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,e control strategy for protecting adjacent structures from earthquake excitations is gaining increasing significance. In this study,
to improve the seismic performance, a semiactive control strategy using magnetorheological (MR) dampers to couple the adjacent
structures is proposed. In this control strategy, to fully exploit the performance of MR dampers, the allocation (including the
locations and the number) and fuzzy logic controller (FLC) system of MR dampers are simultaneously optimally designed by
whale optimization algorithm (WOA) with a special encoding scheme. Simulation results verify that WOA provides competitive
performance compared with the other three metaheuristic algorithms in terms of solution quality and robustness. Compared with
other semiactive control methods including on-off, linear quadratic regulator-clipped voltage law, and WOA-FLC (optimal
allocation is not considered) methods, by using much less MR dampers, the proposed control strategy can exhibit more excellent
overall performance in terms of reducing the seismic responses and mitigating pounding.

1. Introduction

,e mutual collision between two adjacent buildings during
the past major earthquakes has caused significant damage.
For instance, in the 1985 Mexico City earthquake, over 40%
of structures impacted mutually, and more than 15% of the
structures collapsed due to the pounding [1]. In the Loma
Prieta earthquake, it was reported that there were over 200
pounding cases [2]. Even though building codes were greatly
improved subsequently, a multitude of cases of pounding
can be observed, such as in the 2011 Christchurch earth-
quake [3]. In downtown areas where buildings were often
built very close to each other due to limited land, devastating
damages observed from seismic pounding are particularly
frequent [4].

To avoidmutual pounding under earthquake excitations,
most researchers proposed linking adjacent structures with

passive or active control devices. Hadi and Uz [5] proposed
using the passive and active dampers with optimal pa-
rameters to achieve the seismic response mitigation of the
adjacent buildings. Zou et al. [6] investigated the effec-
tiveness of the active control of the adjacent structures
considering the pile-soil-structure interaction effects con-
nected with an ideal hydraulic servo system. However,
passive devices are limited to a specific range of vibration
modes and lack of adaptability and versatility, and active
devices highly rely on large electric power so that they will be
useless and even increase the vibration amplitude once the
power supply is cut off.

Semiactive control devices are highly reliable and sig-
nificantly adaptable that can overcome the above-mentioned
disadvantages of the passive control devices and active
control devices. ,erefore, recently more and more re-
searchers have attempted to employ this kind of control
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device to link the adjacent structures [7]. Magneto-
rheological (MR) dampers, as one kind of intelligent sem-
iactive control device, are fail-safe when the control system
breaks down and can offer high adaptability and large force
capacity. ,ey have become one of the most promising
control devices to reduce the vibration responses in the field
of engineering [8–10]. Katebi and Zadeh [11] and Lin et al.
[12] employed MR dampers to interconnect the adjacent
structures with different kinds of control algorithms. ,e
results validated that MR dampers not only can suppress the
structural vibration but also can prevent structures from
colliding with each other to a certain extent. Al-Fahdawi
et al. [7] investigated the control effects of connecting the
adjacent buildings with MR dampers and hydraulic actua-
tors. ,e results verified that compared with hydraulic ac-
tuators, MR dampers can achieve better control results for
the structural responses.

Nowadays various control algorithms implemented for
the MR dampers have been proposed, for example, Lya-
punov method [13] and clipped optimal control [14], sliding
mode control [15], H∞ control [16], neural network control
[17], and fuzzy logic control (FLC) [18]. Among these
control algorithms, the FLC method has been known as a
popular method. It can easily handle uncertainties and high
nonlinearities of the MR damper and can provide inherent
stability to the closed-loop system. Besides, it can directly
calculate the MR damper control signal from the structural
responses without the requirement of calculating the system
control force. Abdeddaim et al. [19] investigated the per-
formance of the FLC method for the MR dampers, which
connected two adjacent structures. ,e results showed that
this control algorithm outperforms passive-on control,
passive-off control, and on-off control methods, especially in
the control of the displacement and acceleration responses.

However, the parameters of the fuzzy control system that
must be correctly pre-etermined for the system to function
properly are difficult to be selected, as they highly depend on
expert experience. Especially, designing amulti-input-multi-
output FLC system is much more sophisticated when
multiple MR dampers are required to be installed. Recently,
it has been verified that optimally designing the FLC with
metaheuristic algorithms (MAs) is surprisingly effective and
efficient. Mahmoodabadi et al. [20] adopted a particle swarm
optimization (PSO) algorithm to optimize the FLC for
nonlinear systems. ,e simulation results demonstrated the
superiority of the PSO-based FLC strategy over other MAs.
Lin et al. [12] proposed a modified crow search algorithm
(CSA) to optimize the FLC parameters for the MR dampers
with the consideration of soil-structure interaction. ,e
results validated the effectiveness of this optimal FLC.

On the other hand, the optimal arrangement of MR
dampers is vitally important to the control effect, especially
for the high-rise structures. Ok et al. [21] pointed out that
there is no necessity to connect the adjacent structures at
every single floor and significant displacement response
reduction is possible with less MR dampers. However, this
literature did not provide a solution for the optimal ar-
rangement of MR dampers. Uz and Hadi [22] provided the
optimal distribution of MR dampers and fuzzy rules of FLC

to control the adjacent buildings by the use of GA, but the
mutation operation that is a typical operation of GA cannot
be conducted due to the specified encoding strategy. Besides,
there was only one output of the FLC, which meant that the
optimal command voltages of all the MR dampers were the
same.

