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Abstract
Semi-active control implementations for structures are gaining considerable attention in civil engineering. This paper

presents a method for the design and implementation of the discrete-time sliding mode controller with a hybrid control

strategy, based on Gao’s reaching law and the variable rate reaching law, for practical applications in civil structures by using

magnetorheological (MR) dampers. The structure is modeled as a five-degree-of-freedom lumped mass system, controlled

by an MR damper placed in between the ground and the first floor. The MR damper is experimentally tested and its behavior

is represented by using modified Bouc–Wen model and artificial neural network (ANN) as forward and inverse models,

respectively. The five-story building is simulated under the seismic excitation of El Centro earthquake along with the

historical earthquake records, Northridge and Kobe. It is demonstrated that the hybrid control strategy yields better results

regarding the energy consumption of the controller and time-averaged structural responses by eliminating the chattering,

compared to Gao’s controller.
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1. Introduction

Earthquakes occur all around the world for over a million
years, recognized as one of the natural hazards. Earthquakes
sometimes cause thousands of deaths and injuries, loss of
property, and leave many people homeless. The tragic
consequences of earthquakes show that the response of the
structures to seismic events is of vital importance. In recent
decades, intelligent control of buildings has been attracting
considerable interest in civil engineering for the mitigation of
seismic responses against earthquake loads (Spencer and
Sain, 1997). Seismic energy absorbing systems begin to
play an important role in improving the seismic performance
of the structures.

Three types of energy-absorbing systems have been
used in the structures, namely, active control, passive
control, and semi-active control. Active control systems
can provide high performance by damping the vibration
in a wide frequency range. However, they have a risk of
destabilizing the structure by adding energy to the
system. The stability problems, large external power
requirements, and high-cost maintenance are some of

the main challenges of the active control systems. On
the other hand, although passive control does not re-
quire an external energy source and is designed de-
pending on the structural response, it does not have the
ability to adapt itself to the changing external loads.
The semi-active control is a promising alternative,
combining the best features of active and passive
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control at the same time (Housner et al., 1997; Spencer
and Sain, 1997; Symans and Constantinou, 1999). A
semi-active control system can generally provide the
desired performance without requiring a large external
energy source which is critical in seismic hazards. The
semi-active devices which absorb and store the vi-
bration energy are always stable because it generates
the control signal according to the responses of the
structure (Luca et al., 2005).

In vibration control applications, one of the most popular
devices is the magnetorheological (MR) damper, having
attractive features such as quick response to the command
signal, low power requirement, low cost, high reliability,
and stability. Considering the control of the structures, the
MR dampers have proved their superiority over the other
semi-active devices such as friction-controlled isolators and
variable orifice dampers, owing to their simplicity and
practical design (Spencer and Sain, 1997). On the other
hand, the main challenge for MR dampers is to design an
appropriate control strategy to achieve the desired perfor-
mance by dealing with the non-linear behavior of the MR
damper, especially with the complex hysteretic dynamics
(Çeşmeci and Engin, 2010). The controller also must be
simple, effective, robust, and suitable for real-time
implementation.

Various types of control algorithms have been applied
to semi-active control devices in the literature for the
mitigation of seismic vibrations (Jansen and Dyke,
2000). The linear quadratic regulator (LQR) and linear
quadratic Gaussian (LQG) control algorithms are usually
employed as a baseline for the assessment of other
control algorithms (Dyke and Spencer, 1997; Xu et al.,
2000; Yoshida and Dyke, 2004). Proportional-Integral-
Derivative controller (PID) and H∞ are some of the other
implemented control strategies in the literature (Chen
et al., 2010; Choe, 2015). Some researchers have also
introduced intelligent control strategies such as Fuzzy
Logic (FL) or Artificial Neural Network (ANN) (Bitaraf
et al., 2010; Chang and Zhou, 2002; Yan and Zhou,
2006). Sliding mode control (SMC) is also a popular
control strategy due to its robustness against the para-
metric uncertainties, external disturbances, and param-
eter variations by keeping the system trajectory in the so-
called “sliding surface” (Özbay et al., 2017; Utkin, 1993;
Young et al., 1999). Furthermore, compared to other
non-linear control methods, SMC is relatively easy to be
applied to any system (Slotine and Li, 1990). In the last
decades, SMC has also been introduced for semi-active
structural control to deal with the structural uncertainties
and disturbances (Bhaiya et al., 2019; Enrı́quez-Zárate
et al., 2015; Fali et al., 2019; Li and Liang, 2018; Mamat
et al., 2020). One of these studies has proposed an
adaptive SMC designed to control the MR damper,
which is coupled to the clipped optimal algorithm (Fali
et al., 2019). The performance of the designed controller

