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Abstract—This study aims to reduce earthquake-related
vibrations in buildings. This is achieved by designing two
different robust adaptive control algorithms to control the
damping force of the dampers. This design is used in
mitigating the structural vibrations of a three-story prototype
building exposed to two different scaled earthquakes. Two
cases are considered where two damping systems are
employed and mounted on the top floor: an Active Tuned
Mass Damper (ATMD), the second damper is a semi-active
Magnetorheological Damper (MRD). The first damper
depends entirely on the control algorithm to correct
structural movement; the second one operates as a passive
damper under minor vibrations and becomes active under
stronger vibrations. The results showed that one of the
adaptive algorithms give a better displacement reduction and
error indices across all floors. Furthermore, integrating that
controller with MRD demonstrated higher accuracy in
tracking the structural response with less control effort
compared to ATMD. To validate the method effectiveness, it
was compared to another robust sliding mode controller from
the literature. The results show a significant improvement in
displacement reduction and less control effort by 40.23%
better than the control effort of the previous work. These
findings highlight the potential of combining advanced
control strategies with semi-active damping systems for
effective vibration mitigation and energy efficiency.

Keywords—Adaptive Sliding Mode Control; MR-Damper;
ATMD-Damper; Building Vibration; Earthquakes.

l. INTRODUCTION

In 2024, the world witnessed numerous devastating
earthquakes, including the Noto Peninsula earthquake in
Japan, which resulted in significant loss of life and economic
damage [1]-[3]. Earthquakes occur suddenly and pose serious
risks to structures and human safety. To mitigate these risks,
dampers are added to buildings to reduce vibrations and
minimize their impact. These dampers are devices that come
in various types, including passive, active, and semi-active.
Unlike passive dampers, active and semi-active dampers
incorporate control algorithms designed to enhance their
efficiency in absorbing seismic energy. Researchers have
focused on developing advanced control strategies to
optimize the performance of these dampers, ensuring the
safety of both human life and infrastructure [4]-[6]. The
different types of dampers vary in their operation and
effectiveness. For example, passive dampers, which absorb
seismic energy, are one strategy for reducing structural
vibrations [6]-[11]. However, these dampers lack feedback
signals and thus are insufficient [12]-[14]. To address this,
active dampers were developed, which operate through an

external power source controlled by an algorithm. The
control signal is generated based on feedback measurements
of the structural state variables. Active dampers, such as the
Active Tuned Mass Damper (ATMD), are effective in
mitigating vibrations but suffer from the need for a high-
power source [15]-[17]. Consequently, semi-active control
has emerged as an alternative, offering solutions that require
less energy, such as Magnetorheological Dampers (MRD),
which can track the movement of the structure in real time
[18]-[23] operating using battery power [24]. These dampers
contain a specialized fluid that quickly transitions from a
liquid to a semi-solid state within seconds when exposed to a
magnetic or electric field [25]-[28].

Many studies in this field aim to design robust and
efficient control algorithms for both active and semi-active
dampers [29]-[37]. In recent years, several studies have been
conducted to explore the effects of earthquakes on buildings,
whether single-story or multi-story, with the aim of
developing effective control systems to reduce vibrations
caused by earthquakes. In a study on single-story buildings,
Hamidi et al. [38] applied an Adaptive Backstepping Sliding
Mode Control (ABSMC) system using MRD. The results
showed that the ABSMC system consumes more energy
compared to the traditional sliding mode control (SMC), but
it was necessary to achieve the desired displacement.
However, this system requires prior knowledge of
disturbance boundaries, which may limit its application in
some cases. As for multi-story buildings, several studies have
been conducted such as Yan et al. [39] who used three control
algorithms with different dampers to evaluate the
effectiveness of the ATMD device for mitigating earthquake-
induced vibrations in a ten-story structure. The employed
algorithms comprised a conventional TMD, Linear Quadratic
Regulator (LQR) and Fuzzy Neural Network (FNN). The
results indicated LQR system achieved a 70.77%
enhancement in reducing displacement, but the TMD
demonstrated less effectiveness. Conversely, the FNN
algorithm shown efficiency as an alternative, achieving
comparable results without necessitating a precise
mathematical model. Khatibinia et al. [40] developed an
Optimal Sliding Mode Control (OSMC) system to control an
11-story building equipped with ATMD on the top floor. The
performance of OSMC was compared with other control
systems such as PID, LQR, and Fuzzy Logic Controller
(FLC) during simulated seismic events. The results showed
that OSMC reduced displacement by an additional 36.7%
compared to other systems. Wasilewski et al. [41] developed
an adaptive optimal control system for a 20-story structure