Recently, a nature-inspired algorithm, called whale
optimization algorithm (WOA), which mimics the hunting
behavior of humpback whales in nature, is proposed to solve
mathematical and engineering optimization problems [23].
,e results showed that the WOA outperformed other
several MAs. ,is algorithm exhibited high local optima
avoidance and fast convergence speed and was very easy to
be performed as it has only two main parameters to be
adapted. It has gained more and more attention in the
engineering field. Pham et al. [24] used WOA to optimize
resource allocation in wireless and communication net-
works.,e results demonstrated that among several state-of-
the-art algorithms, WOA was very competitive. Ebrahimgol
et al. [25] proposed the application of WOA in the exergy
optimization of a nuclear power plant. ,e results proved
that the overall thermal efficiency of the Bushehr nuclear
power plant was increased from 33.66% to 36.42% by using
WOA, and this algorithm outperformed GA and PSO in
terms of local optima avoidance and convergence. In ad-
dition, WOA has also been successfully used to solve other
challenging problems such as association rule mining using
fuzzy logic system [26], underwater image matching [27],
structural damage identification [28], and code smell de-
tection [29].

In this study, an intelligent semiactive control strategy
employing MR dampers as the connection devices of the
adjacent structures is proposed to improve the seismic
performance. In this control strategy, to better control the
MR dampers, an encoding scheme for the WOA is proposed
to simultaneously optimize the allocations and FLC system
of the MR dampers, even when the controlled buildings are
high-rise type and the FLC is a multi-input-multi-output
system. To the best of our knowledge, the optimal design of
the MR damper distribution and the control system are
rarely simultaneously considered for the coupled adjacent
structures. Besides, there have been no published literatures
about solving this problem using the WOA technique.

,e rest of the paper is organized as follows. Section 2
builds the mathematical model for the MR damper-based
adjacent buildings and derives the corresponding motion
equation. Section 3 provides an overview of the WOA. In
Section 4, the encoding design and the optimization steps for
the proposed semiactive control scheme are described.
Section 5 examined the effectiveness of the proposed control
method in comparison with different semiactive control
methods through numerical tests by MATLAB. Finally, the
conclusions are stated in Section 6.

2. Modelling the Coupled Adjacent Buildings

2.1.MotionEquationof the System. As shown in Figure 1, the
adjacent buildings are idealized as linear shear types, the
inline floors of which are rigidly connected with MR
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dampers. Building 1 (the right building) and Building 2 (the
left building) have (n+ l) stories and n stories, respectively.
,erefore, the coupled system has (2n+ l) degrees of
freedom. In this figure, €Xg(t) is the earthquake acceleration.
Second subscripts 1 and 2 of every parameter refer to
Buildings 1 and 2, respectively. For example, mi,2, ki,2, and
ci,2 denote the mass, stiffness, and damping, respectively, of
the i-th floor of Building 2. ,e governing motion equation
for the MR damper-coupled adjacent buildings can be
expressed as follows:

M€X(t) + C _X(t) + KX(t) � Λ€Xg(t) + ΓF(t), (1)

where F(t)� {f1(t), f2(t), . . . , fn(t)}T represents damping
forces of the MR dampers, Γ(2n + l,n) � [Γ1, Γ2, . . ., Γn] is the
distribution matrix of the damping forces,Λ is a distribution
vector of the seismic excitation, X(t) is the relative dis-
placement to the ground (called displacement in short), and
_X (t) and X (t) are the velocity and acceleration vectors of the
system, respectively. X(t) is expressed as follows:

X(t) �
x1,1(t), x2,1(t), xi,1(t), . . . , xn+l,1(t)

x1,2(t), x2,2(t), xi,2(t), . . . , xn,2(t)
􏼨 􏼩

T

(2n+l,1) , (2)

where xi,1 and xi,2 are the relative displacements of the i-th
floors of Buildings 1 and 2, respectively.

In equation (1), M, C, and K are mass, damping, and
stiffness matrices of the coupled system, respectively, which
are expressed as follows:

M �
M1

M2
􏼢 􏼣

(2n+l,2n+l)

,

K �
K1

K2
􏼢 􏼣

(2n+l,2n+l)

,

C �
C1

C2
􏼢 􏼣

(2n+l,2n+l)

.

(3)

M1,C1, andK1 are mass, damping, and stiffness matrices
of Building 1, respectively, which are calculated by the
following equations. ,e corresponding matrices M2, C2,
and K2 of Building 2 can be calculated similarly.

M1 �

m1,1

m2,1

⋱

mn+l,1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(n+l,n+l)

,

K1 �

k1,1 + k2,1 −k2,1

−k2,1 ⋱

k(n+l−1),1 + kn+l,1 −kn+l,1

−kn+l,1 kn+l,1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(n+l,n+l)

,

C1 �

c1,1 + c2,1 −c2,1

−c2,1 ⋱

c(n+l−1),1 + cn+l,1 −cn+l,1

−cn+l,1 cn+l,1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(n+l,n+l)

.

(4)

If Z(t) � [X(t), _X(t)]T
(2×(2n+l),1) represents state vari-

able; then we can rewrite equation (1) as follows:
_Z(t) � AZ(t) + Bg

€Xg(t) + BfF(t). (5)

A is the system matrix; Bg and Bf are the distribution
matrices of the seismic excitation and the damping forces,
respectively. ,ese three matrices are defined as follows:

A �
0 I

−M− 1K −M− 1C
􏼢 􏼣

(2×(2n+l),2×(2n+l))

,

Bg �
0

−Λ
􏼢 􏼣

(2×(2n+l),1)

,

Bf �
0

M− 1Γ
􏼢 􏼣

(2×(2n+l),n)

,

(6)

where I denotes the unit matrix and 0 represents the zero
matrix (vector).