in terms of the J1, J2, J3, and J4 indexes was investigated
in a three-story scaled structure excited under two
earthquake records, namely, El Centro 1940 and the
Boumerdès 2003. In another study, an adaptive non-
singular terminal sliding mode controller (NTSMC) has
been offered to suppress the vibration of a three-story
scaled building excited under El Centro 1940 and
Southern Sumatra 2007 seismic data (Mamat et al.,
2020). It was shown that the NTSMC yields better
performance than FL and conventional SMC regarding
to the mitigation of building vibration. In another work
(Enrı́quez-Zárate et al., 2015), multi-positive position
feedback controller combined with SMC was designed to
attenuate the undesirable vibrations on a structure.
Performance of the designed controller was investigated
on a three-story scaled building during the earthquake
excitations.

The SMC-based controllers were proposed for MR
damper–based semi-active systems to attenuate the vi-
brations on buildings caused by the earthquakes and
have been designed in the continuous-time domain, and
some of which are summarized above. On the other
hand, since the real-time implementation of the de-
signed controller is realized by using a digital processor
such as microcontroller, computer, or embedded PC, the
proposed controller should be designed in discrete-time
domain. As discrete-time systems have a finite sampling
period by nature, continuous-time SMC algorithms
cannot be applied directly in discrete-time systems.
Therefore, the investigation of discrete time–based
SMC for semi-active systems with MR dampers is
worth considering. In this study, two discrete-time SMC
algorithms based on the reaching law method are pro-
posed for the control of the MR damper, placed on the
first floor of a five-story building. The first proposed
controller is designed using the Gao reaching-law
(GAO) and the second one is designed using the hybrid
structure based on the Gao + variable rate reaching-law
(HYB). The performance of the proposed discrete-time
SMC controllers is investigated in a five-story struc-
tural system excited under El Centro earthquake along
with historical earthquake records of Kobe and
Northridge in terms of J1, J2, J3, J4, J5, and J6 criteria. It
is shown that the hybrid control strategy yields better
results regarding the energy consumption of the con-
troller and the time-averaged structural responses by
eliminating the chattering when compared to Gao’s
controller.

2. Structural system modeling

A simple scale structural system is simulated to demonstrate
the effectiveness of the proposed control algorithms in
reducing the structural responses under earthquake ex-
citations. Five-degree-of-freedom lumped mass system is
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used to represent the model structure in the x-direction. The
first five natural frequencies are 1.67 Hz, 4.88 Hz, 7.69 Hz,
9.87 Hz, and 11.27 Hz, respectively. The mathematical and
experimental models are shown in Figure 1. The maximum
shear force occurs at the first floor during earthquake ex-
citation. The MR damper is, therefore, attached between the
first floor and the ground. The structural model consists of
five floors with a 0.60 m x 0.80 m floor area, supported by
four columns. The columns have a dimension of 6 x 15 mm,
floor slabs are 15 mm thickness steel, and story height is
0.30 m. The mass and stiffness properties are given in
Table 1.

