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Semi-active vibration control is considered a powerful method in reducing the dynamic responses of buildings by
using additional smart damping devices. In this study, magnetorheological (MR) dampers have been proposed as
one of the semi-active control devices to mitigate the structural vibrations and improve the seismic performance
of the structures. The performance of the MR dampers strongly depends on implemented controllers. Hence, the
main purpose of this paper is to evaluate the efficiency of several semi-active control algorithms related to MR
dampers for seismic control of civil building structures. A 5-story test structure is manufactured, and an MR
damper is installed between the ground and the first floor. The performance of the semi-active control approach
is experimentally evaluated on a shaking table under historical earthquake records. A neural network-based
modeling approach is adopted in the inverse MR damper model for the current control. Three different con-
trol algorithms, namely Proportional-Integral-Derivative (PID), Sliding Mode (SMC) and Energy-based controller
(EBQ), are applied to the system in real-time. The shaking tests are also carried out on the structures with
different natural frequencies by increasing the number of stories without changing the geometry and material
properties of the 5-story building model. The results indicate that the SMC controller is the most effective control
algorithm among all controllers in reducing the base shear force by 51%.

1. Introduction

Earthquakes are one of the most destroying natural hazards, causing
structural damage or collapse of buildings which may lead to the
destruction of property and loss of life [1]. Protection of the structures
subjected to seismic vibrations is one of the challenging tasks in civil
engineering. Buildings are commonly designed as earthquake-resistant
to prevent collapse under strong ground motions. However, the exist-
ing buildings also need to be strengthened in addition to the
earthquake-resistant structural design. In this regard, complementary
new approaches such as seismic energy damping systems have been
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proposed along with earthquake-resistant design. The use of various
structural control systems in buildings to reduce seismic vibrations is
one of the active research subjects [2]. Structural vibration control
systems can be classified according to application methods as passive,
active, semi-active and hybrid systems. The passive control systems
doesn’t require an input energy to operate, and the control forces are
obtained based on the structural response [3,4]. The active control
systems include actuators and require a large power source. These sys-
tems provide structural vibration control by imposing forces on a
structure to counter-balance the seismic force [5-7]. The hybrid control
system involves dampers and isolators together and uses the best
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features of passive and active control systems [8]. The semi-active
control system offers the reliability of the passive control systems and
flexibility of the active control systems [9-11].

One of the most promising semi-active devices used in the control of
structures is the magnetorheological (MR) damper that provides low
control power, high force capacity, wide dynamic range, continuous
adjustability and stability [12]. The excellent features make the MR
damper is more attractive for practical application. Because of the
nonlinear behavior of these energy dissipation devices, the practical
realization of structural systems with MR dampers requires a suitable
control algorithm. Researchers have designed numerous control algo-
rithms ranging from a simple PID controller to advanced robust con-
trollers to mitigate undesirable structural motion under seismic events.
With respect to controllers of structures with MR dampers, an intelligent
PID control algorithm is investigated for mitigating the structural vi-
brations of two-degrees of freedom system due to earthquake excitations
and the results are compared with the H infinity controller case under
the El Centro and Northridge earthquake inputs [13]. In Ref. [14], au-
thors have proposed a clipped optimal control algorithm based on ac-
celeration feedback to reduce structural vibrations of a scaled 3-story
building under El Centro earthquake ground motion. The sliding mode
control (SMC) is another commonly used controller [15,16]. The per-
formance of the controller illustrated in Ref. [17]. The researchers has
applied second-order SMC to the 3-story building model and compared
the results with clipped optimal and Lyapunov-based controllers. Thus,
the proposed controller has also been verified experimentally for a steel
beam under sinusoidal ground excitation. In another study, researchers
investigate the effectiveness of various algorithms to control a
small-scale 6-story building with MR dampers on the lowest two floors
utilizing Lyapunov controller, decentralized bang-bang controller,
modulated homogeneous friction algorithm, clipped optimal controller
and maximum energy dissipation algorithm [18]. In Ref. [19], the au-
thors use the combination of the Linear quadratic regulator (LQR) and
Artificial neural network (ANN) controller to evaluate the dynamic
performance of a 6-story building for historical ground motions. Fuzzy
logic controllers are also getting considerable attention in seismic con-
trol as a supplementary algorithm for parameter setting of other con-
trollers or as a main controller. In Ref. [20], the investigation compares
genetic-based fuzzy control and adaptive control algorithms for seismic
protection of structures using MR dampers.