If €Xa(t) denotes the absolute acceleration (called the
acceleration in short in the following sections) of the coupled
system, then the output of the system Y(t) � [X(t)T,
_X(t)T, €Xa(t)T]T can be re-expressed by

mn+l, 1

mn+l, 1

mn, 1

mi, 1

ẍg

m2, 1

MR damper

MR damper

MR damper

MR damper
m1, 1

mn, 2

mi, 2
ki, 2
ci, 2

ki, 1
ci, 1

m2, 2

m1, 2

Figure 1: Schematic diagram of the MR dampers-coupled adjacent
buildings.
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Y(t) � CzZ(t) + DfF(t), (7)

where

Cz �

I 0

0 I

−M− 1K −M− 1C

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3×(2n+l),2×(2n+l))

,

Df �

0

0

M− 1Γ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3×(2n+l),n)

.

(8)

In order to conveniently conduct the simulation cal-
culation, we describe equations (5) and (7) in the form of
standard state-space as follows:

_Z(t) � AZ(t) + BU(t),

Y(t) � CzZ(t) + DfU(t),

⎧⎨

⎩ (9)

where Y(t) is the output vector of the system; B, Cz, and Df
are the statement matrices; and U(t) is the input vector. B
and U(t) are expressed as follows:

B �
Bg

Bf

⎡⎢⎢⎣ ⎤⎥⎥⎦

(2×(2n+l),(1+n))

,

U(t) �
€Xg(t)

F(t)

⎡⎢⎢⎣ ⎤⎥⎥⎦

((1+n),1)

,

(10)

where €Xa(t) is the absolute acceleration (called acceleration
in short in the following section) of the coupled system.

2.2. Damping Force of the MR Damper. ,e phenomeno-
logical model is widely used to portray the dynamic be-
haviors of the MR damper that can accurately relate to the
voltage-dependent parameters and damping force [30]. As
for the above-mentioned adjacent building system, by using
this model, the equation governing the damping force is
expressed as follows:

F � c1 _yi + k1 xi,1 − xi,2 − x0􏼐 􏼑, (11)

where xi,1 and xi,2 are the displacements of the i-th floor of
Buildings 1 and 2, respectively. k1 presents the accumulator
stiffness. x0 is the initial displacement for the spring element.
c1 is viscous damping at a low velocity.

_yi �
1

c0 + c1( 􏼁
αzi + c0 _xi,1 − _xi,2􏼐 􏼑 + k0 _xi,1 − _xi,2 − yi􏼐 􏼑􏽮 􏽯,

(12)

where _xi,1 and _xi,2 are the velocities of the i-th floor of
Buildings 1 and 2, respectively. c0 is viscous damping at the
high velocity; α denotes a factor related to the hysteresis
loop; k0 represents the stiffness constant at the high velocity.
c1, α, and c0 in equations (11) and (12) are estimated as
functions of the input voltage of the MR damper [30]. ,e
evolutionary variable zi is given by

_zi � −c _xi,1 − _xi,2 − _y
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌zi zi

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌
n− 1

− β _xi,1 − _xi,2 − _yi􏼐 􏼑 zi

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌
n

+ A _xi,1 − _xi,2 − _yi􏼐 􏼑,

(13)

where c, β, andA are shape parameters of the hysteresis loop.

3. Overview of WOA

In the whale optimization algorithm (WOA), the position of
prey corresponds to the global optimal solution of the
problem. ,e algorithm initializes with random positions.
,ese positions are updated by search agents to become
randomly selected positions or the best positions in each
iteration. ,e algorithm is acquired by the mathematical
model that conducts the following encircling prey and
bubble net feeding for the search agents to update their
positions. ,e flowchart of the WOA is shown in Figure 2.

Firstly, the humpback whales can identify the position of
the prey and encircle them. Since the optimum solution is
unknown at the beginning, the optimal position in the
current population is assumed to be the prey location or is
close to the optimum. After the best search agent is specified,
other search agents will try to update their positions to move
toward the best search agent. ,is behavior is achieved by
using the following equation:

X(t + 1) � X
∗

− A · C · X
∗
(t) − X(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌, (14)

where t is the iteration, X is the position vector, and X∗ is the
best position obtained so far. A and C are coefficient vectors
that are expressed as follows:

A � 2a · r − a, (15)

C � 2 · r, (16)

where a is linearly decreased from 2 to 0 over the course of
iterations and r is a random vector where random numbers
are uniformly distributed in the interval [0, 1]. ,e value
ranges set for a and r can make the search vector A be
adaptive variation, which can allow the WOA to smoothly
transit between exploration and exploitation [23].

,en, the bubble net hunting with two methods in-
cluding shrinking encircling and spiral updating position is
conducted. ,e shrinking encircling mechanism is realized
by decreasing the control parameter a in equation (15).
Accordingly, the value of A is in the range of [–a, a] due to
equation (15). ,e following mathematical model is used to
describe the spiral updating position operation.

X(t + 1) � D″ · e
bl

· cos(2πl) + X
∗
(t), (17)

where D″ � |X∗(t) − X(t)| indicates the distance of the i-th
whale to the best prey found so far. b is a constant to define
the shape of the logarithmic spiral. l is a random number in
[−1, 1]. It should be noted that whales swim in a combination
path, that is, the contraction circle of their prey and a spiral
path. In order to simulate this behavior, the probability of
50% is considered as follows:
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X(t + 1) � X
∗
(t) − A · C · X

∗
(t) − X(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 if p< 0 · 5,

X(t + 1) � D″ · e
bl

· cos(2πl) + X
∗
(t) if p≥ 0 · 5,

(18)

where p is a random number in [0, 1]. Based on this value,
the algorithm is able to switch between either a spiral or
circular movement.