Assuming that the semi-active control system tries to
keep the structure response in the linear region, the equation
of motion can be written as follows

½Ms�€xþ ½Cs� _xþ ½Ks�x ¼ �Msλ€xg � ½Γ�fd (1)

where €x, _x and x are acceleration, velocity, and dis-
placement vector of the structure, respectively. Ms, Cs ,
and Ks are mass, damping, and stiffness matrix of the
structure with 5 × 5 dimensions. Γ ¼ ½1 0 0 0 0�T is
the MR damper’s position vector, λ ¼ ½1 1 1 1 1�T is
the seismic acceleration effect vector, and fd is the acting

control force generated by the MR damper. The pro-
posed structural system mass and stiffness matrices are
defined as below:

½Ms� ¼

2
666666664

m1 0 0 0 0
0 m2 0 0 0
0 0 m3 0 0
0 0 0 m4 0
0 0 0 0 m5

3
777777775
kg

½Ks� ¼

2
666666664

k1 þ k2 �k2 0 0 0
�k2 k2 þ k3 �k3 0 0
0 �k3 k3 þ k4 �k4 0
0 0 �k4 k4 þ k5 �k5
0 0 0 �k5 k5

3
777777775
N

m

(2)

The damping matrix of a structure according to the
Rayleigh damping model is the linear combination of mass
and stiffness matrices expressed as follows

Cs ¼ αMs þ βKs (3)

α ¼ ξ
ω1ω2

ω1 þ ω2
β ¼ ξ

2

ω1 þ ω2

where ξ is the damping ratio of the structural system, α
and β are real scalars. ω1 and ω2 are circular frequen-
cies. According to this approach, the damping ratio of

Figure 1. (a) The mathematical model of the structure (b) Experimental structure (MRD: Magnetorheological Damper).

Table 1. Structural parameters.

Floor masses (kg) Stiffness (N/m)

m1 = 70.57 k1 = 96000

m2 = 70.57 k2 = 96000

m3 = 70.57 k3 = 96000

m4 = 70.57 k4 = 96000

m5 = 70.57 k5 = 96000
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the structural system ξ ¼ 0:0038 is obtained through the
free vibration measurement data represented in Figure 2.

The structural system damping matrix is written below:

½Cs� ¼

2
666666664

50:72 �23:59 0 0 0
�23:59 50:72 �23:59 0 0

0 �23:59 50:72 �23:59 0
0 0 �23:59 50:72 �23:59
0 0 0 �23:59 27:108

3
777777775
Ns

m

(4)

Rewriting the equation of motion in the state-space
representation of the structural system,

_X ¼ AX þ BU

Y ¼ CX þ DU (5)

where X ¼ ½x _x�T is the state vector of the system. State
matrix ðAÞ, input matrix ðBÞ, output matrix ðCÞ, and

feedforward matrix ðDÞ are the state-space matrices pre-
sented as:

A ¼
"

0nxn Inxn��M�1
s Ks

� ��M�1
s Cs

�
#

B ¼
"

0
�½λ�

#

C ¼

2
664

Inxn 0nxn

0nxn Inxn��M�1
s Ks

� ��M�1
s Cs

�
3
775

D ¼

2
664

0
0

�½λ�

3
775 (6)

Figure 2. Experimental displacement response of free vibration test.
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Equations (5) and (6) are then used in the simulation
model discussed in Section 5.

3. Magnetorheological damper modeling

Magnetorheological dampers are a type of semi-active
absorbers containing microscale iron particles suspended
in a carrier fluid such as silicone oil called MR fluid. Under
the magnetic field, the iron particles become aligned and
create a chain-like structure. This structure causes an extra
resistance to the flow and keeps the fluid stable if the shear
stress is under the yield stress. The yield stress of the fluid
can be varied by changing the magnitude of the magnetic
field. This provides researchers a wide area to implement
these devices in many kinds of control applications.

