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ABSTRACT

In this paper, optimal design of hybrid low damping base isolation and magnetorheological
(MR) damper has been studied. Optimal hybrid base isolation system has been designed to
minimize the maximum base drift of low damping base isolation system where for solving
the optimization problem, genetic algorithm (GA) has been used. In design procedure the
maximum acceleration of the structure has been limited, too. To determine the volatge of
semi-active MR damper the H,/LQG and clipped-optimal control algorithm has been
applied. For numerical simulations, a three-story frame equipped with the hybrid base
isolation and MR damper subjected to the scaled El Centro excitation and optimal hybrid
system has been designed. Results of numerical simulations have proven the effectiveness of
the optimal hybrid control system in controlling the maximum base drift of isolated
structure. Also comparing the performance of hybrid, low and high damping base isolation
systems has shown that adding MR damper to low damping base isolation system has
improved its performance so that the hybrid system has worked better than high damping
base isolation in reducing the maximum base drift. Testing optimal hybrid control system
under different excitations has shown its efficiency.
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control.

Received: 10 March 2015; Accepted: 29 July 2015

1. INTRODUCTION

Base isolation systems are passive control systems that mitigate structural vibration and
damage during seismic events. This kind of control system reduces structural acceleration
and drift with shifting the period of structure. The shifted period increases the base drift of
structure. Several alternatives could be used for adding the damping and decreasing the base
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drift. Damping of the natural base isolation is about 2-3% of critical damping. One method
for increasing the damping of base isolation is using the high damping natural rubber,
natural rubber containing carbon black and other proprietary fillers that can increase the
damping of base isolation up to 15-20% of critical damping [1]. Also leaden core in base
isolation and supplemental dampers such as viscous dampers may be used to augment the
damping [2]. Though these methods of increasing damping can reduce the base drift, these
base isolation systems do not have the capability of adapting to different loading conditions.
To solve this problem, blend of base isolation systems and active control system may be
proposed that called hybrid control systems. Hybrid control systems can be effective for
wide range of different loading conditions. Hybrid control systems have been investigated
by a number of researchers [3-4] which the results indicate the advantages of hybrid base
isolation systems such as high performance in mitigating structural vibration and the ability
to adapt to wide range of ground excitation. Inaudi and Kelly investigated using active base
isolation in a four-story building model employing an electro hydraulic actuator [3]. Also
using sliding mode controller for buildings and bridge has been studied in previous
researches [4-5]. Active base isolation systems need high external power supply during
seismic events. To solve this problem, semi-active systems can be proposed instead the
active systems to be used with the base isolation systems. Semi-active systems can adapt to
different loading conditions and require low external power supply during the seismic
events. Magneto-rheological damper (MR) damper is one of the semi-active control systems
that has been investigated separately or in combination with the base isolation systems [6-
10]. Ramallo et al. [11] experimentally demonstrated the effectiveness of semi-active base
isolation in a two-story building and compared its performance with passive damper under
far-field and near-field earthquake excitations, also Sanjay and Nagarajaiah [12]
experimentally showed the effectiveness of MR damper and base isolation under near-field
earthquake excitation.

In previous researches, the performance of hybrid system of base isolation and MR
damper, especially comparing its efficiency with the high damping base isolation, has not
been studied completely. Also optimization the performance of hybrid system in
minimizing the response of structure, especially maximum base drift, and a detailed optimal
design procedure has not been reported. Hence, in this paper, optimal design of base
isolation and MR damper hybrid system is investigated to protect the building structures
subjected to earthquake excitations where genetic algorithm (GA) is applied to solve the
optimization problem. The main focus of this research is to demonstrate the potential of
optimal low damping base isolation and MR damper in comparison with the high damping
base isolation in mitigating the response of structure.

2. SYSTEM MODEL
Assuming the force provided by the MR damper and the period shifted by base isolation are
adequate to keep the structure in the linear region. So the equation of motion of semi-active

base isolation can be written
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where I'=[-1 0 0 0]" indicates the position of MR damper, f=the force of MR damper,A= a
vector that all components are unity, x is the vector of the displacements of the structure
relative to the ground and My, K; and C, are mass, stiffness and damping matrices of fixed-
base and base isolation systems and xj, is the ground acceleration.