Besides bubble-net predation, whales can also search for
food randomly. ,e whale individuals search at random
according to each other’s position, and this model can be
expressed as follows:

X(t + 1) � Xrand − A · C · Xrand(t) − X(t)
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌, (19)

where Xrand is a random position vector chosen from the
current population.

4. The Proposed WOA-ALLO-FLC Method

To design the allocation of the MR dampers and the FLC
with satisfactory performance with the WOA, the key step is
to design a proper encoding structure for each whale in-
dividual in relation to the parameters to be determined,
which will be detailed in the next subsection.

4.1. Design of the Encoding Strategy. To begin with, the FLC
parameters and the encoding strategy for fuzzy rules are
described as follows:

Initialize the whale population X (0) = [X1,X2,..., XN]

Calculate the fitness value for each search agent

Find the best solution X∗

Update a, A, C, l and p for each search agent

Select a random search agent

Update the current search agent
by Equation (16)

Update the current search agent
by Equation (22)

Update the current search agent
by Equation (19)

Record the best search agent solution X∗

Update the position of X∗ of the last cycle with the new one

t = t+1

i = i+1

t = 1

i = 1

Calculate the fitness value for each search agent, and find the best one X∗

Check if any search agent goes beyond the search space and amend it

Fitness value of X∗ is improved?

p < 0.5?

i > N?

t > Tmax?

|A| < 1?

yes

yes

yes
yes

no

no

yes

no

no

Figure 2: Flowchart of WOA.
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,e controller is designed with ni inputs and no outputs
using nimf MFs for each input and nomf MFs for each output.
Accordingly, nimf linguistic values are used to denote the
MFs for each input variable, for example, negative, zero, and
positive. Similarly, the MFs for each output variable are
denoted by nomf linguistic values, for example, large, me-
dium, and zero.,e input universes of discourse (UOD) and
output UOD are normalized over [−1, 1] and [0, 2], re-
spectively. Assume the maximum voltage is Vmax, then let all
the output scaling factors be equal to Vmax/2. Reciprocals of
the input scaling gains are set to be 50% of the corresponding
input accelerations.

,e fuzzy rules should be designed appropriately that is
to describe the relationship between inputs and outputs of
the controller by using the “if-then” form. For example, rule
i: if x1 is Ai

1, x2 is Ai
2, . . ., and xNin is Ai

ni
, then y is Bi, where x1,

x2, . . ., xni
are the input variables of the FLC; y is the output

variable; Ai
1, Ai

2, . . ., Ai
ni
are the linguistic values of input

variables; Bi is the fuzzy subset of the output variable. If the
antecedent parameters of the rules use all the possible
combinations of all the inputs, the number of the fuzzy rules
is

nrule � no × nimf􏼐 􏼑
ni

. (20)

After the structure of the FLC system is determined, the
input for each rule will be accordingly determined. ,ere-
fore, in the fuzzy rules, only the output linguistic variables
require encoding. In this study, the nimf input linguistic
variables are encoded with continuous integers from 1 to
nimf. For example, a string of codes that represents the fuzzy
rule can be expressed as follows:

1 1 5 3 1 nimf 4 1 2nimf 4 . . . 5
􏽺√√√√√√√√√√√√√√√√√􏽽􏽼√√√√√√√√√√√√√√√√√􏽻

nrule
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦. (21)

Next, the design of the encoding strategy for the dis-
tribution of MR dampers is proposed as follows:

For the sake of simplicity, let the different MR dampers
linking the same adjacent floors generate the same damping
force. According to equations (1) and (8), the optimization
process is actually the process of determining the distribution
matrix of the damping forces Γ(2n + l,n) � [Γ1, Γ2, . . ., Γn]. Based
on the analysis of the motion equation in Section 2, it can be
deduced that the i-th column vector of Γ(2n + l,n) as shown
belowmeans that the i-th adjacent floors are not be connected
with any MR dampers:

Γ(:, i) � Γi � 0 0 · · · 0 0 · · · 0
􏽺√√√√√√√√􏽽􏽼√√√√√√√√􏽻n+l

0 0 · · · 0 0 · · · 0
􏽺√√√√√√√√􏽽􏽼√√√√√√√√􏽻n

􏼣

T

.⎡⎢⎢⎢⎣

(22)

Besides, the j-th column vector of Γ(2n + l,n) as shown
below means that the j-th adjacent floors are connected with
one MR damper:

Γ(:, j) � Γj � 0 0 · · · −1 0 0 · · · 0
􏽺√√√√√√√√√√􏽽􏽼√√√√√√√√√√􏽻n+l

0 0 · · · 1 0 0 · · · 0
􏽺√√√√√√√√√􏽽􏽼√√√√√√√√√􏽻n

⎤⎦

T

,⎡⎢⎢⎢⎢⎣

(23)

where –1 is in the j-th row and 1 is in the (j + n + l)-th row.
,erefore, it can be concluded that if there are 5 pairs of
adjacent floors are connected, including the 2nd, 4th, 6th,
8th, and 10th floors, then Γ(2n + l,n) can be expressed as
follows:

Γ
(2n+l,n)

�

0 · · · 0
0 −1 0 · · · 0
0 · · · 0
0 0 0 −1 0 · · · 0
0 · · · 0
0 0 0 0 0 −1 0 · · · 0
0 · · · 0
0 0 0 0 0 0 0 −1 0 · · · 0
0 · · · 0
0 0 0 0 0 0 0 0 0 −1 0 · · · 0
0 · · · 0
⋮ ⋮
0 · · · 0