Modeling of an MR damper is a quite complicated task
since the response of an MR damper to the input current,

displacement, and velocity is non-linear and exhibits
a hysteretic behavior. Besides, the force response of the MR
damper is frequency-dependent (Hemmatian et al., 2018).
All these different physical conditions make the modeling
of the MR damper challenging. The early parametric
models were based on the visco-plastic behavior of the MR
fluid and depend on simple assumptions by considering
a Bingham plastic fluid (Stanway et al., 1987). Un-
fortunately, these models were not capable of modeling the
non-linear characteristics of an MR damper. In the late
1990s, a new model has been proposed by Spencer et al.
(Spencer et al., 1997). This model was an improved version
of the classical Bouc–Wen model for MR dampers, namely,
the modified Bouc–Wen model, and it is widely accepted
among researchers. The most important feature of this
model was its ability to model the hysteresis behavior in
a precise and simple way apart from the classical Bouc–Wen

Figure 3. (left) The test setup and (right) the produced MR damper.

Figure 4. (left) Force–displacement and (right) force–velocity response of the MR damper under sinusoidal motion at different currents.
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and other primitive models. Different models have also
been proposed and compared (Şahin et al., 2010), such as
the LuGre friction model (Jiménez and Álvarez-Icaza,
2005), the Dahl friction model (Zhou and Qu, 2002), and
different algebraic models such as the Kwok model (Kwok
et al., 2006). Yet, the modified Bouc–Wen model has re-
mained the most popular among researchers owing to its
simplicity and robustness.

Non-parametric modeling of MR dampers has also
become an intense research area in the last decade since
computers have been improved. Neural Network (NN)
and Fuzzy Logic (FL) are the leading non-parametric
modeling methods of MR dampers and many studies
can be found in the literature (Choi et al., 2004; Wang
and Liao, 2005; Xu et al., 2003). The non-parametric
models are in a large variety due to their diverse nature.

The controllers of MR dampers are either designed to
predict the control signal as current or as force. Esti-
mating the force as the control signal provides more
robust control as it matches well with the structure
dynamics. Hence, it is adopted in this study. In this case,
the force should be converted to current via an inverse
model of the MR damper which brings an extra con-
version box in the control diagram. To represent this, the
forward model of the MR damper is created as a para-
metric model via the modified Bouc–Wen model, while
the inverse MR damper model is created via ANN since
the parametric models are generally weak in inverse
modeling of the MR damper.

AnMR damper was produced for the experimental study
(Kemerli and Engin, 2021). Tests were conducted at Sa-
karya University Applied Fluid Dynamics Laboratory
(AFDL). A Roehrig MK-2150 test device was used along
with the SHOCK 6.3 software. GWInstek brand, 3223
model, digitally controlled power supply, was used to
provide the direct current (DC). The force was measured
with a 22 kN load cell and the displacement was
measured with a linear variable differential transformer
(LVDT). The test setup and the produced MR damper are
presented in Figure 3. The MR damper has a maximum
stroke of 0.06, corresponding to a ±0.03 m displacement
range. Tests were conducted from 0 A to 1 A with an
increment of 0.1 A, and from 1 A to 2 A with an in-
crement of 0.5 A, under the sinusoidal linear motion
with a velocity range of ± 0.05 m/s, and a displacement
range of ± 0.02 m, which corresponds to a frequency of
0.398 Hz. Since the temperature of the MR damper tends
to increase during the continuous operation and affects
the response of the MR damper, the temperature was
kept constant at the room temperature of 20°C by
a temperature bath which is connected to the water
jacket covering the MR damper and the temperature was
monitored by a temperature sensor.

The force–displacement and force–velocity results of the
tests for 0 A, 0.5 A, 1 A, 1.5 A, and 2 A are given in

Figure 4. The gas force of the MR damper is estimated as
60N in the positive direction during the compression stroke,
and the friction force is estimated as 53 N from the ex-
periments. The friction force may vary depending on the
velocity of the MR damper. In the determination of mod-
ified Bouc–Wen parameters and the inverse ANN model,
the raw data was used, and there is no offset applied in order
to simulate the real conditions.