The objective of this study is to evaluate the performance of semi-
actively controlled systems by different control algorithms that are not
considered together in the literature before. The comparative evaluation
of PID, sliding mode and energy-based controllers is performed ac-
cording to the real-time experiments. The efficiency of the suggested
control algorithms is experimentally investigated through the shaking
table tests. Furthermore, the model structures with different natural
frequencies are tested on scaled earthquake data to observe the MR
damper performance at different amplitude levels. The damper is
attached between the ground and the first floor of the building models.
The inverse MR damper model based on the ANN algorithm is employed
to predict the input current corresponding to the desired force. The
experiments are carried out under two historical earthquakes, namely,
(El Centro and Kocaeli). The model structures with different natural
frequencies are designed by increasing the number of stories without
changing the geometry and material properties of the 5-story steel
building model. Illustration of the experimental results is made by using
structural response data obtained from each algorithm and different
performance criteria from the literature used for the comparison of the
controllers. The paper is organized as follows: In Section 2, the design of
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the experimental building models, experimental measurement set-up,
and control algorithms are presented with the inverse model of MR
damper based on ANN. In Section 3, the experimental results are illus-
trated both numerically and graphically, along with a comparative
discussion. Finally, the concluding remarks are drawn in Section 4.
The study has several limitations. 5-story test structure designed for
the real-time experiments satisfies the dynamic similarity of the actual
building with regard to frequency parameters except for geometry and
material properties. It is assumed that the semi-actively controlled
building responses remain in the linear elastic region, and a different
solving strategy is required for the nonlinear structural control.

2. Methodology

This paper presents different semi-active control approaches applied
to the structural systems equipped with an MR damper. PID, SMC and
EBC controllers are used to obtain the desired damper force. The vi-
bration reduction performances of the controllers are investigated
experimentally. The general flow diagram illustrates the research steps
followed in this study, given in Fig. 1.

2.1. Design of experimental building models

A 5-story reinforced concrete (RC) building is selected from the
literature as a dynamic reference model of the 5-story steel building
model shown in Fig. 2. In this study, the frequency characteristics of the
RC building are considered in the test structure design.

The analytical, measured and updated frequencies of the real RC
building are illustrated in Table 1. Further details can be found in the
Ref. [21]. Since the seismic inputs are applied uniaxially (x-direction) to
the test structures, the first and second updated mode frequencies of the
RC building are selected as design parameters of the 5-story steel
building model.

As shown in Table 2, the first and second mode frequencies
demonstrate a good agreement between the real RC building and the 5-
story steel building model.

The model structures used in the experiments are shown in Fig. 3.
Each of the building models is supported by four steel columns which
have rectangular section dimensions of 6 x 15 mm. The shorter
dimension of the columns is aligned with the shaking direction of the
excitation force. The height of the floors is 300 mm, and the columns are
welded to the slab, each having size of 800 mm (long) x 600 mm (wide) x
15 mm (thickness).

The yield stress of the columns and the slab material are 750 MPa
and 235 MPa, respectively. Bolts have been used to fix the base plate to
the shaking table. Two tie bars are hinged between all of the floor slabs
to minimize the horizontal motion (z-direction) of the model structures.
Additional steel masses are added to each floor of the 5-story steel
building model to match the natural frequency of the RC building given
in Table 2. The model structures with different natural frequencies are
constructed by increasing the number of stories without changing the
geometry and material properties of the 5-story steel building model.

2.2. Experimental setup

The dynamic experiments were performed on a 6-DOF shaking table
at the Sakarya University Earthquake Laboratory, shown in Fig. 4. The
shaking table was manufactured by the Sanlab Simulation Inc., Turkey,
with a plane of 2.5 m x 2.5 m and a maximum load capacity of 2000 kg.