50

Journal Web site: http://journal.umy.ac.id/index.php/jrc

Journal Email: jrc@umy.ac.id



Journal of Robotics and Control (JRC)

ISSN: 2715-5072

1042

equipped with an Active Tuned Mass Damper (ATMD). The
research evaluated three categories of control systems:
Linear-Quadratic-Gaussian (LQG), Hoo, and adaptive
optimal control. The systems were testing through various
seismic simulations, including the Kobe and El Centro
earthquakes. The results showed that the adaptive control
system significantly outperformed conventional methods,
reducing acceleration drift by as much as 50%. Li et al. [42]
proposed Model Reference Sliding Mode Control (MRSMC)
and Unscented Kalman Filter (UKF) to determine unknown
states and parameters in real time for a 3-story building
equipped with an Active Mass Damper (AMD) placed on the
top floor to reduce nonlinear vibrations during seismic
events. The results showed significant improvement, with the
maximum displacement of the third floor reduced by 70.77%,
Story displacement reduced by 78.05% and 61.67%, and the
maximum acceleration of the third floor reduced by 67.22%.
There is a well-known case study of a 3-story prototype
building exposed to scaled simulated earthquakes; the related
research to this case are presented in what follows. Jagadisha
et al. [43] developed a PID controller with MRD to improve
the building's response to earthquakes. The damper was
installed on the first floor, and the system was tested under
the impact of El Centro, Northridge, and Kobe earthquakes.
The results showed significant improvement in reducing
displacement, with the maximum displacement reduced by
30-40%. Zizouni et al. [44], proposed a LQR system with
MRD to reduce earthquake-induced vibrations. The damper
was installed on the first floor, and the system was tested
under the impact of the ElI Centro1940 earthquake. The
results showed a significant reduction in displacement, with
the maximum displacement reduced by up to 40% on the first
floor and 30-35% on the upper floors. In another study
Zizouni et al. [45], proposed neural network to control MRD
for reducing earthquake-induced vibrations in a 3-story
building was proposed. The damper was installed between
the ground floor and the first floor, and the system was tested
under the impact of Tohoku and Boumerdés 2003
earthquakes. The results showed significant improvement in
reducing displacement, with reduction rates ranging from
57.64% to 72.20%. Saidi et al. [46] proposed Adaptive
Sliding Mode Control (ASMC) equipped with MRD on the
ground floor of this 3-story building to reduce earthquake-
induced vibrations. The system was tested under the impact
of the El Centro1940 and 2003 Boumerdés earthquakes. The
results showed significant improvement in reducing of
displacement by 60.1% during the El Centro1940 and 50.4%
during the Boumerdes. In another study by Zizouni et al. [47],
MRD was used on the ground floor of the 3-story building
with ASMC. The system was tested under the impact of the
El Centro 1940 earthquake. The results showed significant
improvement in reducing displacement, with displacement
reduced by 78.05% on the first floor, 73.87% on the second
floor, and 69.92% on the third floor. Finally, Husain and
MohammadRidha [48], proposed Integral Sliding Mode
Control using a barrier function (ISMCb) equipped with
MRD placed on the top floor of the 3-story building. The
performance of MRD was compared with ATMD under the
impact of the Mexico City and EI Centro1940 earthquakes.
The results showed that MRD outperformed ATMD in
reducing displacement, achieving improvements of 83.9%

during the Mexico City earthquake and 76% during the El
Centro 1940 earthquake. These studies show continuous
progress in the control systems used to reduce earthquake-
induced vibrations.