The mechanical model of the modified Bouc–Wen
model, shown in Figure 5, can be expressed with equa-
tions (7)–(9) (Spencer et al., 1997).

f ðtÞ ¼ c1 _yþk1ðx� x0Þ (7)

_y ¼ 1

c0 þ c1

h
αbwzþ c0 _xþ k0ðx� yÞ

i
(8)

_z ¼ �γ
��� _x� _y

���zjzjn�1 � βbw
�
_x� _y

�
jzjn þ A

�
_x� _y

�
(9)

The parameters of c0 and αbw are modeled as first-degree
and c1 as second-degree polynomials since these parameters
are dependent on the input current. f represents the MR
damper force and the coefficients of A,βbw,γ, k0, k1, n, and
x0 are the constants identified by using the test results. The
response time of the MR damper is dependent on the
characteristics of the MR damper and the change rate of the
input current. This relation is characterized with a first-order
filter in equation (10) where η is the response coefficient,
and u and v represents the actual and previous signal, re-
spectively (Spencer et al., 1997). The response time of the
MR damper is measured by using open-loop response and η
was calculated as 100 s�1.

_u ¼ �ηðu� vÞ (10)

The velocity range and the frequency used in the simu-
lation are close to those in the MR damper tests. The co-
efficients of the Bouc–Wen model are presented in Table 2.

Figure 5. Mechanical model of the modified Bouc–Wen model

(Spencer et al., 1997).
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The NN model of the MR damper is created via
“fitnet” function in the MATLAB NN tool. The model
contains five hidden layers and one output layer, trained
by the Levenberg–Marquardt algorithm with the “trainlm”

function.
The schematic view of the controller is shown in

Figure 6. According to this scheme, the desired control
force, calculated by the controller, is first converted to the
input current by using the inverse MR damper model. This
corresponds to a 3-input 1-output NN structure as dis-
placement, velocity, and desired force are the inputs and
current is the output. The obtained current is then converted
to the force response of the MR damper acting on the
building by using the Bouc–Wen mathematical model. This
time, current, displacement, and velocity are the inputs and
acting force is the output.

The output signal is applied to the structure as the acting
force which will be discussed further in Section 5.

4. Control algorithm design

In a discrete-time sliding mode design, a control law that
forces and holds the closed-loop system trajectory in the
sliding surface is needed. In this study, Gao’s reaching
law (GAO) and a hybrid control strategy, based on Gao’s
reaching law and the variable rate reaching law (HYB), is used.
In this section, the general form of the design process of these
control laws, which is detailed in (Li and Song, 2007; Weibing
et al., 1995; Yao et al., 2000), is given.

At first, since the proposed controllers are designed in
discrete-time, the system state-space model given in
equation (5) should be transformed into a discrete-time
state-space form with a sampling time Ts resulting in

xðk þ 1Þ ¼ ΦxðkÞ þ ΓuðkÞ (11)

The generic switching function can be defined as
(Weibing et al., 1995)

sðkÞ ¼ SxðkÞ ¼ S1x1ðkÞ þ x2ðkÞ (12)

where S ¼ ½ S1 1 � is a constant vector.
Starting with the Gao’s reaching condition (Weibing

et al., 1995), it can be defined as

sðk þ 1Þ ¼ ð1� qTsÞsðkÞ � εTssgnðsðkÞÞ (13)

where ε > 0, q > 0, ð1� qTsÞ > 0, Ts is the sampling period.
From equations (11) and (12), it can be written as

sðk þ 1Þ ¼ SfΦxðkÞ þ ΓuðkÞg (14)

Comparing this equation with reaching law in equation
(13), one can get the following equation:

SΦxðkÞ þ SΓuðkÞ ¼ ð1� qTsðkÞÞ � εTssgnðsðkÞÞ (15)

Solving equation (15) for uðkÞ, the control law based on
Gao’s reaching law (GAO) can be found as

ugðkÞ ¼ �ðSΓÞ�1½SΦxðkÞ � ð1� qTsÞSxðkÞ
þ εTssgnðSxðkÞÞ� (16)

The variable rate reaching law can be defined as follows
(Yao et al., 2000)

sðk þ 1Þ ¼ sðkÞ � εTskxðkÞk1sgnðsðkÞÞ (17)

where kxðkÞk1 ¼
Pn
i¼1

jxiðkÞj is the norm of the vector x.