The maximum displacement, velocity and acceleration of the
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Fig. 1. Flow chart of research process.

z

Fig. 2. Proposed reinforced concrete building [21].

shaking table are given in Table 3.

The floors of the model structures are equipped with SenseBox 7021
uniaxial and SenseBox 7023 triaxial acceleration transducers to monitor
the dynamic responses of the test structures. The sensors are capable of
receiving data with a sensitivity of 2400 mV/g within + 3g range and

Table 1
Analytical, measured and updated frequencies of the reinforced concrete
building (for only x-direction) [21].

Analytical Frequency Measured Frequency Updated Frequency

(Hz) (H2) (H2) can be used in seismic applications such as structural control, structural
First mode 179 171 1.69 health monitoring, and modal analysis owing to their low noise and high
Second mode 5.28 5.63 5.23

resolution. Position transducers of UniMeasure placed on a rigid mast
attached to the shaking table to measure the displacement response of
the floors. Four displacement sensors are used in the experiments, and
the position data of the interval floors are obtained by spline interpo-
lation of the neighboring floors. LORD Inc. RD-8041-1 series MR
damper, which has a maximum force capacity of around 2500 N, is

Table 2
Frequency values of reference and model building (for only x-direction).

RC Building Steel Building Model placed in between the first floor and ground of the model structures
Updated Frequency (Hz) Analytical Frequency (Hz) (Fig. 4). The available stroke of the MR damper is 74 mm.
First mode 1.69 167 During the experiments, the excitation data of the El-Centro (USA,
Second mode 5.23 4.88 1940) and Kocaeli (Turkey, 1999) earthquakes are applied to the

shaking table as input ground motions (Fig. 5).
The model structures are excited with the scaled amplitudes of the
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Fig. 3. Perspective views of the model structures.

Acceleratio
Transducer

Position
ransducer

Fig. 4. Model structure and experimental setup.

Table 3
Maximum limits of the shaking table.

Displacement (m) Velocity (m/s) Acceleration (m/s?)

Surge (X) +0.34 +0.7 +6
Sway (Y) +0.33 +0.7 16
Heave (Z) +0.34 +0.55 +8

selected earthquakes in order to limit the maximum displacement re-
sponses to avoid structural damage (Table 4). To settle the fixed ended
beam by a displacement A at one end, the required moment M, is
expressed as follows:
6EI

M.=—=A e))
where, E is the modulus of elasticity, I is the moment of inertia and 4 is
the linear displacement of the beam [22].

The yield stress indicates the limit where a structural member begins

El Centro Earthquake May 18, 1940
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to show an elastic behavior and can be defined as follows:

M,
Oax = 7 y (2

The maximum displacement value corresponding to the yield stress
is obtained from Eq. (1) and Eq. (2). According to this approach, am-
plitudes of the earthquake ground motions are scaled to keep the
response of the model structures in the linear elastic region.

2.3. Semi-active controllers

The control process of the MR damper consists of force and current
control stages. The general block diagram of the semi-active control
system is shown in Fig. 6. As illustrated in the figure, the system inputs
are the earthquake excitation and damper force. In the force control
stage, the required damper force is predicted by the controllers using the
displacement, velocity and acceleration data measured from the model
structures. In the current control stage, shown in the current controller
block, the required current is predicted to obtain the desired force. The
inverse MR damper model based on the ANN algorithm is used to obtain
the input current applied to the MR damper.

Three control algorithms have been developed for force control
which are PID control, sliding mode control and energy-based control.

2.3.1. PID control

PID control is a prominent control algorithm with its easy structure
and practical implementation in real-time. A general mathematical
expression of PID control is given as follows:

Table 4
Scaling coefficients of earthquake accelerations applied to building models.

Earthquake Data Scale Coefficient

5-Story 6-Story 7-Story 8-Story
El-Centro,1940 1.0 0.7 0.4 0.3
Kocaeli, 1999 0.5 0.4 0.4 0.4

Kocaeli Eartt ke August 17, 1999

ety o

Acceleration (mlsz)
L o

0 5 10 15 20 25 30
Time (s)

Fig. 5. Time history of earthquake accelerations used in experiments.
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where, u is control signal, e is error and K, K;, and K, are the coefficients
of the proportional, integral, and derivative terms, respectively.