The aim of this study is to reduce building vibrations due
to earthquakes and to reduce the required control effort as
well. This is achieved by the design of adaptive sliding mode
control to command the behavior of damping devices. The
three-story building case study is considered for the
following control system design tests under different
earthquake excitations:

1. A new adaptive approach (ASMC1) developed in [49],
[50] is designed with an ATMD. Its performance is
compared to ASMC2 performance from [47] showing
that ASMC2 has a better displacement reduction

2. ASMC2 design in [47] is modified here and the MRD is
placed on top floor unlike in [47] where it was placed on
the ground floor. the comparation showed a better
displacement reduction is achieved when MRD is on top
floor

3. The final modified design of ASMC2 is compared to
ISMCb from the literature [48].The results showed a
better performance is achieved using proposed ASMC2.

This paper is structured as follows: Section 2 presents the
mathematical model of a building including ATMD and
MRD. The ASMC algorithms are explained in Section 3.
Section 4 result and discussed. The conclusion is presented in
Section 5.

1. MATHEMATICAL MODEL

The system studied in this research consists of a three-
story building prototype equipped with a damper on the top
floor to absorb vibrations caused by earthquakes. The
dynamics of the building is given below [51], [52]:

ME(t) + Cx(t) + K(t) = MA %,(t) — Pf, )

where x, x, and X are displacement, velocity and acceleration
vectors of the structure respectively.x =
[x1,%5,%3, ..., x,]7 , Where n is the number of floors and in
thiswork n=3. C, K and M € R™"™ are damping, stiffness and
mass matrices. X, is the unknown earthquake acceleration.
AeR™1is unity vector, f, is the force produced by the
dampers, P e R™*! represents the location of each damper. In
this work the damper is located in the top floor and only one
damper will be considered, hence:

P =1[0,0,0,0,0,1]7 2
State equation representation for (1) is as follows:
% = Ax + Bfp + D%, (3)

where, B and D are € R?™1, A eR?™2" | f, is the damper
force. The matrices are represented as follows:

A= [—Mo—lk —Ml—lc]' B= [—MqlP]‘ b= [—(11 )
Xgl < 8 (5)

The acceleration of the earthquake in this work is
assumed to be bounded, with 3 representing the upper bound
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of the unknown earthquake. In the next subsection, the
damping systems employed here: ATMD and MRD models
are presented.

A. Mathematical Model for ATMD

ATMD is active tuned mass damper located on the top
floor of a three-story building. Its principle of generated
forces opposes the seismic forces operating on the structure
[53]. Fig. 1 illustrates the relationship between the damper,
the building, and the control signal.

Damper (fp)

g

Motion dirction

Fig. 1. The system's schematic [48], [54]

The mathematical model of ATMD is represented below
[55]:

my (%4(6) + £(6) + 25(8)) = f(2) (6)

o) =u—kgxq(t) — cgxq(t) (7)

The variables m,, kg4, and c,; represent ATMD mass,
stiffness, and damping, respectively. u is the control signal
applied to the ATMD, while f,(t) represents the net force
acting on ATMD. X, (t) represents the top floor's
acceleration.

B. Mathematical Model for MRD:

The MRD seen in Fig. 2 is a semi-active damper includes
a hydraulic cylinder, divided by a piston head. The cylinder
contains a fluid with special characteristics (viscous fluid)
that can pass through narrow orifices. The two sides of the
cylinder connect by an external valve that regulates the
operation of the device. The semi-active stiffness control
device changes the system dynamics by adjusting the
structural stiffness [38]. Furthermore, it is driven by a small
battery, as it requires less than 50 Watts of power.
Additionally, the MRD responds in milliseconds and operates
within a temperature range of -40°C to +150°C [38]. MRD
is commonly used for seismic control due to the simplicity of
installation and maintenance, as well as its compact size,
allowing installation on any floor of the building. The
nonlinear model of MRD which described by the modified
Bouc-Wen model, this model was presented by [55]. The
applied force suggested by this model is governed as follow:

fo=cy+ ko(x —y)+k (x— x)az (8)