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 ]'), y is the vector of measured outputs, v is the
measurement noise vector and A, B, C and D are system matrices.

3. MR DAMPER MODEL

MR dampers are semi-active control devices that use magneto-rheological fluids to construct
a versatile damping device. Base isolation systems can be adapted to wide range of ground
excitation by adding MR damper even under near-field earthquake excitation that base
isolation system is susceptible [13]. Dynamic behavior of MR damper depends to the
voltage which currents in magneto-rheological fluid. The simple mechanical idealization of
the MR damper is depicted in Fig. 1 [14].
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Figure 1. Simple mechanical model of the MR damper
The applied force predicted by this model is given as [14]:
f=az+co(x—y)+ko(x—y)+ki(x —x0) (4)

or equivalently

f=cy+ki(x—xp) (5)
z=—ylx —ylz|lz|""t = B(x — Y)|z|" + A(x — y) (6)
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y= Lt o {az + cox + ko(x — )} (6)

where k,, ¢, and c; represent the accumulator stiffness, the viscous damping and
dashpot, respectively. Also k,is present to control the stiffness at the large velocities,x, is
the initial displacement of spring k; and the parameters y, f and Aare the parameters which
used to define the shape of hysteresis loops.

The force of MR damper depends on the voltage that current in MR damper. Dyke et al.
[15] have suggested the following equations to obtain the parameters of MR damper
dynamic model:

a=a(u) =a,+apu (8a)
c1 = ¢,(u) = c1q +c1pu (8b)
Co = Cco(U) = Coq + Coplt (8c)

where u is given as the output of a first-order filter given by:

u=-nu-"V) )

V is the voltage that currents in MR damper and n is constant modulus with dimension
Sec™1.

4. CONTROL ALGORITHM

Two controllers are needed for controlling MR damper. The first controller calculates the
optimum force and the second controller applies voltage of MR damper [16]. In this paper
H./LQG (Linear Quadratic Gaussian) control is used to calculate the optimum force. This
control can be used to mitigate the responses of hybrid system [17]. For designing of
controller, x; is taken to be a stationary white noise. The regulated outputs are minimized
using the following cost function:

= li 1E
J = lim—

f (2" ()Qz(t) + r£.%)dt (10)

where Q and r are the weighting matrix and parameter. The elements of Q are determined
according to the main purpose of designing of control system which in this research has
been the minimization of the base drift.

The optimal control force is given as follows:

fe=—kzZ (11)
z=AZ+Bf + L(y — CZ— Df) (12)

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

k., =— (13)
L=(CS) (14)

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

PA+ AP —PBBP/r+Q =0 (15)
SA+AS—SCCS+yEE =0 (16)

The force generated by MR damper depends on the response of structure. It is not always
possible to generate the desired optimal force and in MR damper control system only the
voltage can be directly changed. In this study the clipped-optimal control is used to apply the
voltage of MR damper where the voltage is determined as [14]:

V= VmaxH{(fc - f)f} 17)

Where V., is the maximum voltage that can be applied to MR damper, and H{.} is the
Heaviside step function. In the clipped-optimal control when the force produced by MR
damper is smaller than the desired optimal force and two forces are the same sign, the
voltage applied to MR damper is increased to the maximum level. Otherwise, the voltage
applied is set to zero.

A block diagram of the clipped-optimal control is shown in Fig. 2.

Figure 2. Diagram of clipped-optimal control system

A block diagram of the semi-active control system is shown in Fig. 3, where two
different cases of fixed-base and base isolated structures have been considered.
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Figure 3. Diagram of semi-active control system

5. GENETIC ALGORITHM (GA)

Genetic algorithm is a method for optimization of problems based on natural selection. In
GA individuals are selected randomly from the current population to produce the children
for next generation.

Selection, crossover and mutation are three main operators of GA. In every generation, a
set of chromosomes is selected for mating based on their relative fitness. This process of
natural selection is operated by the selection operator. In this paper the stochastic universal
sampling method [18] has been used for selecting a number of chromosomes for mating,
based on their fitness values in the current population as:

Flx) |
P(x, )= F(XI) i=1,2,...,Ning (18)

_Z
5
2

where F(x;)=fitness of chromosome x; and P(x;)=probability of selection of X; also Nj,q =
number of individuals.

