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ABSTRACT

In this study, the response of semi-actively controlled structures is investigated, with a focus
on the effects of magneto-rheological (MR) damper distribution on the seismic response of
structures such as drift and acceleration. The proposed model is closed loop, and the
structure's response is used to determine the optimal MR damper voltage. A Fuzzy logic
controller (FLC) is employed to calculate the optimum voltage of MR dampers. Drifts and
velocities of the structure’s stories are used as FLC inputs. The FLC parameters and the
distribution of MR dampers across stories are determined using the NSGA-II, when the
structure is subjected to the El-Centro earthquake, so as to minimize the peak inter-story
drift ratio and peak acceleration simultaneously. The efficiency of the proposed approach is
illustrated through a twenty-story nonlinear benchmark structure. Non-dominated solutions
are obtained to minimize the inter-story drift and acceleration of structures and Pareto front
produced. Then, the non-dominated solutions are used to control the seismic response of the
benchmark structure, which was subjected to the Northridge, Kobe, and Hachinohe
earthquake records. In the numerical example the maximum drift and acceleration decrease
by about 36.3% and 15%, respectively, in the EI-Centro earthquake. The results also
demonstrate that the proposed controller is more efficient in reducing drift than reducing
acceleration.

Keywords: Fuzzy logic controller, NSGA-II, multi-objective optimization, semi-active control,
MR damper.
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1. INTRODUCTION

In recent decades, various methods have been proposed to control structures against
earthquakes [1, 2]. The structural control solutions proposed so far fall into four categories:
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passive control [3], semi-active control [4], active control [5] and hybrid control [6]. MR
dampers have been extensively studied as semi-active control instruments for civil
engineering structures, due to their low energy requirements, simple mechanical structure,
and suitable dynamic characteristics [7]. In MR dampers, electric energy is turned into
mechanical energy in a controlled method to produce the damping force the structure needs
[7]. Oliveira et al. [8] performed an experimental test in which they simulated the effect of
earthquake acceleration on a model of a ten-story structure. They employed a semi-active
control strategy that relied on MR dampers to mitigate the structural vibration caused by the
earthquake. Their experimental results demonstrated the efficacy of proposed control system
in reducing drift and absolute acceleration of considered structure. Liu et al. [9] compared
the performance of various vibration control methods for a scaled bridge. MR fluid dampers
were used in the bridge, controlled using energy optimization, Lyapunov, and the fuzzy
logic control methods. When MR dampers are used in a structure, appropriate algorithms are
always required to provide the desired voltage. Numerous control algorithms have been
proposed and evaluated by researchers up to this point. These algorithms can be classified
into two broad categories. In the first group of algorithms, a mathematical model is required
to determine the suitable voltage for MR dampers [10-12]. The second category
encompasses soft computing methods such as neural networks [5], fuzzy logic[13, 14], and
neuro-fuzzy logic [15, 16]. The ability of smart control systems, such as fuzzy systems, to
deal with nonlinear phenomena has increased their use[15]. Choi et al. [14] proposed a fuzzy
semi-active control mechanism for reducing seismic response via a MR damper. Their
proposed controller was designed to generate the required voltage directly from fuzzy rule-
based system. This allowed the actuator to produce forces as close to the required forces as
possible. Dounis et al. [17] applied evolutionary fuzzy logic control to design several
structures subjected to seismic forces to minimize the base motion. Genetic algorithm was
used to adjust the fuzzy logic parameters. Shariatmadar et al. [13] used the first and second
type of fuzzy controller to calculate the appropriate voltage for the tuned mass utilized in the
eleven-story benchmark building. Paul et al. [18] controlled a two-story structure using
PD/PID and a Type 2 fuzzy logic system. It is well known that utilizing control instruments
and algorithms can mitigate structural responses and structural damage in a structure. The
decrease in the damage index of structures is directly proportional to the drift of its stories
[19]. Thus, the damage can be considerably reduced in the structure by controlling the drift.
In this article, We aim to find the optimal locations of MR-dampers using a meta-heuristic
algorithm. Single and multi-objective meta-heuristic algorithms have been widely utilized in
various fields of structural engineering such as structural optimization [20-22], structural
damage detection [23, 24], structural reliability analysis [25], etc. In structural control,
single and multi-objective optimization algorithms have been proposed in recent years. The
single objective algorithm such as genetic algorithm [26], the particle swarm optimization
algorithm [27], the hybrid PSO-GA algorithm [28], chaotic optimization algorithm [29]
have all been successfully applied in the field of structural control. The process of
optimizing systematically and simultaneously a collection of objective functions is called
multi-objective optimization [30]. Most of the engineering and scientific applications have a
multi-objective nature and require to optimize several conflicting objectives [31]. In contrast
with single objective problems, the solution of multi-objective optimization algorithm is
more of a concept than a definition. Typically, there is no single solution and solutions are
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provided by a pareto front [32, 33]. Uz and Hadi [34] integrated multi-objective genetic
algorithms and fuzzy logic to determine the distribution of MR dampers that operate as
connective linkers between adjacent structures. Kwok et al. [35] utilized a multi-objective
genetic algorithm to simultaneously minimize the number of MR dampers and resultant
vibration magnitude. This article deals with a bi-objective optimization algorithm. The idea
of simultaneous mitigation of drift and acceleration is used to minimize damage to the
structure and equipment therein caused by the earthquakes. The semi-active control method
and MR dampers are used to mitigate the seismic responses of structure. The FLC
determines the optimal voltage of MR damper. The NSGA-II algorithm is used to determine
the fuzzy system parameters and the optimal location of MR dampers. To demonstrate the
efficiency of proposed methodology, a twenty-story benchmark structure was considered
and exposed to the El-Centro earthquake records. Non-dominated solutions are obtained to
minimize the inter-story drift and acceleration of structures and Pareto front is produced.
Then, the non-dominated solutions are used to control the seismic response of the
benchmark structure, which was subjected to the Northridge, Kobe, and Hachinohe
earthquake records. Using the Pareto front, a designer can develop an appropriate view of
MR dampers placement in the structure based on the structure's sensitivity to acceleration or
drift.