V= e Xtk = y) + a) ©

z==YIx— ylzlz|""' = Gt — Plz|" + alx — ) (10)

where, x and x, are taken from the floor where the damper is
mounted respectively,fp, z, ko, and k, are generated force,

hysteretic component, accumulator stiffness respectively at
low and high velocity. Y, 8, r and a are parameters giving the
shape and scale of the hysteresis loop. ¢, and c; are the
viscous damping at low and high velocity respectively, which
depend on control voltage as seen in Eq. (11), (12), (13) and
(14) respectively:

a=a,+ apu (11)

€1 = CigF Cipht 12)

Co = Coq + Cop it (13)

fo=—Fu - vc) (14)
Pt MR Fiid

Coil Ends

T

Outer Case

Right End Cap

Left End Cap Piston Body

Fig. 2. Schematic representation of MR damper [38]

In (14), F, represents time response factor, u is a
phenomenological variable enveloping the system, and v, is
the command voltage applied to the damper's control circuit.
The resulting provided control voltage of MRD is shown
below [46], [55]-[57]:

Ve = UmaxH[(w — fp(8). fp(D)] (15)

where v,,,,, is the maximum applied voltage and the range
from 0 to 2.25volt, u is the controller signal (control
algorithm), and f,(t) the force created by damper. H(.)
represents a Heaviside step function.

The next section presents the methodology for the control
algorithm to drive the dampers: u.

1. ADAPTIVE SLIDING MODE CONTROLLER DESIGN

Sliding mode control (SMC) is a robust control that
rejects matched perturbations, making it commonly
employed due to its favored robust performance [51], [55],
[56], [58]-[61]. SMC comprises two phases: the reaching
phase and the sliding phase. Perturbation affects the system
during the reaching phase but not during the sliding phase
SMC requires knowledge of the boundaries of disturbances
and uncertainties [62]. One of the challenges in SMC is the
chattering caused by the rapid switching of the discontinuous
function. Adding an adaptive mechanism can improve the
controller's response, and undesirable chattering can be
reduced [49].Take the following example of the system state
dynamics described by:

x=flxt)+g(x ). ulx) (16)
Where x € RV the state is vector, f(x,t)€
R¥*Nand g(x,t) € RN*™ are nonlinear functions

furthermore, f(x, t) contains unmeasured perturbations, and
u € R™ is the control law. The sliding variable s is given by:
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s(x.t) =G x (17)

Where, G = [g; - - gy ] to be designed. The dynamics of
the sliding variable is:

0 0 0 d
s'=£x+a—i=£(f(x)+gu)+a—i (18)
_ ds O0Os ds
= E + a f(X) + <a gu) (19)
s=Hx.t) + [x.t)-u (20)

¥ and 7" are bounded functions but their upper bounds are
|1 < ¥y and 0 < I, < I'< T, According to CSMC,
the design of discontinuous control is:

u= —ksign(s) (21)

The value of k is chosen through a candidate Lyapunov
function.

Vi) = 5° (22)
The derivative is as follows:
V(s) =s8=s(¥Px.t)+ I(x.t) u) (23)
V(s) < IsI(1¥1—111-k) <0 (24)
¥
k> |F_m| (25)

The control gain K is fixed and has a significant value to
overcome the upper bound of the perturbation that can face
the system, which leads to the high amplitude chattering
phenomenon. Also, the upper bounds of uncertainties/
perturbations are needed to determine its value. One solution
for these issues is adopting the Adaptive Sliding Mode
Control (ASMC) approaches [49].

The use of ASMC continues to expand across a wide
range of systems, playing a fundamental role in enhancing the
performance of structures subjected to seismic excitations
[38], [46], [63], [64]. Controlling such structures requires
addressing multiple challenges, particularly mitigating the
impact of external disturbances that affect their stability and
dynamic response.In this context, this section examines two
adaptive sliding mode control algorithms: ASMC1 and
ASMC2. The first algorithm (ASMC1) is based on the
equivalent control principle, which reduces the control gain;
however, it requires knowledge of the disturbance bounds
[49]. To solve this problem we used the second algorithim
[47]. In what follows, ASMC1 and ASMC?2 design principles
are illustrated.