The velocity of the floor is selected as feedback. In this case, the error
becomes:

(€3]

€=V — Vi

where, v is the reference velocity of the floor where the damper is
connected and v is the actual velocity of the floor.

During the earthquake, the building velocity response is aimed to be
zero, which means a regulator control system is applied (vys = 0).
Therefore, the obtained error can be expressed as follows:

(5)

The integral control is not used due to the random and instant peaks
observed in the earthquake signals, and the PID controller will be called
as PD controller hereafter. If e = v; and u = f in Equations (3)—(5), then
the desired force from the MR damper can be obtained as follows:

Vg =0— e = —v,

Fuamper = — [val m@} ©
t

The trial and error method is used to determine the optimum co-

efficients, considering the evaluation criteria given in Table 9. To

determine the controller coefficients of PD, P is set to 3000 and

increased with an increment of 2000. After every test, the six control

Table 5
PD coefficients.
Steel Building Models Earthquake Type Kp Kp
5-Story El-Centro 3000 100
Kocaeli 3000 50
6-Story El-Centro 7000 100
Kocaeli 5000 150
7-Story El-Centro 7000 200
Kocaeli 7000 50
8-Story El-Centro 10000 200
Kocaeli 10000 200

criteria are evaluated, and the optimum P-value is decided. After the
determination of P, the D coefficient is increased from 0 with an incre-
ment of 50. The optimum value of the controller is determined with PD
coefficients where the best performance is obtained regarding the
evaluation criteria. The optimum values used as the control coefficients
of K;, and Kq are given in Table 5.

2.3.2. Sliding mode control

In the sliding mode control (SMC), it is intended to bring the system
output to the desired reference signal along a sliding surface and to keep
the system output at the desired value by switching the control input.
Further information about SMC can be found in the reference [16].

Displacement and velocity of the floor where the MR damper is
connected are used as control feedback. The error between the reference
and actual position and between the reference and actual velocity can be
represented in the following vector form:

SN

Since the displacement and the velocity of the building during the
earthquake are desired to be zero (xref = 0 and vyer = 0), the error can be
written as follows:

[

0— Vact
Regarding to the approach in the literature [16], the sliding surface
can be defined as:

Ax

Av @

Xrof — Xact
Vief = Vact

(8

Ax
o=Ge=la pl|a| ©
where, a and g stand for the weight of displacement and velocity error,
respectively.

In order to enforce finite time convergence for the system, ¢ should
satisfy the following:

6+ Ao + psign(c) =0 (10)
where 1 is the Lyapunov stability condition, o is sliding manifold and ¢ is
the derivative of the sliding manifold.

The derivative of the sliding manifold can be expressed as follows:
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Table 6
Sliding mode control coefficients of ,  and 1
Steel Building Models Earthquake Type a B A
5-Story El-Centro 1 3 5000
Kocaeli 1 3 5000
6-Story El-Centro 10 10 20000
Kocaeli 5 5 15000
7-Story El-Centro 1 5 10000
Kocaeli 1 5 10000
8-Story El-Centro 1 7 10000
Kocaeli 1 7 10000
6=GB(u* —u) an

Using Egs. (10) and (11), the force required for the MR damper is
obtained in discrete-time as follows:

fK =flk— 1]+ (GB)™' (4o + usign(o)) (12)

where, f [k] and f [k—1] stand for the desired force of the current and
previous step of the real-time control algorithm, respectively.

To determine the coefficients of SMC, first, the optimum point of 1 is
searched by increasing the value from 3000 with an increment of 2000
or 3000. After determining the optimum A point, j is increased from 1
with an increment of 2. @ is kept constant at 1. The optimum values used
as the control coefficients based on the evaluation criteria are given in
Table 6.