The remainder of this article is structured as follows. The second section addresses the
dynamic model of MR damper and the seismic properties of the benchmark structure. The
NSGA-II is described in Section 3. The fourth section briefly describes fuzzy rule-based
system. The fifth section describes the design of fuzzy controllers using NSGA-II and covers
the results of a twenty-story benchmark structure. The conclusions constitute the final
section.

2. MR DAMPER AND STRUCTURE MODELING

2.1 Three classical benchmarked functions

The dynamic behavior of MR damper is modeled using the well-known Bouc—Wen
hysteresis model (Fig.1).
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Figure 1. Mechanical model of MR damper [36]

The following equations are used to determine the force produced by MR damper:
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f=cox+az (1)

z = —ylx|z|z|"" — Bx|z|" + Ax (2)
a=a, +ayu 3)

Co = Coq + CopU 4

In Eqg. (1), x and co denote MR damper's velocity and viscous damping, respectively, and
z is the evolutionary variable. The first-order differential equation in Eq. (2) describes MR
damper's hysteresis behavior. The variables n,y, 8, and A are shape parameters for the
hysteresis loops of the yielding element in MR damper. The values of these parameters are
presented in Table 1 [37].

Table 1: MR damper parameter [37]

Parameter Value Parameter Value
= 1.0872¢e2 N =50s1! C —440N'S C —440N'S
%a = € om n=ous Oa = =" em b emy
ap = 4.9616e5 N y=3cm™?! A=12 f=3cm™!
b cm.V

2.2 Structural modeling

The nonlinear twenty-story benchmark structure shown in Fig. 2, is controlled by the
proposed control method. The seismic mass of the first story is 5.63 x 10° Kg, the second to
19th story is 5.52 x 10° Kg, and the roof is 5.84 x 10> Kg. The lateral load-resisting of
structure is moment-resisting frames. Interested readers are referred to the original article for
complete details of this benchmark structure [38].

3. NSGA-1l OPTIMIZATION ALGORITHM

The NSGA-II is one of the most widely used multi-objective optimization algorithms. It is
distinguished by three unique qualities: a fast non-dominated sorting technique, a fast
crowded distance estimation procedure, and a simple crowded comparison operator [39].
The flowchart of NSGA-II is depicted in Fig. 3.