A. First Adaptive Sliding Mode Controller (ASMC1)

In this section, ASMCL is designed for the first time for
the system in Eq. (3) equipped with ATMD in Eq. (6) and (7).
Firstly, the design of the sliding manifold is defined G =
(g1 G» G5 94 Js Je ] and it is designed such that /"= GB is
nonsingular square matrix and the closed-loop system
dynamics is stable. Eq. (26) provides the derivative of the
sliding manifold to examine the sliding mode dynamics:

§=Gi=G(Ax+Bfy+D%,) (26)

To ensure reachability of the sliding manifold, the
candidate Lyapunov function can be described as:

Vs (27)
The time derivative of the Lyapunov Function gives:
V=ss (28)
Substituting Eg. (26) in Eq. (28) we get:
V =s(GAx + I'fp + GD %, (29)
fo =u—kaxq — caXy (30)
Select the control low as:
u= —(I")"tk(t) sign(s) (31)

Substituting Eg. (31) in (30) then in Eq. (29) results:
V =s(GAx + I'(—(I") Yk sign(s) — kgxq —

caXq) + GD %) (32)

Define:
¥ = GAx — I'(kgxq + ca%q) + GD %, (33)
A< Pax (34)

where f;, is a force of damper ATMD and taking the upper
bounds in (5), (34) yields:

V< —|S|[k - Wmax] (35)

kis a positive switching gain, will be designed next, Choose
k such that Vis negative definite to ensure the sliding
manifold attractiveness:

k= ¥nex +€ (36)

where € is a small positive constant. The adaptation technique
by Utkin [49] is presented as follows:

k@) =Klnl+ K, @37)

Where K > 0,K, > 0 and n the average of the discontinuous
sign(s) obtained through the concept of equivalent control
[49].

tih+ n = sign(s(x,t)) (38)

With © > 0, and Kis chosen according to Eq. (34). Then
there exists a finite time t, > 0 so that the sliding mode is
established for all t > tr. The main features are that it adjusts
the control gain value utilizing the equivalent control concept
to evaluate and eliminate uncertainties/perturbation, which
decreases the chattering.

B. Second Adaptive Sliding Mode Controller (ASMC2)

This method is a combination of the ASMCL1 and another
adaptive technique presented in [46] . This method combines
the advantages of the first algorithm (ASMC1) and the
method mentioned in [46]. This combination is characterized
by not requiring prior knowledge of disturbances, which is a
positive aspect when it comes to earthquakes. ASMC?2 is used
by [47] for a case study prototype building under earthquakes,
the difference between our approach and that proposed by the
researcher in reference [47] is that their method is not suitable
for practical implementation due that achieving the aim of
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(s=0) is unfeasible due to computational sampling and
measurement noise. Consequently, we implemented a minor
enhancement that was suggested in reference [49] to ensure
that the method is feasible for practical application. This
method does not require knowledge of the upper bounds of
disturbances and uncertainties [49]This increases the design
flexibility, given the unexpected intensities of earthquakes.
Modified ASMC2 design will be explained as follows:

u = —k(t)sign(s) (39)
o |If|s(x,t)| > ¢ >0, k(t) is the solution of
k =K. |s(x,0)] (40)

WithK; > 0&k(0) >0
o Ifis(x,t)| <sgkis

k() =K.|nl+ K
n 0 (a1)
i+ n= sign(s(x,t))
Where ¢ > 0 a small constant. The control law in Eq. (41) is
active when |s(x, t)| > ¢ the adaptive sliding mode control
law (42) works as follows [49] :

e The gain k(t) increases according to the adaptation law
(41) until it reaches a value sufficient to counteract the
bounded disturbance with unknown limits in Eq. (3). This
process continues until the sliding mode is established.
The time at which the sliding mode first begins is denoted
as ;.

e When the sliding mode begins i.e. s(x(t),t) < sstarting
from t=t;, the gain k follows the adaptation law (42).
Subsequently, k is adjusted according to Eg. (38), with
K = k(t;).This strategy allows the gain to be reduced
and then adjusted in response to the current uncertainties
or perturbations. Thus, the process will repeat each time
Is| exceedse [20].

ASMC1 and ASMC?2 are applied to the system in (3)
employing an ATMD in (6) and (7) and then an MRD in Eq
(8) to Eq (15).