2.3.3. Energy-based control

It is well-known that during an earthquake, a building experiences an
accelerating motion. This causes each floor to accelerate and lead to an
increase in the total kinetic energy of the building. To avoid this, a
control algorithm based on energy optimization is designed considering
the total increase in kinetic energy and optimize the total kinetic energy
during the earthquake. The total kinetic energy of the building can be
expressed as:

Eorar = i (%mivi(tY) 13)

i=1

where, m;, v; and Eq stand for the effective mass of the iy, floor, the
velocity of the iy floor and the total kinetic energy of the floors,
respectively.

The expression for the control algorithm is defined as follows:

E, otal
fdnmper =K ﬁ (14)

where, E;qy is the maximum energy of the structure and K is the control
coefficient.

To determine the suitable control coefficient, K is increased from a
value around 5 (which is defined depending on the model building) with
an increment of 2 or 3. The selected values for the control coefficient K
providing the best performance according to the evaluation criteria are
given in Table 7.

Table 7
Energy-based control coefficient.
Steel Building Model Earthquake Type K
5-Story El-Centro 8
Kocaeli 16
6-Story El-Centro 15
Kocaeli 10
7-Story El-Centro 15
Kocaeli 15
8-Story El-Centro 15
Kocaeli 5

Journal of Building Engineering 42 (2021) 102795
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Fig. 7. Schematic representation of MR damper Bouc-Wen model [14].

2.4. Current controller (inverse MR damper modelling)

In order to create the desired force, the current value fed to the MR
damper should be defined precisely. To realize this, an inverse MR
damper model should be created.

Different mathematical models of MR damper are proposed in the
literature. Bouc-Wen is the most widely used mathematical model, and
the schematic representation is shown in Fig. 7 [14].

The mathematical equation of the Bouc-Wen model is as follows:

f=az+c,(X—=Y)+ky(x—y) + ki (x—x,) (15)

where, a, kg and cy stand for Bouc-Wen model coefficient, spring stiff-
ness and dashpot damping coefficient of the MR damper, respectively. In
equation (15), z represents the hysteretic deformation and given by the
following equation:

i= =yl =PIl = Al =PIl + Al )] (16)

where A, y, and f are the parameters of the hysteretic model.

The above mathematical model is not suitable for real-time appli-
cations due to its highly nonlinear structure and difficulties in trans-
forming it into an inverse model. Therefore, Artificial Neural Network
(ANN) model was used for the inverse modeling of the MR damper in
this study.

2.4.1. Inverse ANN model of the MR damper

In the study, the predicted force values should be converted to the
input current of the MR damper, which requires an inverse MR damper
model. In the literature, it is easy to find a forward model for the MR
damper. Bouc-Wen model presented above is the most common forward
model, and various parametric models are proposed for MR dampers,
such as Dahl friction model [23] or Lu-Gre friction model [24]. Alge-
braic models also exist in the literature proposed by Kwok [25] or Guo
[26]. However, to the authors’ knowledge, there are very few para-
metric inverse models of MR damper due to the non-linearity and hys-
teretic behavior of the MR damper. For example, the most common
Bouc-Wen model is very hard to be applied as an inverse model [27].
Thus, non-parametric methods become prominent such as fuzzy logic
[28] and ANN model [29]. Therefore, an inverse ANN model has been
adopted in the study. ANN is a commonly used method to obtain inverse
and forward modeling of the MR dampers [30-34]. The required current
to generate the desired force is calculated by considering the velocity
and the displacement of the MR damper, which corresponds to a 3 input,
1 output ANN model.

The data required for the training of ANN was obtained from the
performance tests of the MR damper. In this data set, the inputs of the
ANN are the displacement, the velocity and the force of the MR damper.
The output of the ANN is the input current of the MR damper. In order to
model the hysteretic behavior of the MR damper, 2 previous steps of
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Fig. 8. Graphical representation of a neural network.

Table 8

Properties of the artificial neural network.
ANN model Number
Hidden Neuron Layers 3
Number of Neurons in the first layer 10
Number of Neurons in the second layer 10
Number of Input Neurons 9
Number of Output Neurons 1
Sampling Number 16712

Table 9
Summary of evaluation criteria for the second generation benchmark problem.