In this study, the population size of NSGA-II is set as 220. The maximum number of
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iterations is 100. These values were determined through trial and error.
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Figure 2. Twenty-story benchmark building north-south moment-resisting frame [38]
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Figure 3. Flowchart for optimal design of FLC system based on NSGA-II

4. FLC ALGORITHM

The basic technique by which a FLC models the output from inputs is based on a series of
if-then expressions known as fuzzy rules [40]. In this research, the inter-story drift ratio and
relative velocity of MR dampers are chosen as the two input variables of the FLC, and the
command voltage supplied to MR damper is the output variable. Fuzzy logic system
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architecture is illustrated in Fig. 4. The interpretation of an if-then rule consists of two
independent steps. The first step is to evaluate the antecedent, which entails fuzzifying the
inputs and applying any fuzzy operators that are required, and the second step is to apply
that result to the consequent.

/ Fuzzy logic system \

Fuzzification Interface ,| Defuzzification >
Crisp interface Fuzzy engine Fuzzy interface Crisp
inputs input set 7y output set output
Rules
Fuzzy rules
base

- /

Figure 4. Fuzzy logic system architecture

One of primary units of a fuzzy logic control system is its rule base, which is a collection
of if-then rules. Using a fuzzy reasoning mechanism, fuzzification unit converts the inputs,
which may be in the form of crisp values, into fuzzy linguistic values. The fuzzy reasoning
mechanism is the inference mechanism unit. This unit infers the control action for a fuzzy
input using a variety of fuzzy logic procedures. Defuzzification is the transformation of
fuzzy outputs into crisp outputs.

To design a FLC, in the first step, the FLC global structure must be determined. This step
involves determining inputs and outputs, the number and type of membership functions
(MF) for each input and output, as well as the type of inference mechanism, operators, and
defuzzification method. In the subsequent step, FLC parameters are determined. In this step,
MF parameters, the range of each input or output, and fuzzy rules are specified. MF
parameters of FLC influence the structural response; therefore, determining these parameters
is essential. In this article, Gaussian and sigmoidal MFs are used for defining the fuzzy sets
for inputs and output (Fig. 5). The Gaussian and sigmoid MFs are defined by the fallowing
equations:

The Gaussian membership function:

f(x;0,¢) = e_(zxff_ZC) (5)

The sigmoid membership function:

f(x; a,b) (6)

1+ e-a(x-b)
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where o and c, are the standard deviation and mean of Gaussian distribution. Parameters of
sigmoid membership function, b and a, are the inflection point and the slope of the curve at
the inflection point. When a is positive, the curve increases from left to right. Conversely,
when a is negative, the curve decreases from left to right. In fuzzy logic input and output,
the first and last MFs are sigmoidal, and the middle-ones are Gaussian.
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Figure 5. MFs for inputs and output: (a) drift, (b) velocity, and (c) drift

As shown in Table 2, fuzzy rules are designed using drift and velocity as the inputs and
voltage as the output. In this Table, NV and PV, denote Negative and Positive velocity,
respectively. Also, ND and PD, denote Negative and Positive drift, respectively. ZERO
denotes the zero value of each input. The voltage range of MR dampers corresponds to the
output range of FLC, which is 0-10 volts. The capacity of each MR damper is 1000 KN
[41].

Table 2: The FLC rule base

ND ZERO PD

NV M2 M1 MO
ZERO M1 MO M1
PV MO M1 M2

5. DESIGN OF FUZZY CONTROLLER USING NSGA-II
The soft computing methods described in the preceding sections have been combined into a
simple algorithm for solving the optimization problem of semi-active control of the structure
while achieving the desired objectives. A FLC calculates the optimal voltage for MR
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damper. The Bouc-wen model takes the relative velocity of the two ends of MR damper and
the optimum voltage as inputs and applies the appropriate control force to the structure.
Finding FLC parameters through trial and error is inefficient, and thus, optimization
methods are used to determine the optimal value of FLC parameters that achieves the
desired objectives. NSGA-II is employed to determine these parameters and the number of
MR dampers installed on each story. After determining these parameters, the structure is
controlled using the diagram depicted in Fig. 6.

The number of dampers in each floor and the fuzzy logic parameters constitute the
optimization variables. There are twenty-five variables in total, in which twenty variables
represent the number of dampers in each floor and five variables define the parameters of
MFs.