To avoid chattering phenomena in both controllers caused
by the discontinuous signum function (sign), the saturation
function [38] will be used instead in Eq. (31) and Eq. (40)

sign(s),  ifls| > ¢

sat(s) = . 42

( ) , lf ISI S (p ( )

@

Where ¢is the boundary layer width. The replacement of the

sign with saturation decreases chattering; however, this

change resulted in a relative drop in robustness. The accuracy

of the saturation decreases relatively, depending upon its
boundary layer ¢.

V. SIMULATION AND RESULT

In this section, two scenarios are presented to evaluate the
effectiveness of the control algorithms on a three-story
building equipped with dampers. The damper was installed
on the top floor, and to test the robustness of the systems used,
the building was subjected to seismic conditions of varying
intensities. The earthquakes used were the ELCentro1940

and Mexico City earthquakes. In scenario 1 a comparison was
made between ASMC1 and ASMC?2 using an active damper.
After demonstrating the superiority of ASMC2, it was tested
under a more intense earthquake, the EI Centro1940
earthquake, to compare the active damper and the semi-active
damper performances. In scenario 2 a comparison was made
between ASMC2 comparing different locations of the MRD
under the same seismic conditions. Another comparison was
made with a robust controller from a previous study [48] to
show the effectiveness of the proposed ASMC. The
numerical  simulations  were  conducted in the
MATLAB/SIMULINK  environment. ~ The  building
specifications are presented in Table I, while the damper
parameters are detailed in Table I1.

TABLE |I. PARAMETER OF THE BUILDING [51]

Parameter Values Units
98.3 0 0 ]
Mass matrix (M) 0 983 0 Kg
0 Q 98.3
175 -=50 0
Damping matrix (C) —-50 100 -50 Ns/m

0 50

12 —684 0
10°|-6.84 13.7 —6.84 N/m
0 —6.84  6.84

Stiffness matrix (K)

TABLE II. PARAMETER OF DAMPERS [51], [60]

Dampers Parameter Value
my 2.89 kg
ATMD [ 2.37 X 1073N.s/m
kg4 3.84 X 10°N/m
Coa, Cob 21N.s'cm,3.5N.scm
ko, a 46.9 N/cm, 301
Cia, C1 283 N.s/cm, 2.95 N.scm
r 2
MRD a,,a 140 N/cm, 695 N/cm
y B 363 cm™, 363 cm™2
1,%g 190s ', 0
Vinax 2.25volt

A. Scenario | : Analysis of Maximum Structural Responses
Using ATMD and MRD

In this study, two adaptive SMC are designed and
compared: ASMC1 and ASMC2. The controller parameters
are setas G=[0 000 0 1], with 7= 0.1 and K,= 2, K;=300.
In this scenario, the ATMD responses are regulated by
ASMC1 and ASMC2, under a time scaled Mexico City
earthquake, the damper is positioned on the top floor. The aim
of this scenario is to evaluate the efficacy of ATMD in
mitigating seismic effects governed by the two different
algorithms as compared to the open-loop case. The
uncontrolled displacement of the three-story scaled structure
during the time-scaled Mexico City earthquake is shown in
Fig. 3 and Fig. 4. ASMC1 and ASMC?2 controlled responses
of the three stories under the Mexico City earthquake using
ATMD are compared in Fig. 5. and Fig. 6. The result
demonstrates that both methodologies exhibit significant
improvements when used with the active damper as
compared to the uncontrolled case. The second strategy
ASMC2 surpasses ASMC1 by achieving greater
displacement reduction and less energy consumption. This is
confirmed by the statistical results of the comparison of both
controllers ASMC1 and ASMC2 presented in Table Ill and
Table IV.