􏽺√√√√√√√√√√√√√√√√√√√√􏽽􏽼√√√√√√√√√√√√√√√√√√√√􏽻n+l

0 · · · 0
0 1 0 · · · 0
0 · · · 0
0 0 0 1 0 · · · 0
0 · · · 0
0 0 0 0 0 1 0 0
0 · · · 0
0 0 0 0 0 0 0 1 0 · · · 0
0 · · · 0
0 0 0 0 0 0 0 0 0 1 0 · · · 0
0 0
⋮ ⋮
0 0

􏽺√√√√√√√√√√√√√√√√√􏽽􏽼√√√√√√√√√√√√√√√√√􏽻n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

. (24)
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Based on the above analysis, once the first n rows are
determined, the last n rows will be determined accordingly
because the position relationship of –1 and 1 are fixed in the
nonzero column vectors. ,erefore, the problem that which
adjacent floors are connected with MR dampers can be
solved by determining the positions of –1 in the first n rows
of Γ(2n + l,n).

Finally, the encoding strategy for the allocations of MR
dampers is designed as follows: the length of the string of
codes is n. Real-value coding is employed. Coding numbers
are continuous integers ranging from 0 to nmaxD, where
nmaxD is the allowed maximum number of MR dampers
linking the adjacent floors of the same height. ,e total
number of nonzero codes is equal to the total number of the
pairs of the connected adjacent floors, and the number k in
the i-th place represents that the i-th adjacent floors are
connected by kMR dampers. For example, a string of codes
listed as below means that the 2nd, 4th, 6th, 8th, and 10th
adjacent floors are connected by 1, 3, nmaxD, 1, and nmaxD
MR dampers, respectively.

0 1 0 3 0 nmax D 0 1 0nmax D 0 · · · 0
􏽺√√√√√√√√√√√√√√√√√√􏽽􏽼√√√√√√√√√√√√√√√√√√􏽻n

⎡⎣ ⎤⎦. (25)

,is string of codes contains the information of the
location and number of the MR dampers, and it corresponds
to Γ(2n + l,n) in equation (29) in terms of the location of the
MR dampers.

In conclusion, in this study, the total number of the
parameters to be optimized is equal to (nrule + n).

4.2. Design Process of the Control Strategy. ,e specific steps
of the design process for the proposed control method are
detailed as follows:

Step 1. Determine the main parameters of the FLC in-
cluding the MF type, number of MFs for each input/output
nimf and nomf, and number of inputs/outputs ni and no. ,en
calculate the number of the fuzzy rules nrule.

Step 2. According to the coupled structural parameters,
determine the number of the state-space equation matrices
including A, Bg, and Cz defined in equations (6) and (8).
Calculate the uncontrolled structural responses and deter-
mine the input scaling gains of the FLC. Determine the
output scaling gains of the FLC based on the maximum
voltage value of the chosen MR damper.

Step 3. Determine the total number of parameters to be
optimized denoted as Npara. Define the fitness function and
let it be equal to the objective function (see equation (26)).

Step 4. Specify the maximum total number of MR dampers
employed NmaxD and provide the parameter boundaries for
the damper allocation and the fuzzy rules according to the
nmaxD defined in Section 4.1 and nimf, respectively.

Step 5. Initialize the WOA parameters, such as the pop-
ulation size N and iteration number Tmax. Randomly gen-
erate initial position X(0)� [X1, X2, · · ·, XN] for the
population, and let the initial best fitness value be equal to 1
as this is a minimization problem.

Step 6. t� 0. Start the iteration process.

Step 7. is shown in Table 1.

Step 8. For the whole population, update the best position
X∗.

Step 9. is shown in Table 2.

Step 10. Judge whether t ≤ Tmax. If yes, repeat Steps 7–9; else
go to Step 11.

Step 11. Find out the global best position X∗. Determine the
optimal MR damper allocation and the optimal FLC system.

5. Numerical Study

,e adjacent 20-storey building (Building 1) and 10-storey
building (Building 2) are linked with MR dampers with a
maximum force capacity of 1,000 kN [31]. ,e structural
parameters including mass, stiffness, and damping coeffi-
cient for both buildings are listed in Table 3. Considering
that the 1940 El Centro earthquake is a far-field historical
ground motion record usually chosen as the seismic exci-
tation for the optimization design of the semiactive control
strategy with MR dampers [32–34], in this study, this
earthquake is also selected as the excitation of the buildings.

5.1. <e Optimization Results and Algorithm Comparison.
,e parameter conditions for the encoding strategy are listed
in Table 4. ,e top floor accelerations of both buildings are
set to be inputs. Assume that every pair of the adjacent floors
are connected and controlled. ,erefore, the FLC to be
designed is a 2-input-10-output system.,e linguistic values
for each input variable include negative (N), zero (ZO), and
positive (P), and the linguistic values for each output variable
include large (L), medium (M), and zero (ZO). For each
input and output, the membership functions using a gen-
eralized bell-shaped type are shown in Figure 3.

For the sake of the security of the structure and the
occupants in the buildings, the maximum displacements of
both buildings are required to be reduced. ,erefore, we
define the objective function as follows:

Obj � αJ1,1 +(1 − α)J1,2, (26)

where α is a weighting coefficient.