Response of
Earthquake structure structure

Velocity
The force of
MR dampers

Voltage

Bouc -Wen g FLC <
model

Figure 6. The structural control diagram

5.1 Dynamic analysis of the structure

The Newmark-p formulation is used to solve the differential equation of the structure's
motion. These equations are solved at each time step. After calculating the structural
responses at each step, the control force can be obtained at the next step. In 1959, Newmark
proposed a class of time step formulations based on the following equations [42].

Ui = W+ [(1 = y)Atliy; + (YAt iy, (7

where ii;, 1, U4, and 1;,, are the acceleration, displacement, and velocity of the stories of
the structure, respectively. At denotes the constant time steps. The factors y and 8 denote
the variations in acceleration at each time step, as well as the formulation's stability and
accuracy. The values 1/2 and 1/6 are used for y and S, respectively, assuming linear
variations in the acceleration at each time step. U; 4, ;.4 and ii;,,are calculated at time i+1
using equations (7) and (8) and the structure's motion equation at the end of the time step.
Iterations are necessary to complete the analysis because ii;,, is on the right-hand side of
equations.
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5.2 Evaluation criteria

In the numerical example which will be presented in the next section, the structure is
controlled by different numbers of MR dampers. The following criteria are used to evaluate
the performance of the proposed control mechanism [38].

d;(t)
max, h.
J, = max 5 / - ©)
J, = max {max;i|55ai(t)|} (10)

The criterion J; is related to the maximum inter-story drift. In equation (9), d;(t) is the
internal drift of the structure, h; is the height of i-th story and §,,4, 1S its maximum value in
the non-controlled state. The index J, is related to the maximum acceleration. The
parameters X,; and X,,,, are the i-th story acceleration in each time step in the controlled
state and the maximum acceleration in the non-controlled state, respectively. Also, another
criterion was defined to indirectly consider the cost associated with placing MR dampers in
the structure. This index indicates the sum of the number of MR dampers in the structure.

20

L= (11)

i=1

In this equation, the number of MR dampers of i-th story is denoted by n;. The number of
MR dampers can be limited in the optimization algorithm to take the cost into account.

5.3 Numerical examples

Many numerical experiments were performed to evaluate the efficiency of proposed method.
Based on the results obtained, the required changes were applied to the analysis to improve
the performance of the proposed control mechanism. In this section, the proposed method is
used to control the seismic response of the nonlinear benchmark twenty-story structure [38].

First, the FLC parameters and the number of MR dampers that must be placed in each
story are determined using the NSGA-II algorithm. This is done to minimize the maximum
acceleration and maximum inter-story drift, simultaneously. The optimization variables
include the number of MR dampers in each story and the FLC parameters.

5.3.1 Determining optimal MR damper location

In the numerical example, the objective is to derive the Pareto front and to find the
optimal location of MR dampers. The El-Centro earthquake record has been utilized to
determine the FLC parameters. Fig. 7 shows the non-dominated solutions obtained from the
NSGA-II algorithm. In this figure, the horizontal axis is the peak inter-story drift (J;) of the
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structure. The vertical axis (J,) is the maximum acceleration of the structure.

The maximum number of MR dampers is limited to three dampers in each story. For the
selected non-dominated solutions in Fig. 7 (S1 and S), the number of MR dampers in each
story and the evaluation criteria are presented in Table 3. The point with the lowest inter-
story drift ratio is S1, while the point with the lowest peak acceleration is S2. If the objective
of designer is to reduce the drift, the dampers can be placed according to point S1, and the
associated fuzzy logic parameters are employed. If the equipment in the structure is sensitive
to acceleration, point S2 can be selected as the design point and the dampers | and FLC
parameters corresponding to this point are utilized.

Pareto front

22 SI

Sa

0.8 L
06 065 0.7 075 08 085 09

Figure 7. Non-dominated solutions obtained from the NSGA-II algorithm

Examining results presented in Table 3 reveals that the location of the dampers depends
on the desired design objective. The fact that the number of dampers at points S; and S; is
28 and 21, respectively, indicates that if the design objective is to reduce the drift, a larger
number of dampers are required. To compare arrangement of dampers for different
objectives, the distribution of MR dampers at points S; and S; are also presented in Fig. 8.