Interstory Drift Ratio

|di ()]
"

smax

Normed Interstory Drift Ratio
di(t)

ax——

i h

Smax

J1 = max Js = max

Level Acceleration Normed Level Acceleration

. maxx;(t)
o w} i :mw{ o }
Jo= max | —mm— Xq
Xa
Base Shear Normed Base Shear
Ja = [m‘lx|k1‘xl(f)|} Jo = [mﬂx\kl‘xl(f)\]
3T |7 pmax| 6 = T pmax
Ry i

displacement, velocity and force values (t,_1, t,_2) are also considered in
the model, which makes 9 inputs in total and presented in Fig. 8.

The structure of the ANN algorithm was optimized by trial-error
method by using a similar dataset, and 3 hidden layers with 10 neu-
rons of each are decided as the final structure which showed the best
performance. Levenberg-Marquardt method was used in the training of
the ANN model, which is the most common second-order training
method of ANN and can handle more complex problems while retaining
compact network sizes [35]. 80% of the data was used for training, while
the remaining 20% used for the tests. The input data has been scaled
between —1 and 1 and the output data has been scaled between 0 and 1
since the output current having positive values. The calculations were
made primarily via MATLAB and then transferred to an in-house soft-
ware interface via QT and Visual Studio. The properties of the ANN are
given in Table 8.

The performance tests of the MR damper were conducted in Sakarya
University Mechanical Engineering Applied Fluid Mechanics laboratory
with Roehrig MK-2150 test device equipped with a 22 kN load cell and
an LVDT sensor. A current sweep was applied to capture the behavior of
the MR damper depending on the applied current, which start from 0 A
to 1 A with an increment of 0.1 A and from 1 A to 2 A with an increment
of 0.5 A. Velocity, displacement and force values were recorded by
SHOCK 6.3 software for each corresponding current value to create the

ANN training data. The temperature was kept constant at 20 °C by a
temperature bath since the force output of MR damper is temperature-
dependent.

3. Experimental results and discussion

To demonstrate the effectiveness of semi-active controllers, a series
of shaking table experiments were conducted on 5-8 story building
models. The model structures were subjected to scaled versions of the El-
Centro and Kocaeli earthquakes. The acceleration and displacement
response of the floors were recorded. PID, sliding mode and energy-
based controllers were used to control the MR damper. These control-
lers were optimized by the trial-error method described in previous
sections.

To compare the performance of the proposed control algorithms, the
result of the passive-off case (no current applied to MR damper) is uti-
lized. The displacement time history responses of different control al-
gorithms for the first floor of the 5-story steel building model are shown
in Fig. 9. It is clearly seen that implemented control algorithms reduce
the displacement response of the model structure compared to the
passive-off case in different earthquake excitations.

On the other hand, Figs. 10-13 illustrate the peak interstory drift
responses of the 5 to 8-story model structures utilizing the implemented
control algorithms.

The model structures used herein have different natural frequencies,
which means they are affected differently by the earthquake vibration.
For this reason, the model structures considered in this study are eval-
uated separately for each controller. First, the 5-story steel building
model is considered in Fig. 10, and it is shown the peak interstory drift at
the first floor of the structure is reduced significantly by the SMC algo-
rithm, but it is not effective on the upper floors. PD and EBC algorithms
are more effective in reducing the drift throughout the structure.
Considering the responses shown by the 6-story steel building model in
Fig. 11, the peak interstory drift of the first floor is reduced effectively by
SMC and PD algorithms under El-Centro and Kocaeli earthquakes,
respectively. However, EBC algorithm achieves higher performance
than all of the other algorithms in reducing the interstory drift
throughout the structure. Considering the 7 and 8-story steel building
models, the maximum interstory drift is slightly less than that of the
passive-off control (Figs. 12 and 13). Implemented control algorithms
achieve very close performance levels under the El-Centro earthquake.
EBC algorithm appears to be slightly more effective in reducing the drifts
of lower floors under the Kocaeli earthquake.