From equation (17), if sðkÞ ¼ 0þ, then

sðk þ 1Þ ¼ �εTs

��xðkÞk1 (18)

and if sðkÞ ¼ 0�, then

sðk þ 1Þ ¼ εTs

��xðkÞk1 (19)

From equations (14) and (17), the control law based on
the variable rate reaching law is obtained as

uvrðkÞ ¼ �ðSΓÞ�1½SΦxðkÞ � SxðkÞ
þ εTs

��xðkÞk1sgnðSxðkÞÞ� (20)

Finally, by using ugðkÞ and uvrðkÞ, the hybrid control law
(HYB) is obtained as below:

uhybðkÞ ¼
(

ugðkÞ, if
��xðkÞk1 > 1

uvrðkÞ, if
��xðkÞk1 ≤ 1 (21)

Although there are various approaches in determining
the S, ε, and q coefficients defined for control signals given
in equations (15) and (19), the trial-and-error approach is
also widely preferred in the literature. Therefore, in the
simulation studies, the best fit values of S, ε, and q co-
efficients are obtained by a few trial-and-error steps con-
sidering the general conditions given in equation (13) and
the J1 � J6 criteria which will be discussed in the next
section.

Table 2. The coefficients of the modified Bouc–Wen model.

Coefficient Value Coefficient Value

A 2900 αbwa 6819

βbw 2350 αbwb 1461

γ 4000 c0a 746.3

k0 2 c0b �165.2

k1 0 c1a 73700

n 4 c1b 131100

η 100 c1c 17140

x0 0

� αbw and c0 are calculated as first-degree and c1 is calculated as a second-

degree polynomial regarding the input current.
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5. Numerical example

The seismic response of a five-story building structure has
been modeled to compare the responses obtained by the
proposed control algorithms. The structural system is
simulated under El Centro 1940 as a reference earthquake
input owing to its ability to represent a wide range of
frequency content. As a comparison, Northridge 1994 and
Kobe 1995 earthquakes are also considered briefly to reveal
the controller performance under different frequencies. In
order to keep the structural response in the elastic region, the
earthquake records are scaled with a magnitude of 1, 0.75
and 0.5 for the El Centro, Northridge, and Kobe, re-
spectively. The NS component time-history records of the
earthquakes are presented in Figure 7.

Figure 8 shows the architecture of the semi-active
controller of the MR damper. The control algorithm
uses the displacement and velocity states of the structure
to generate the control signal as the desired reference
force. This signal is then converted to the input current by
the inverse ANN model, and the response of the MR
damper to the input current is calculated by the forward
modified Bouc–Wen MR damper model. Finally, the

acting control force is applied to the first floor through an
MR damper with the earthquake signal applied to the
structure.

The uncontrolled and semi-actively controlled
structural responses of the first and fifth story under El
Centro earthquake are depicted in Figure 9 and
Figure 10, respectively. Maximum interstory drift under
the El Centro earthquake for all floors is shown in
Figure 11.

Both controllers show a similar displacement re-
sponse on the first floor and HYB generates a slightly
better acceleration response, shown in Figure 9. As for
the fifth floor shown in Figure 10, the success of the
HYB controller is evident for both displacement and
acceleration responses, which indicates the increasing
performance of the HYB controller with the number of
floors. The maximum interstory drift, plotted in
Figure 11, is similar for both controllers. Since the MR
damper is placed on the first floor, the reduction in the
maximum interstory drift of the first floor is larger than
others, as expected.

