120
(cm/s?)
f (KN) 1000 1000 1000 1000 1000 1000 741.4

Based on the results reported in Tables 9-11, it can be concluded that:

(1) Optimum controller weighting parameter, r, depends on the objective function. For
example when [o,f] is equal to [1,0], it means that the objective function has been
defined to minimize the peak base drift, the optimal controller weighting parameter under
El Centro earthquake has been r= 10"%%% while for [a,5]=[0,1] that the objective
function has been minimizing the peak acceleration, optimal controller weighting
parameter r= 102" has been obtained.

(2) Using different values for a and f affects the performance of optimal semi-active base
isolation system in controlling the maximum base drift and acceleration. Selecting [«,5]=
[1,0] and [0, f]=[0,1] are threshold values which lead to maximum reduction in maximum
base drift and acceleration, respectively. Hence based on the importance of reduction in
base drift and acceleration, a proper set should be considered for [a,f].

Figs. 4-6 show the time history of structure response, MR damper force and voltage for
three combinations of [«, ] under Northridge earthquake.
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5.3 (c): Assessment of semi-active base isolation performance under testing earthquakes

In previous section, the semi-active base isolation system was designed when the structure
subjected to a specific earthquake while earthquake is an unpredictable event and to check
the reliability of control system, the performance of optimal designed control system should
be evaluated under other earthquakes. To this end, the performance of designed control
system is evaluated under Olympia (PGA=0.344g, 1994), Loma Prieta (PGA=0.278g, 1989)
and Taft (PGA=0.18g, 1952) real earthquakes. For each combinations of [«,/f], the
logarithmical average of controller weighting parameter, r, under three design records has
been used as the controller weighting parameter of semi-active control system under testing
records. For different sets of [« /], the maximum response of uncontrolled and controlled
structures under testing excitations has been reported in Tables 12-14.

Table 12: The maximum responses of uncontrolled and controlled structures subjected to

Olympia earthquake
Response  Fixed base Single base Semi active base isolation
isolation [0.61=[1,0] [ap]=[0.2,0.8] [ap]=[0,1]
dp - 18.52 2.58 4.01 7.95
ds 3.38 0.81 0.44 0.42 0.40
d; 3.05 0.68 0.49 0.42 0.36
ds 2.89 0.56 0.49 0.41 0.30
ds 1.93 0.34 0.32 0.28 0.18
(cm)
ap - 197 202 159 121
a 507 187 136 123 115
a, 785 186 104 109 102
az 1013 218 179 138 116
=N 1399 244 228 205 131
(cm/s?)

f (kN) - - 1000 991.4 484.6
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Table 13: The peak responses of uncontrolled and controlled structures subjected to Loma Prieta

earthquake
Response Fixed base Single base Semi active base isolation
isolation [a,f]=[1,0] [«f]=[0.2,0.8] [« /f]=][0,1]
dp - 21.29 9.03 9.18 10.59
d; 5.30 0.86 0.56 0.55 0.52
d, 4.92 0.68 0.51 0.48 0.43
ds 4.27 0.52 0.41 0.46 0.35
ds 2.66 0.30 0.28 0.28 0.23
(cm)

ap - 208 199 182 127
a 698 213 172 184 126
a 1134 213 172 175 137
as 1612 214 186 180 159
W 1927 220 202 202 164

(cm/s?)

f (kN) - - 1000 1000 818.6
Table 14: The peak responses of uncontrolled and controlled structures subjected to Taft

earthquake
Response Fixed base Single base Semi active base isolation
isolation [e.f]1=[1,0] [«p]=[0.2,0.8] [« /f]=][0,1]
dy - 10.89 2.82 3.93 5.40
d; 1.99 0.44 0.39 0.35 0.24
d, 1.74 0.35 0.40 0.34 0.21
ds 1.45 0.29 0.38 0.31 0.19
ds 1.07 0.17 0.26 0.19 0.13
(cm)

ay - 114 143 133 91
a 339 115 117 102 69
a 569 111 81 72 62
as 633 113 129 122 68
W 772 123 185 137 91

(cm/s?)

f (KN) - - 1000 961.9 439.2

The results show that the semi-active base isolation system has worked successfully
under testing earthquakes, too, regarding the reduction achieved in maximum base drift and
acceleration separately or simultaneously. Furthermore, for various sets of [, /], the same
trend in controlling the response of structure under design records has been obtained when
the structure subjected to testing excitations.
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6. CONCLUSIONS

In this paper, semi-active base isolation system composed of linear base isolation system
with low damping and magneto rheological (MR) damper has been designed optimally. In
designing procedure to improve the safety and occupant comfort ability design criteria,
minimizing the peak base drift of isolated structure and the maximum acceleration of main
structure, separately or simultaneously, have been selected as design objectives. For this end,
a multi-objective optimization problem has been defined to design optimal semi-active base
isolation system which considers an objective function as a linear combination of maximum
acceleration and base drift. H,/linear quadratic Gaussian (LQG) and clipped-optimal control
algorithms have been used to determine the desired control force and applied voltage of MR
damper in each time step. Genetic algorithm (GA) has been used to solve the optimization
problem for different sets of weighting parameters assigned to acceleration and base drift in
objective function. For numerical simulation, a four-story base isolated shear frame has been
considered and the semi-active base isolation system has been designed optimally under
different design earthquakes. Results show that the performance of semi-active base
isolation system depends on the value of controller weighting parameter strongly and the
superstructure response and base drift can be reduced by using the semi-active base isolation
system significantly. Moreover, by selecting proper values for maximum acceleration and
base drift related parameters in objective function, it is possible to mitigate the maximum
acceleration and base drift to a desired level. For the case study of this research, when the
weighting parameters of objective function have been selected in accordance with
controlling only base drift or acceleration separately, the averages of reduction values under
three design records have been 73% and 89% for base drift and acceleration, respectively,
while in minimizing the base drift and acceleration simultaneously by using multi-objective
optimization design procedure, the corresponding values have been about 65% and 85%.
Evaluating the performance of designed optimal control system under testing earthquakes
shows that the semi-active control system designed according to proposed multi-objective
based design procedure, can satisfy the design objective under testing earthquakes.
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