Crossover produces new individuals that have some parts of both parents genetic
material. In this paper the method proposed by Mihlenbein and Schlierkamp-Voosen [19]
for crossover has been used, where each pair of parents can produce two newborns and each
newborn can get its genes from either parent with equal probability as follows:

O:P1+0{(P2-P1) (19)

whereP; and P, are the parent chromosomes genes, O is the newborn gene, and « is a scaling
factor chosen randomly over [-0.25, 1.25] interval typically. This method uses a new a for
each pair of parents genes.

Mutation operator provides a guarantee that the probability of searching any given string
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will never be zero.

In this paper the elitist strategy has been used where Ngjies Of the best chromosomes are
selected as elites of the current generation to go to the next generation without modification.
The rest of the chromosomes in the population are replaced by inserted newborns (Nips).
Hence:

Nelites =Nind' Nins (20)

GA has been used successfully for solving optimization problems in different fields of
civil engineering such as determination of optimal sensor locations for structural modal
identification [20], optimization of the modal weights for nonlinear static analysis of
structures [21] as well as optimal design of single and multiple tuned mass dampers as
structural control systems [22-24].

6. NUMERICAL EXAMPLE

For numerical analysis, a three-story building model has been used which the structural
models in both fixed-base and base isolation with MR damper configurations have been
shown in Fig. 4.

base-isolated fixed-base

Figure 4. Model of the structure
The mass, stiffness and damping of the structure have been reported in Table 1[14]. In
semi-active base isolation model, the structure on base isolation and fixed-base structure has
the same properties.

Table 1: Parameters of fixed-base structure

Stiffness coefficients Damping coefficients
Story  Floor masses (kg) *10° (N/m) P (Igl.s/m)
1 98.3 5.16 125
2 98.3 6.84 50

3 98.3 6.84 50
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In base isolated structure, one degree of freedom is added to dynamic model of the
structure. The base massm,, is chosen equal to the floor mass also the base stiffness k, is
chosen such that the fundamental period of the base isolation structure is almost triple the
fundamental period of the fixed-base structure [25]. The damping ratio of the base isolation
is chosen as 15% of critical damping for the high damping base isolation and 2% for hybrid
low damping base isolation and MR damper.

For numerical simulations a program has been developed using the MATLAB software.
To verify the result of the numerical analysis, the output of the current research has been
compared with the results of the experimental study conducted by Dyke et al. [14] and
reported in Table 2. It is clear that an acceptable adaption has been achieved between the
results.

Table 2. Verifying the written code in Matlab program

Uncontrolled Structure Clipped-Optimal Control

Control Strategy Dyke et al. [12] RPer:;aerr::th Dyke et al. [12]  Present Research

X1 0.538 0.542 0.114 0.113
X, 0.820 0.836 0.185 0.190
X3 0.962 0.973 0.212 0.215

(cm)
X4 856 848 696 688
%y 1030 1032 739 698
Xq 1400 1413 703 682

(cm/s?)
f(N) - 941 923

The equation of motion of semi-active base isolation systems can be written in state
space as follows:

Z =AZ + Bf + Ex, (21)
y=CZ+Df +v (22)

when y is defined as the absolute acceleration of the base isolation and the structure floors
and the displacement of base isolation (i.e. y=[x},%;%,%3x,]" ), the system matrices of Eq.
(21) and (22) can be written as:

04-X4- I4-><4- 4-><1 04- 1
A [ B B :I, B_ B E [ ) :I’
MS lKS - 1KS MS lr A4—X1

c=[—Ms'Ks —Ms‘le], D:[Ms_lr],
1000 0000

The optimal parameters of MR damper used in this paper are given in Table 3 [14], also
the capacity of MR damper and the maximum voltage has been 3000 (N) and 2.25 (v),
respectively.
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Table 3: Parameters of MR damper

Parameter Value Parameter Value
Coa 21 N.sec/cm a, 140 N/cm
Cob 3.5 N.sec/cm.V a, 695 N/cm.V
ko 46.9 N/cm y 363 cm™
Ciq 283 N.sec/cm B 363 cm™
C1p 2.95 N.sec/cm.V A 301
k, 5N/cm n 2
Xo 14.3 cm n 190 sec™

The structure is subjected to the NS component of the 1940 EI Centro earthquake shown
in Fig. 5 where the earthquake is reproduced at five times the recorded rate.