In order to demonstrate the effectiveness of controllers
in reducing vibrations under earthquake excitations, the

Figure 7. Time-history records of the historical earthquakes used in simulations.

Figure 6. Schematic view of the MR damper simulation model.
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results are also evaluated by the performance indexes used
in the literature for the semi-active controlled and un-
controlled case of the MR damper (Ohtori et al., 2004). In
Table 3, the summary of the selected evaluation criteria for
the structural system is presented where diðtÞ is the in-
terstory drift over the time history of the earthquake, hi is
the height of the stories, δmax is the maximum interstory
drift ratio of the uncontrolled case, and €xaiðtÞ and €xmaxa are
the absolute acceleration of the controlled and un-
controlled structure, respectively. mi is the mass of the
corresponding floor and Fmax

b is the maximum base shear
of the uncontrolled structure. J4 � J6 are defined as the

normed-based forms of the considered variables in J1 � J3
where the norm, k:k, is calculated, using the following
equation

k:k ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tf

Ztf
0

½_�
2dt

vuuut (22)

tf is the simulation time, which is larger enough to reduce
the seismic vibration to a neglectable level (Ohtori et al.,
2004).

Figure 9. (a) Displacement and (b) acceleration response of the first floor under El Centro earthquake.

Figure 8. General block diagram of the semi-active control design.
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The results of the controllers based on the evaluation
criteria are shown in Table 4 for historical earthquakes. The
magnitude of the displacement response of structures during
the seismic control with MR dampers is related to structural
safety. Therefore, in the design of the controllers, first-floor
displacement and velocity responses are selected as input
variables for both controllers.

Figure 10. (a) Displacement and (b) acceleration response of the fifth floor under El Centro earthquake.

Figure 11. Maximum interstory drift under El Centro

earthquake.

Table 3. Summary of the selected evaluation criteria.

Peak interstory drift ratio

J1 ¼ max

2
664max

t,i

jdiðtÞj
hi

δmax

3
775

Normed interstory drift ratio

J4 ¼ max

2
664max

i

di ðtÞ
hi

δmax

3
775

Level acceleration

J2 ¼ max

2
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The energy of the control signal is used to evaluate the
effectiveness of the controllers as shown below where u is
the input

Eu ¼
Ztf
0

u2dt (23)

The simulation results show that the GAO and HYB
controllers can decrease the maximum displacement re-
sponse to a similar level by reducing the peak interstory drift
ratio (J1) up to 60%. On the other hand, the acceleration

response reduction in vibration control of structures is re-
lated to the comfort level of the occupants. Although both
algorithms are not effective in reducing the peak response of
acceleration levels ðJ2Þ, they are quite successful in the
normed ones ðJ5Þ except Kobe. The energy transferred to
the structure is described as the base shear force ðJ3Þ. The
proposed controllers reduced the base shear force at a close
level compared to each other. Slight enhancements in some
cases in the J2 and J3 indexes of GAOmight be a result of the
chattering, sharp signal variation generated byGAO reaching
law. In contrast, HYB controller compromises with the
performance of the maximum indexes since it uses a variable

Figure 12. Calculated (a) MR damper current and (b) acting force under the El Centro earthquake.

Table 4. Evaluation criteria indices of the proposed control algorithms.