J1,1, J1,2 �
max x

c
(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

x
unc
max

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

. (27)

,e second subscripts of J1,1 and J1,2 refer to Buildings 1
and 2, respectively. xunc

max is the maximum uncontrolled
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displacement of each building. xc(t) is the controlled dis-
placement of the corresponding floor of each building. In
this study, to determine the value of the weighting coefficient

α in equation (26), the analysis about the compromises
between the objectives J1 and J2 is conducted, as shown in
Figure 4.

Table 1: ,e pseudocode of Step 7 of the design process.
For each individual position, calculate the fitness value with the following steps:
Judge whether the total number of MR dampers is smaller than NmaxD.
If yes,

find out the information of the MR damper allocation, including which pairs of adjacent floors are linked by
MR dampers and corresponding damper number for each pair of the adjacent floor
determine the matrices Γ(2n + l,n), B, and Df defined in equations (1), (10), and (8), respectively
generate an FLC
calculate the fitness value according to the objective function

else
let the fitness value� 1

end

Table 2: ,e pseudocode of Step 9 of the design process.

Update each position Xi (i ∈ [1, N]) with the following steps:
Update the algorithm parameters including a, b, A, C, l, and p defined in Section 3
Judge whether p< 0.5
If yes,

Judge whether |A|≥ 1, which is defined in Section 3
If yes,

randomly determine a position Xrand in the range of the current population, and update the position Xi according to
equation (19)

else
update the position Xi based on X∗ according to equation (14)

end
else

conduct spiral position updating according to equation (17)
end
Judge whether every code of the position Xi is within the predefined value ranges
If yes,

keep the position Xi
else

replace the code of the position Xi with the corresponding limit value
end
t� t+ 1

Table 3: Structural parameters of the adjacent buildings [31].

Parameters Structure 1 Structure 2
Number of stories 20 10

Structural mass, mi 8×105 kg

m1 � 2.15×105 kg
mi � 2.01× 105 kg, i� 2, 3, . . ., 7

mi � 2.03×105 kg, i� 8, 9
mi � 1.76×105 kg, i� 10

Structural stiffness, ki 1.4×109N/m

k1 � 4.68×108N/m, k2 � 4.76×108N/m
k3 � 4.68×108N/m

ki � 4.5×108N/m, i� 4, 5, 6, 7
ki � 4.37×108N/m, i� 8, 9
ki � 3.12×108N/m, i� 10

Structural damping, ci 4.375×106Ns/m

c1 � 1.676×106Ns/m, c2 �1.648×106Ns/m
c3 �1.585×106Ns/m, c4 �1.585×106Ns/m
c5 �1.539×106Ns/m, c6 �1.539×106Ns/m
c7 �1.539×106Ns/m, c8 �1.539×106Ns/m
c9 �1.099×106Ns/m, c10 �1.146×106Ns/m

8 Shock and Vibration



As seen from Figure 4, simultaneously minimizing both
objectives cannot be realized in the optimization whatever α
is. Nevertheless, this figure indicates that when α� 0.2 an
excellent comprehensive control effect in terms of both
displacement responses can be obtained.,erefore, α� 0.2 is
adopted as the weight value of the objective function in the
subsequent studies.

GA [21, 22, 32] and PSO [20] are metaheuristic algo-
rithms that search the optimal solution via simulating
natural evolutionary process and via simulating migration
and clustering behavior of birds, respectively. ,ese two
algorithms are often used as benchmarks for algorithm
comparison [25]. ,erefore, in this study, GA, PSO, and
CSA [35] are used for comparison to validate the perfor-
mance of WOA. ,e controlling parameters of these three

algorithms are listed in Table 5. Other parameters for all of
these algorithms are chosen as: population size N� 20, it-
eration number Tmax � 100, independent runs� 30. ,e
convergence curves of the best solutions for these algorithms
are shown in Figure 5.

,e figure shows that among these four algorithms,
WOA can achieve the smallest objective value. Detail results
for the objective values including the best, mean, worst, and
standard deviation (Std. Dev.) values are listed in Table 6.
,e table demonstrates that among these four indices for the
objective value, WOA can obtain three better quantities than
its competitors.WOA performs best in terms of convergence
accuracy as it can obtain the smallest mean value. ,e ro-
bustness of WOA is very competitive as it comes second to
that of CSA in terms of the Std. Dev. value.

Table 4: Parameter conditions for the encoding strategy.

Parameter Value Parameter Value
n 10 ni 2
NmaxD 20 nimf/nomf 3
nmaxD 4 nrule 90
no 10 Npara 100
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Figure 3: Membership functions (MFs): (a) input MFs and (b) output MFs.

0
0.3

0.4

O
bj

ec
tiv

e v
al

ue

0.5

0.6

0.7

0.2 0.4 0.6
α

0.8 1

J1
J2

Figure 4: ,e variation of objective values J1 and J2 with different α.

Shock and Vibration 9



,e optimal results obtained with the proposed WOA-
ALLO-FLC are shown as follows: ,e allocation of the MR
dampers is that all the 8th, 9th, and 10th adjacent floors are
connected with 4MR dampers.,at means the total number
of MR dampers is 12 although NmaxD is set to be 20. ,e
optimal fuzzy rules are listed in Table 7. Since only the top
three adjacent floors are linked, as for the fuzzy rules, in the
practical application what we concern about are only the
linguistic values in bold font in the table. Accordingly, the
curve surfaces of fuzzy rules for the top three floors are
presented in Figure 6.