0.4 : : : : .
R A e —
5

04, 2 s 6 8 10 12

Time (sec)

Figure 5. Time scaled NS component of the 1940 El Centro earthquake

In this paper, three cases have been investigated for MR damper and low damping base
isolation system as follows:

Case (a): In this case the voltage of the MR damper has been constant (passive form) and
the response of structure has been obtained for voltages 0.5, 1.5 and 2.25 (v).

Case (b): The voltage of the MR damper has been determined using theH,/LQG and
clipped-optimal control algorithm and the parameter r in Eq. (10) has been optimized using
genetic algorithm without any constraints on structure or control system parameters.

Case (c): In this case, the voltage of the MR damper is determined similar to Case
(b)while the maximum acceleration of the controlled structure is limited in solving the
optimization problem. Finally, the performance of different control systems under the
Northridge (PGA=0.58g, 1994) and the Tabas (PGA=0.85g, 1978) earthquakes has been
tested.

6.1 Case (a): Base isolation and passive MR damper with constant voltage
In this case, the voltage of the MR damper has been constant; hence MR damper acts similar
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to a passive control system. The maximum response of uncontrolled and controlled
structures has been reported in Table 4 for different voltages of 0.5, 1.5 and 2.25 (v)when
the structure subjected to the scaled ElI Centro excitation where x,,d, and X, are
displacement, drift and absolute acceleration of the base isolation. x; d; and X;are
displacement, drift and absolute acceleration of the i™ floor and f is MR damper force.

Table 4: Peak response of uncontrolled and controlled structures due to the EI Centro

earthquake
Control Low High EOW Damp_lng Low Damping Low Damping
. X . ase Isolation . ;
Strategy Fixed Damping Damping th MR Base Isolation Base Isolation
Base Base Base wit with MR Damper  with MR Damper
Response Isolation  Isolation Damper (voltage=1.5) (voltage=2.25)
(voltage=0.5) ' '
Xp - 1.03 0.64 0.26 0.19 0.18
X4 0.54 1.15 0.71 0.31 0.29 0.29
Xy 0.83 1.22 0.75 0.33 0.34 0.35
X3 0.97 1.26 0.77 0.34 0.39 0.39
(cm)
dp - 1.03 0.64 0.26 0.19 0.18
d, 0.54 0.13 0.08 0.09 0.15 0.16
d, 0.32 0.07 0.05 0.08 0.10 0.11
ds 0.20 0.04 0.03 0.05 0.06 0.07
(cm)
Xp - 250 184 297 285 280
%1 880 230 187 283 386 412
Xy 1065 242 167 240 325 332
X3 1412 285 191 365 474 478
(em/s?)

f(N) - - - 469 837 881

As shown in Table 4, adding low damping base isolation to the structure decreases the
maximum response of fixed-base structure which in this case study the maximum drift and
acceleration has about 76% and 80% reduction, respectively. Though using low damping
base isolation has led to decrease the response of the structure, the base drift has been high.
By using high damping base isolation, the maximum drift and acceleration of structure has
been decreased about 85% and 86%. Also, the maximum base drift of low damping base
isolation has been decreased about 38%. Therefore it can be said that using high damping
base isolation could be suggested as an alternative to reduce the maximum base drift of the
base isolated structures though its capability has been limited. An other alternative to
decrease the maximum base drift is using MR damper in passive form with constant voltage
that is linked between low damping base isolation and ground. In Table 4, the maximum
response of the controlled structure has been given for different values of the voltage. From
the results it is clear that using passive MR damper has caused the maximum base drift of
the structure to be reduced, significantly. Also about 71% and 66% reduction has been
achieved in the maximum drift and acceleration of the structure. Comparing the results
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shows that using hybrid passive MR damper and low damping base isolation has been more
effective in reducing the base drift in comparison with low and high damping base isolation.