Criteria

El Centro Kobe Northridge

Uncont. GAO HYB Uncont. GAO HYB Uncont. GAO HYB

J1 1.00 0.39 0.40 1.00 0.54 0.52 1.00 0.59 0.62

J2 1.00 0.98 1.03 1.00 1.04 1.00 1.00 1.08 1.05

J3 1.00 0.82 0.83 1.00 0.84 0.81 1.00 0.93 0.94

J4 1.00 0.23 0.20 1.00 0.52 0.53 1.00 0.40 0.39

J5 1.00 0.52 0.44 1.00 1.07 1.01 1.00 0.79 0.77

J6 1.00 0.47 0.40 1.00 1.00 0.94 1.00 0.73 0.71

Eu 1.00 17.40 9.60 1.00 18.00 14.02 1.00 18.43 15.97
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reaching law to avoid chattering. The GAO and HYB control
algorithms are more effective on normed performance in-
dexes ðJ4 � J6Þ. Considering the El Centro earthquake, the
decreases in normed interstory drift ratio ðJ4Þ are 77% and
80%, and the decreases in normed level accelerations ðJ5Þ are
48% and 56%. Normed base shear ðJ6Þ is also decreased by
53% and 60% for the GAO and HYB controllers, re-
spectively. The results clearly show that the HYB controller
is better than GAO regarding the J4 � J6 criteria, while the
performance is alike for both controllers in terms of J1 � J3.

Another important aspect for the controllers is the
energy consumed during the control of the MR damper.
The comparison of the acting force and MR damper
current signal obtained from the GAO and HYB con-
trollers under El Centro earthquake is shown in
Figure 12. As can be seen from Table 4, the energy level
of HYB algorithm is almost half of that of GAO. It can
also be inferred that HYB controller presents better
performance than GAO and consumes less energy.
Therefore, HYB controller can work with a limited
energy source, which is of high importance in case of an
emergency.

Operating at high energy levels also increases the MR
damper temperature in real-time applications, causing
a performance loss for MR dampers. Besides, varying
temperature deteriorates the dynamic structure of the MR
damper, eventually causing the controller to create false
current signals corresponding to the desired force.

Another issue is that the MR damper becomes less ef-
fective in the case of a chattering input signal since it needs
a response time in order to change its behavior as mentioned
in equation (10). GAO controller generates a rapidly
changing and chattering signal to keep the controller on the
sliding surface. This might be the cause of the poor per-
formance observed in J4 � J6 indexes although it shows
a better performance in reducing the maximum acceleration
ðJ2Þ and base shear force ðJ3Þ. It must be noted that this
performance loss can be larger in real-time applications
since the response time is modeled with a simple as-
sumption in the simulation.

6. Conclusion

In this study, two different discrete-time sliding mode con-
trollers, namely, HYB and GAO, are investigated under the
seismic excitations by using an experimentally validated MR
dampermodel on a five-story buildingmodel. The simulation
is conducted in discrete-time to understand the response of
the controllers in real-time. Numerical simulation results are
discussed to evaluate the performance of the semi-active
controlled system. The outcomes of the study would be
valuable for practical implementations as shown below:

• Considering the structural safety, both controllers show
an effective performance in the maximum interstory drift

ratio, shown as J1 index, with an average value of 0.50
and up to 0.40.

• HYB controller shows significantly better performance in
J4 � J6 indexes while GAO is slightly better in reducing
the maximum values presented in J1 � J3 indexes.

• For some cases, the chattering behavior observed in GAO
controller results in a slight enhancement in the maximum
value indexes J2 and J3, while HYB controller com-
promises with the maximum value indexes since it uses
variable reaching law to avoid chattering.

• The response time of the MR fluid is dependent on the
change of the input current. Thus, a chattering input
signal results in a longer response time which affects the
performance of the controller, as can be seen in the J4 �
J6 indexes. This effect might be even worse in real-time
applications since it is modeled with a first-order filter in
the simulation.

• Higher input currents elevate the MR fluid temperature,
and it can decrease the performance of the MR damper,
and eventually, the controller becomes less effective. Yet,
the lower input currents observed in the HYB controller
can keep the temperature at reasonable levels.

• Considering the limited energy sources in case of an
emergency, HYB controller provides effective damping
with lower energy, while GAO controller consumes
considerably higher energy, and it is also ineffective in
time-averaged indexes, J4, J5, and J6.

• The reduction rate in the evaluation criteria remains
close to each other for both controllers although having
different values depending on the applied earthquake
signal.
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