In addition to the plots above, the structural responses obtained in
real-time were evaluated numerically. For this purpose, six evaluation
criteria (J;-Jg), which are commonly used in the literature [36], are
selected. The summary of these performance indexes for the second
generation benchmark problem is presented in Table 9. Here, J;, J2, J3
represent the maximum value of the interstory drift, floor accelerations
and base shear force, while Jy, Js, Jg represent the normed interstory
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Fig. 9. Passive-off and semi-actively controlled displacement time histories of the 5-story structure under the El-Centro and Kocaeli earthquakes.
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Fig. 10. Peak Interstory drift responses of each floor of 5-story steel building model

(left:El-Centro Earthquake right:Kocaeli Earthquake).
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Fig. 11. Peak Interstory drift responses of each floor of 6-story steel building model

(left:El-Centro Earthquake right:Kocaeli Earthquake).

drift, normed floor acceleration and normed base shear force,
respectively.

Table 10 illustrates the peak and normed responses of the uncon-
trolled (passive-off) and PD, SMC, and EBC controlled model structures
based on the evaluation criteria.

The PD controller achieves higher performance levels than that of the
passive-off system based on J; and J4 evaluation criteria. The maximum
reduction in the peak and normed interstory drift ratio are 22% and
25%, respectively. However, this controller causes a significant increase
in the peak acceleration level (J2). The PD controller also achieves a 21%
maximum reduction in the normed acceleration (J5), and it demon-
strates the best performance in reducing the base shear force at the high
amplitude levels of the earthquakes. The maximum peak and normed
base shear (J3 and Je) are reduced down to 35% and 49%, respectively.

The sliding mode controller exhibits lower performance levels than

that of the passive-off case considering (J;,J2 and J4) evaluation criteria.
The maximum reduction in the peak and normed interstory drift ratio
are 18% and 21%, respectively, and this controller achieves a maximum
reduction of 13% in the normed acceleration level (J5). The maximum
peak and normed base shear (J3 and Jg) are reduced down to 41% and
51%, respectively.

The energy-based controller achieves a similar performance level
with the passive-off case in reducing the maximum interstory drift
indicated with (J;) evaluation criteria. The maximum reduction
observed in the peak interstory drift ratio is 22%. The maximum normed
interstory drift ratio is reduced down to 23%. The performance of this
controller is very poor in reducing the acceleration response. The peak
acceleration level (J2) is increased up to 54% at high amplitude levels of
the excitations. The controller also achieves only an 11% maximum
reduction in the normed acceleration (Js). The maximum peak and
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Fig. 12. Peak Interstory drift responses of each floor of 7-story steel building model

(left:El-Centro Earthquake right:Kocaeli Earthquake).
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Fig. 13. Peak Interstory drift responses of each floor of 8-story steel building model

(left:El-Centro Earthquake right:Kocaeli Earthquake).

Table 10

Evaluation criteria for the uncontrolled (passive-off) and PD, SMC, EBC controlled model structures.

5-Story Building El-Centro Earthquake Kocaeli Earthquake

J1 J» Js Js Js Js J1 Jo Js Ja Js Js
Passive-off 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PD 0.92 1.34 0.65 0.75 0.79 0.51 0.84 0.93 0.68 0.83 0.87 0.64
SMC 0.97 1.01 0.59 0.79 0.87 0.49 0.88 0.94 0.63 0.87 0.89 0.60
EBC 1.02 1.54 0.75 0.77 0.91 0.68 0.78 1.17 0.75 0.77 0.89 0.67
6-Story Building El-Centro Earthquake Kocaeli Earthquake

Ji Js Js Js Js Js Jr Ja Js Jy Js Js
Passive-off 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PD 0.94 1.13 0.77 0.91 0.95 0.70 1.05 1.44 0.81 0.97 0.97 0.82
SMC 1.04 1.28 0.62 1.00 0.97 0.59 1.04 1.12 0.91 0.97 0.98 0.92
EBC 1.02 1.23 0.76 0.87 0.98 0.67 0.98 1.13 0.82 0.93 0.95 0.81
7-Story Building El-Centro Earthquake Kocaeli Earthquake