6.2 Case (b): Designing optimal hybrid system of low damping base isolation and MR
damper

In this section, the H,/LQG and clipped-optimal control algorithm is applied to determine
the voltage of the MR damper in each time step when the structure subjected to the scaled El
Centro excitation. In Eqg. (10), all elements of Q are zero, except for Q,,=1, this is because
of the purpose of this paper that is minimizing the base drift. Also the optimal value of the
weighting parameter, r, in Eqg. (10) is determined using genetic algorithm without any
limitation on the response. In design procedure only the weight parameter r is considered
variable in H,/LQG control and the objective function is defined as the minimization of the
maximum base drift. Through solving the optimization problem using GA, the optimal value
for r has been determined. In Figs. 6 and 7 the variations of the best fitness and fitness mean
of individuals as well as the average distance between individuals have been shown during
generations. It is clear that after a few number of generations the optimum answer has been
found which shows the convergence behavior of the GA. For the optimum case, the
maximum drift, acceleration, MR damper force and base drift of the controlled structure has
been reported in Table 5. Also Figs. 8-10 shows time histories of the maximum response,
MR damper voltage and force MR damper for different control systems. According to the
results, when using semi-active base isolation about 84% reduction in maximum base drift
has been achieved while the corresponding value has been about 38% for high base
isolation system; hence it can be said that in designing optimal hybrid base isolation the
main objective which has been minimizing the maximum base drift has been obtained. Also
in this case the maximum drift and acceleration of the structure have been decreased about
72% and 68%, too, though the maximum acceleration has been increased in comparison
with low and high damping base isolation. Hence, optimal design of hybrid MR damper and
low damping base isolation has led to effective performance regarding controlling the base
drift. Also this design procedure could be applied for designing effective hybrid base
isolation to mitigate any desired response of the structure.
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Figure 6. Best fitness and fitness mean during generations in GA
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=
n

- - - - low damping base isolation
high damping base isolation
hybrid base isolation

[y
1
E]

g
~ 0.5
£ 0 |
o
@ -0.5 4 v NIV
8 -1 V)
-1.5
0 1 2 3 4 5 6 7
Time (s)
(a): Base drift
& 0.8 high damping base isolation
‘5 0.6 4 hybrid base isolation
0.4 4 fixed base
E‘g 0.2 1 s8R aon
28 o0-
% -0.2 A
T 04
-0.6
0 1 2 3 4 5 6 7
Time (s)
(b): First story drift
1500
oy
?g <~ 1000 -
ZE T
B85 o-
|E8v500 K LR Y
< 200 high damping base isolation
-1000 ; ; hybrid base isolation
-1500 4 T e, fixed base
-2000
0 1 2 3 Time(s) 4 5 6 7

(c): Third story acceleration
Figure 8. Comparison of a) base drift, b) first story drift, and c) third story acceleration when
using different base isolation control system



OPTIMAL HYBRID BASE ISOLATIONANDMR DAMPER 505

Applied voltage to the MR damper as shown in Fig. 9 considers only the maximum and
minimum levels and changes between 0 and 2.25 (v).
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Figure 9. Applied voltage on the MR damper
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6.3 Case (c): Designing optimal constrained hybrid base isolation system

In Case (b) results have shown that when using hybrid base isolation, the maximum
acceleration of the structure has been increased in comparison with low and high base
isolation. Therefore in this section, in designing optimal hybrid system of low damping base
isolation and MR damper, the maximum acceleration has been limited to the value obtained
for third story (285 cm/s?) which is the maximum value in low damping base isolation. In
this case the optimization problem is solved to determine the optimal weighting parameter,
r, while the constraint on the maximum acceleration is satisfied. For the optimal case the
maximum response of structure has been shown in Table 5.

As shown in Table 5, the maximum acceleration of third story has been smaller than 285
cm/s?; hence the constraint has been satisfied. The maximum base drift has been increased in
comparison with the Case (b) though it is about 52% less than high damping base isolation.
Therefore it can be concluded that it is possible to design optimal hybrid base isolation
which has the capability of controlling the maximum drift, base drift and acceleration
simultaneously.