Table 3: The FLC rule base
Story St S
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=
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13 0 1
14 3 3
15 2 0
16 1 3
17 2 2
18 0 0
19 3 1
20 2 0
I 06368 0.8612
I 21566  0.8496
I 28 21
F20 F20
F15 F15 =
F10 F10
F5 F5
3 B
(a) (b)

Figure 8. Distribution of MR dampers in the first and last point of Pareto front: (a) Distribution
of MR dampers in point S1, and (b) Distribution of MR dampers in point S2.
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The Pareto front depicted in Fig. 7 can also be analyzed from a different viewpoint. The
non-dominant solutions of Pareto front can be divided into two categories. The first category
includes the designs which have a J, value of greater than one, whereas the designs of
second category have a J» value of less than one. To study the distribution of dampers more
precisely in accordance with the considered objective functions, the structural stories are
divided into four groups of five, and the average number of dampers in each group is
determined. Table 4 shows the average number of dampers in each group for two categories.

Table 4: The average number of dampers along the height of the structure

Group 1 Group 2 Group 3 Group 4
Category 1 1.95 1.47 1.36 1.49
Category 2 1.89 1.23 1.56 1.38

The first group of floors consists of floors 1 to 5, the second group consists of floors 6 to
10, the third group consists of floors 11 to 15, and the fourth group consists of floors 16 to
20. As shown in the Table, when the purpose of structural control is to reduce drift, a larger
number of dampers are required in lower stories. To evaluate the performance of the
proposed method in other earthquakes, the solutions of Table 3 are used to control the
benchmark structure under the effect of the Kobe, Northridge, and Hachinohe earthquakes
records. The results are displayed in Table 5. It should be noted that the solutions obtained
by the optimization algorithm are determined by analyzing the structure subjected to the El-
Centro earthquake records and other records are not used in the optimization process. The
results shown in Table 5 demonstrates that the maximum drift for the EI-Centro, Northridge,
Kobe, and Hachinohe earthquakes has been reduced by approximately 36.32%, 10%, 10%
and 27.21%, respectively. The displacements of the first and the 20" stories have been
reduced about 2% and 10%, respectively, as depicted in Figs.9 and 10.

Table 5: Values of evaluation indices for EI-Centro, Hachinohe, Kobe and Northridge
earthquakes

Solution’s El-Centro Northridge Kobe Hachinohe

number

J1 J2 J1 J2 J1 J2 J1 J2

S1 0.6368 2.1566 0.9009 1.5632 0.9004 1.2207 0.7279 3.0981
S2 0.8612 0.8496 0.9773 0.9148 0.9120 0.8448 0.8740 1.0010
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Figure 9. Displacement time histories of the first story subjected to EI-Centro earthquake for
uncontrolled and controlled structures
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Figure 10. Displacement time histories of the 20th story subjected to EI-Centro earthquake for
uncontrolled and controlled structures

6. CONCLUSIONS

The purpose of this research is to find the optimal placement of MR dampers for the semi-
active structural control. The FLC was used to control the nonlinear benchmark structure's
seismic responses. The NSGA-II was utilized to find the best location of MR dampers and
the optimal fuzzy logic parameters. To evaluate the efficiency of FLC, the El-Centro record
was used. The NSGA-II provides various designs through Pareto fronts. The optimal
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solution can be selected from points of Pareto fronts by considering the objective of
structural control design. The presented results indicate that the optimal location and number
of MR dampers is different when the design objective is reducing the drift or acceleration.
Thus, the designer can find the best distribution of MR dampers according to the sensitivity
of the structure to drift or the sensitivity of the equipment within the structure to
acceleration. For earthquakes considered in this study, performance of proposed method in
controlling structures subjected to far-field earthquakes is superior to that of near-field
earthquakes, as the maximum inter-story drift during the EI-Centro and Hachinohe
earthquake decreased by 36.32% and 27.21%, respectively, while the reductions in the
Northridge and Kobe earthquake are about 10% and 10%, respectively. It can be also
concluded that the proposed control method is more effective in reducing structure drift than
reducing acceleration. Comparing the number of dampers at various points along the Pareto
front, it can be seen that a larger number of dampers are required when the objective is to
reduce relative inter-story drift compared to the case where the objective is to reduce
structure acceleration.
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