J; Jz J3 Js Js Js Ji Jz J3 Jy Js Js
Passive-off 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PD 0.78 1.14 0.76 0.85 0.90 0.72 0.94 0.95 0.93 0.99 0.98 0.87
SMC 0.82 0.98 0.72 0.88 0.91 0.68 0.97 1.04 0.86 0.99 1.00 0.83
EBC 0.85 1.21 0.71 0.79 0.89 0.65 1.00 1.14 0.86 0.94 1.00 0.83
8-Story Building El-Centro Earthquake Kocaeli Earthquake

Ji Ja J3 Js Js Je J1 Ja J3 Jy Js Jes
Passive-off 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PD 0.89 1.03 0.72 0.96 1.01 0.73 1.01 1.23 0.88 0.86 0.89 0.69
SMC 0.87 0.97 0.77 0.99 0.99 0.77 1.03 1.08 0.90 0.89 0.92 0.76
EBC 0.91 0.99 0.79 0.93 1.04 0.76 1.07 1.06 1.00 0.97 0.98 0.97

normed base shear (J3 and Jg) are reduced down to 29% and 35%,
respectively.

Considering the behavior of the buildings under seismic loads, the
most important parameter among the evaluation criteria is the base
shear force (Js and Jg). The maximum expected lateral force at the base

of structures due to seismic loads is determined by the base shear force.
As outlined in ASCE 7-10, the method used to develop equivalent static
lateral loads on a structure that considers the effect of horizontal
earthquake accelerations is called the Equivalent Lateral Force Proced-
ure (ELFP). ASCE 7-10 Section 12.8 describes the seismic base shear
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force determined by the Equivalent Lateral Force Procedure [37]. The
energy transferred to structures is also related to the base shear force.
The reduction in J3 index is critical for the potential deterioration of the
material, and a smaller Js index means a decreased fatigue on building
elements. According to Js and Jg indices, the smallest base shear force is
achieved with the SMC algorithm on the 5 and 6-story steel building
models. On the other hand, PD is the most effective algorithm in
reducing the base shear force for 7 and 8-story steel building models.

4. Conclusion

In this paper, the effectiveness of three different semi-active control
algorithms in structural systems using MR damper has been evaluated
together. The controllers, namely PID, sliding mode and energy-based
controller, are investigated with real-time shaking table tests of model
structures having different stories. The structural responses under the
scaled earthquake excitations are discussed for each control algorithm
experimentally. The MR damper is placed on the first floor of the
building models, and the control algorithms use the measurements ob-
tained from position and acceleration sensors located on floors. The
passive-off case (no current is applied to MR damper) is used as a
reference to compare the performance of the proposed control
algorithms.

The following concluding remarks can be drawn:

e Considering the structural performance, controllers achieved a
similar performance level in reducing the J; and J4 index. The
maximum peak and normed interstory drift ratio are reduced to
18-22% and 21-25%, respectively.

The semi-active controllers showed a significant reduction in Js,
time-averaged acceleration level, by %11-21, although the
maximum acceleration level, J, is slightly increased. It has been
observed that reducing the displacement responses triggers higher
accelerations.

Considering the performance objective to minimize J3 and Js index,
SMC is the most effective control algorithm among all controllers in
reducing the base shear force by 41% and 51%, respectively.

Each of the applied semi-active control algorithms achieved an
improvement in structural performance over the passive-off control,
although the performance varies depending on the implemented
control algorithm.

PID controller generally showed poor performance due to the highly
nonlinear structure of the MR damper.

Proposed control algorithms demonstrated the best performance
levels on the 5-story steel building responses. The control forces at
low amplitude scaled excitations are relatively small and have a
slight effect on the responses of 6 to 8-story model structures.

Although a specific controller may achieve better performance for
some structures, it may not work well for other systems. This indicates
that the performance of the control algorithms depends on the structural
system and applied earthquake data. It is necessary to compare the
structural responses by using ground motions with the same hazard
level. The efficacy of the controller on the first floor decreases when
increasing the story of the buildings, and it can only be successful on the
lower floors. Thus, the optimum number and location of dampers
depending on the structures need to be investigated. To obtain a better
performance evaluation for the semi-actively controlled structures with
MR dampers, it is essential to increase the number of seismic ground
motions, building models and control algorithms.
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