5.2. Performance Comparison among Different Control
Strategies. ,e control results of the proposed WOA-
ALLO-FLC method using only 12MR dampers are com-
pared with those of on-off control [12], linear quadratic
regulator based on clipped voltage law (LQR-CVL) [12]
where LQR is a linear quadratic optimal control with the
full-state feedback as input that is often used for calculating
the desired controlling force [6, 13, 14], and WOA-FLC
methods where only the FLC is optimized with WOA using

the proposed encoding scheme. In the latter three control
methods, every pair of adjacent floors are connected with
two MR dampers. ,at is, a total number of 20MR dampers
are employed in these three control methods.

,e control results of the peak displacements of all the
floors with different control methods for Buildings 1 and 2
are shown in Figures 7 and 8, respectively. As for Building 1,
it is obvious that WOA-ALLO-FLC outperforms the other
three control methods, and LQR-CVL performs better than
WOA-FLC and on-off methods. As for Building 2, the
control effect of the WOA-FLC control is close to that of
WOA-ALLO-FLC. However, the maximum displacement is
controlled slightly better by WOA-ALLO-FLC. Besides, the
on-off control outperforms the LQR-CVL control. Table 8
lists the control results of the maximum displacements,
where the reduction ratios of the responses with and without
control are listed in the parentheses. Among all these control
strategies, WOA-ALLO-FLC achieves the best control effects
of the maximum displacements for Buildings 1 and 2 with
the reduction ratio of 39% and 65%, respectively, which
coincides with the objective of the optimization with WOA
as shown in equation (26).

Table 5: Controlling parameters of the metaheuristic algorithms.

Algorithm Parameter Value

GA Crossover probability 0.9
Mutation probability 0.2

PSO
Learning factor 1 1.5
Learning factor 2 1.5
Inertia weight 0.73

CSA Flight length 2
Awareness probability 0.1
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Figure 5: Convergence curves of the best solutions for different algorithms.

Table 6: Comparison of objective values among different methods.

Objective values GA PSO CSA WOA
Best 0.41564 0.40636 0.40378 0.40247
Mean 0.4212 0.41104 0.40752 0.40557
Worst 0.42386 0.41815 0.41084 0.40914
Std. Dev. 0.0022 0.00265 0.00197 0.00205
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Table 7: Fuzzy inference rule base.

Input 1
Input 2

N ZO P
N S/S/L/L/L/L/L/L/M/L L/L/M/L/L/L/L/L/S/M S/L/L/S/L/L/M/S/S/L
ZO S/S/M/L/L/L/L/S/L/L S/L/S/L/L/L/M/S/M/L L/S/L/L/L/L/L/L/L/L
P L/L/L/L/L/L/L/L/S/L L/L/L/L/L/L/L/S/L/L L/L/L/L/L/L/S/L/L/L

1.4

1.2

1

0.8

0.6
1

0

-1 -1
-0.5 Input 1Input 2

0
0.5

1

Fl
oo

r 8

(a)

1

0

-1 -1
-0.5 Input 1Input 2

0
0.5

1

1.4

1.2

1

0.8

0.6
Fl

oo
r 9

(b)

1

0

-1 -1
-0.5 Input 1Input 2

0
0.5

1

1.4

1.2

1Fl
oo

r 1
0

(c)

Figure 6: Curve surfaces of fuzzy rules for the top three floors: (a) rule surface for floor 8, (b) rule surface for floor 9, and (c) rule surface for
floor 10.
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Table 8: Maximum responses (reduction ratios) with different control strategies.

Maximum displacement Building 1 Building 2
Uncontrolled 0.3769 0.2378
On-off 0.3042 (19%) 0.0927 (61%)
LQR-CVL 0.2567 (32%) 0.1172 (51%)
WOA-FLC 0.2756 (27%) 0.0855 (64%)
WOA-ALLO-FLC 0.2281 (39%) 0.0837 (65%)
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Time histories of the maximum (top floor) displace-
ments and accelerations with the WOA-ALLO-FLC and
without control for Building 1 are shown in Figures 9 and 10,
respectively. Time histories of the corresponding responses

for Building 2 are shown in Figures 11 and 12, respectively.
,e results show that theWOA-ALLO-FLCmethod can also
simultaneously reduce the maximum accelerations of both
buildings, especially for Building 2.
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Figure 12: ,e top floor acceleration responses of Building 2.

Table 9: Comparison of the performance criteria among different control methods.

Control strategy On-off LQR-CVL WOA-FLC WOA-ALLO-FLC
J1,1 0.8071 0.6809 0.7313 0.6051
J1,2 0.3897 0.4927 0.3594 0.3518
J2,1 1.1096 0.8322 0.8696 0.9072
J2,2 0.5764 0.5938 0.5449 0.4680
J3,1 0.8742 0.8415 0.9000 0.8699
J3,2 0.3877 0.4919 0.3732 0.4192
J4,1 0.6984 0.6331 0.6727 0.5687
J4,2 0.2742 0.3036 0.2426 0.2755
J5,1 0.9058 0.7467 0.8051 0.8188
J5,2 1.2406 1.1399 1.0012 0.9664
J6,1 0.7278 0.6391 0.6782 0.5909
J6,2 0.2710 0.2972 0.2353 0.2516
J7 20 20 20 12
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Figure 13: ,e displacement responses of the 10th floors with the WOA-ALLO-FLC and without control.

Table 10: Comparison of minimum anticollision gaps among different control methods.