6.4 Performance of optimal hybrid base isolation under testing excitations

In previous sections, the optimal hybrid system of MR damper and base isolation has been
designed when the structure subjected to the EI Centro earthquake. To assess the
performance of optimal control systems under other excitations, the controlled structure
using designed optimal hybrid base isolations of cases (b) and (c) subjected to the
Northridge (PGA=0.58g, 1994) and the Tabas (PGA=0.85g, 1978) earthquake sand the
results have been reported in Tables 6-7.
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Table 5: Peak response of controlled structure due to the El Centro earthquake

R ontrol Strategy Hybrid Base Isolation-Case (b)  Hybrid Base Isolation-Case (c)
esponse

(cm/s?)
f(N)

0.16
0.27
0.31
0.32

0.16
0.15
0.08
0.07

668
478
376
461

938

0.31
0.35
0.38
0.39

0.31
0.08
0.06
0.04

293
246
237
284

292

Table 6: Peak response of uncontrolled and controlled structures due to the Northridge

earthquake
ntrol Strategy Fixed Low Damping ngh Hybrld_Base Hybrld_Base
Response Base Base Isolation Damping Isolation- Isolation-
Base Isolation Case (b) Case (c)
Xp - 1.34 0.74 0.29 0.28
X1 0.59 1.5 0.84 0.43 0.36
Xy 0.85 1.58 0.89 0.52 0.41
X5 0.99 1.62 0.93 0.61 0.43
(cm)
d, - 1.34 0.74 0.29 0.28
d, 0.59 0.17 0.11 0.20 0.12
d, 0.33 0.09 0.06 0.12 0.06
ds 0.28 0.05 0.04 0.10 0.08
(cm)
Xy - 303 224 757 780
¥, 1527 308 258 764 521
X, 1385 316 227 491 325
X5 1950 370 285 702 548
(cm/s?)
f(N) - - - 1474 619
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Table 7: Peak response of uncontrolled and controlled structures due to the Tabas earthquake

Control
Strategy Fixed Low Damping High Damping

Hybrid Base Hybrid Base

. . Isolation- Isolation-
Base Base Isolation Base Isolation
Response Case (b) Case (c)
Xp i 25 1.21 0.47 0.56
X4 0.93 2.8 1.36 0.63 0.65
X, 1'47 29 1.44 0.71 0.67
X3 ' 3 1.48 0.78 0.69
1.73
(cm)
d, i 25 1.21 0.47 0.56
d, 0.93 0.3 0.18 0.24 0.14
d, 0'53 0.15 0.11 0.14 0.11
ds ' 0.08 0.07 0.09 0.08
0.32
(cm)
Xy i 514 414 1324 3105
Xy 530 394 734 434
%, 1322 553 360 730 364
X3 9902 574 460 658 596
2
(cm/s?)
f(N) - - - 3000 3000

According to the results it is clear that under testing excitations the hybrid base isolation
system has been more effective than high damping base isolation in mitigating the maximum
base drift which is the main objective in designing procedure.

7. CONCLUSIONS

In this paper optimal design of hybrid low damping base isolation with MR damper and
assess its performance in mitigating the response of structures has been studied. The main
objective of this research has been designing optimal hybrid base isolation which has the
capability of controlling the maximum base drift of low damping base isolation. To this end,
optimal semi-active base isolations using MR damper have been designed where the
H./LQG and clipped-optimal control algorithm has been used to determine the voltage of
MR damper. A three-story frame subjected to the scaled El Centro excitation and optimal
hybrid base isolations have been designed which genetic algorithm (GA) has been used to
determine the weighting parameter in H,/LQR algorithm. Also the performance of three
types of passive base isolation systems including low damping, high damping and hybrid
base isolation with constant voltage MR damper has been studied. Results of numerical
simulations has shown that hybrid base isolation has been more effective than high damping
base isolation system in controlling the maximum base drift of the structure so that in this
case study about 75% more reduction in maximum base drift has been obtained by using the
hybrid base isolation. Also it has been found that for reducing the maximum acceleration of
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structure when using hybrid base isolation, it is possible to consider constraint on maximum
acceleration in optimization procedure. Testing the optimal hybrid base isolations as well as
low and high damping base isolations under excitations which are different from design
record in characteristics has shown that optimal hybrid systems has been more effective in
controlling the maximum drift of the structure and the base drift. Therefore, semi-active
optimal hybrid base isolation control system designed according the procedure of this
research could be suggested as an efficient control system for controlling the response of the
structures and also to overcome the shortcoming of low damping base isolations regarding
the maximum base drift.
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