Uncontrolled On-off LQR-CVL WOA-FLC WOA-ALLO-FLC
Minimum gap (m) 0.3911 0.1970 (50%) 0.1698 (57%) 0.1627 (58%) 0.1332 (66%)
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Apart from J1,1 and J1,2 defined in equation (27), a set of
criteria is used to evaluate the performance of different
control methods as follows:

J2,1, J2,2 �
max €x

c
(t)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

€x
unc
max

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

,

J3,1, J3,2 �
max dc

(t)
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌

dunc
max

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

,

(28)

J4,1, J4,2 �
rms x

c
(t)( 􏼁

rms x
unc
top(t)􏼐 􏼑

,

J5,1, J5,2 �
rms €x

c
(t)( 􏼁

rms €x
unc
top(t)􏼐 􏼑

,

(29)

J6,1, J6,2 �
rms dc

(t)( 􏼁

rms dunc
top􏼐 􏼑

,

J7 � total number of MR dampers,
(30)

where subscripts 1 and 2 refer to Buildings 1 and 2, re-
spectively. €xunc

max and dunc
max are the maximum acceleration and

maximum interstory drift, respectively, of each uncontrolled
building. €xc(t) and dc(t) are themaximum acceleration and
maximum interstory drift, respectively, of the corresponding
floors of each controlled building. xunc

top(t), €xunc
top(t), and

dunc
top(t) are the displacement, acceleration, and interstory

drift, respectively, of the top floor of each uncontrolled
building. rms is the abbreviation of the root mean square.
,ese performance indexes are compared in Table 9 where
the numbers in bold font are the best index values. Among
these 13 performance indexes, there are 7, 3, and 3 best
quantities that are achieved by the WOA-ALLO-FLC,
WOA-FLC, and on-off control methods, respectively. In
addition, it is only the WOA-ALLO-FLC method that can
obtain all the “smaller than 1” performance indexes, indi-
cating that the proposed method can reduce all the dis-
placement, acceleration, and interstory drift responses in
terms of the maximum value and root mean square value,
although the optimization objective for the design of WOA-
ALLO-FLC is only to minimize the maximum displace-
ments. It can be concluded that compared with the other
three control methods, the proposed WOA-ALLO-FLC
method performs best in reducing structural responses.

As observed from Figures 7 and 8, for both buildings, the
higher the floors are, the larger the peak displacements will
become. ,erefore, a high risk of pounding is expected on
the 10th floor of the adjacent buildings. ,e pounding re-
duction is examined by the investigation of the minimum
separation gap required to avoid mutual impact (called
anticollision gap in short) in view of the 10th-floor dis-
placements of both buildings [36]. ,e 10th-floor dis-
placements of both buildings with the WOA-ALLO-FLC
and without control are shown in Figure 13, where UncD
and CtrD represent the displacement without control and
with WOA-ALLO-FLC, respectively. ,e figure demon-
strates that the relative motion between the adjacent
buildings is obviously abated by the proposed control

method. ,e minimum anticollision spacing with different
control strategies is compared in Table 10, where the re-
duction ratios of the controlled gaps and the uncontrolled
gap are listed in the parentheses.,e results indicate that the
largest reduction ratio of 66% is achieved with the proposed
strategy, meaning that this strategy is the most effective in
pounding mitigation. ,e control effect of the LQR-CVL
method is close to that of the WOA-FLC method, both of
which outperform the on-off control method.

6. Conclusion

In this study,MR dampers are used as connection devices for
adjacent structures, and an optimal design strategy for al-
location and fuzzy control of MR dampers by use of WOA is
proposed to enhance the seismic performance of adjacent
structures. ,e main conclusions are listed as follows:

(1) WOA is very effective in designing the control
strategy to minimize the maximum displacements of
the adjacent buildings. ,e comparison results show
that WOA is very promising as it outperforms GA,
PSO, and CSA in terms of convergence accuracy. In
addition, the robustness of WOA is close to that of
CSA and better than that of GA and PSO.

(2) In other compared control methods, including on-
off, LQR-CVL, and WOA-FLC (no allocation opti-
mization is considered) methods, 20MR dampers
are used to connect the adjacent buildings, while in
the proposed WOA-ALLO-FLC method, the adja-
cent buildings are connected using only 12MR
dampers. ,e results demonstrate that the proposed
method with much less MR dampers shows com-
prehensive performance superiority over the other
three control strategies in terms of the structural
responses and pounding mitigation, which indicates
that the optimal allocation of MR dampers is very
necessary.

(3) Among all these compared control methods, it is
only WOA-ALLO-FLC that can mitigate simulta-
neously all the displacement, acceleration, and
interstory drift responses for the adjacent buildings.
What is more, it can achieve the largest reduction
ratios of 39% and 65% for the maximum displace-
ments for Buildings 1 and 2, respectively, and obtain
the largest reduction ratio of 66% for anticollision
gap.

,e proposed control strategy will enlighten investiga-
tion on the control system of novel high-rise structures as
well as the adjacent structures with consideration of the
factors such as nonlinear structural characteristics and pile-
soil-structure interaction. Besides, the proposed optimiza-
tion strategy can be further studied in terms of multi-ob-
jective optimization with the Pareto front solution.

Nomenclature/Abbreviations

MR: Magnetorheological
MA: Metaheuristic algorithm
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WOA: Whale optimization algorithm
PSO: Particle swarm optimization
GA: Genetic algorithm
CSA: Crow search algorithm
LQR: Linear quadratic regulator
CVL: Clipped voltage law
MF: Membership function
FLC: Fuzzy logic controller
ALLO: Allocation
n: Number of the floors of the shorter building
ni: Number of the inputs of FLC
Npara: Total number of the parameters to be optimized
no: Number of the outputs of FLC
nimf: Number of the MFs for each input
nomf: Number of the MFs for each output
nrule: Number of the fuzzy rules
nmaxD: Allowed maximum number of MR dampers linking

the adjacent floors of the same height
NmaxD: Allowed maximum total number of MR dampers
rms: Root mean square.
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