Alaa Al-Tamimi, Comparison of Adaptive Sliding Mode Controllers in Earthquake Induced Vibrations



Journal of Robotics and Control (JRC)

ISSN: 2715-5072

1046

-

I ; T 1 ;
‘—Time scaled Mexico City acceleration‘

e
2]
:
|

Mexico City earthquake (mlsz)
& o

10 15 20 25 30 35 40
Time(sec)

0
-

o

w -

Fig. 3. Mexico City earthquake acceleration

-3
3><10 ‘ ‘

2 4

-3 L L L I I L I
0 5 10 15 20 25 30 35 40
Time(sec)
(@
-3
3 % 10 ‘

-2 e
-3 1 L L L L L L
0 5 10 15 20 25 30 35 40
Time(sec)
(b)
x107

3 [—open loop|.
2 |- 4

-2
3t |
0 5 10 15 20 25 30 35 40
Time(sec)
(©)

Fig. 4. Uncontrolled Displacement of three floors (a, b, c) respectively under
effect of scaled Mexico City Earthquake

T T
—ASMC1-ATMD
—ASMC2-ATMD

1 I I I I I I L
0 5 10 15 20 25 30 35 40

Time(sec)

@

——ASMC1-ATMD ||
—ASMC2-ATMD

A1 I I I I I I !
0 5 10 15 20 25 30 35 40

Time(sec)

(b)

—ASMC1-ATMD ||
—ASMC2-ATMD

A1 | | | | .
0 5 10 15 20 25 30 35 40

Time(sec)

©

Fig. 5. Displacement for three floors (a, b, c) respectively under effect of
Mexico City earthquake with ATMD controlled by ASMCland ASMC2

300 T T T T T T T
—ASMC1-ATMD
—ASMC2-ATMD ||

200

100

D(N)

-100

-200

L 1 L

5 10 15 20 25 30 35 40
Time(sec)

Fig. 6. The control force by ATMD under effect of time scaled Mexico City
earthquake

-300 L L L
0

Alaa Al-Tamimi, Comparison of Adaptive Sliding Mode Controllers in Earthquake Induced Vibrations



Journal of Robotics and Control (JRC) ISSN: 2715-5072 1047
TABLE Ill. MAXIMUM STRUCTURAL RESPONSES USING ATMD UNDER 0.02 r
MEXIco CITY EARTHQUAKE
Controllers 0.01
Outputs Open loop ASMC1 ASMC2
|x/1(m) 0.002 0.00087 0.00057 T
xal(m) 0.003 0.0011 0.00061 = 0
|| (1m) 0.0034 0.0012 0.00066 x
foN) / 286.98 268.6 0.01
TABLE IV. PERFORMANCE SYSTEM WITH ATMD UNDER MEXICO CITY
0.02 L L L 1 L L
EARTHQUAKE 0 5 10 15 20 25 30 35
outouts | ASMCL- ASMC2- ASMC1- | ASMC2- Time(sec)
P ISE ISE ITAE ITAE (a)
[xJ(m) | 0.0000002 | 0.0000001 0.0018 0.0015 0.02 ‘ ‘
[x2](m) | 0.0000005 | 0.0000002 0.0026 0.0019
[xa(m) | 0.00000058 | 0.00000021 | 0.0028 0.0020

Now, ASMC2 with ATMD is compared to MRD under
the EI Centro 1940 earthquake, which is three times more
intense than the previous earthquake. This comparison aims
to identify the most efficient damping device with this control
algorithm under different disturbance bounds. Both dampers
contributed to reducing the top floor displacement, but the
MRD demonstrated a significant improvement of 89.01%
compared to ATMD. Additionally, the results showed a
notable improvement in energy efficiency, with MRD
reducing the consumed force by 19.17% compared to
ATMD. These improvements reflect the superior
performance of MRD in reducing structural displacement and
energy consumption, enhancing its effectiveness in
improving the stability of the structure under dynamic
influences during the ElI Centro 1940 earthquake. The
simulation results are presented in Fig. 7, Fig. 8, Fig. 9 and
Fig. 10. Table V and Table VI present the statistical outcomes
of the actuators.

TABLE V. MAXIMUM STRUCTURAL USING ATMD AND MRD UNDER
ELCENTRO 1940 EARTHQUAKE

Out put Open loop ASMC2-ATMD ASMC2-MRD
[X4](m) 0.0055 0.0028 0.0010
[X2](m) 0.011 0.0038 0.0013
[Xs](m) 0.012 0.0042 0.00132
fp(N) / 893.89 722.6

TABLE VI. RMS COMPARISON OF ASMC2 wiTH ATMD AND MRD
UNDER ELCENTRO 1940 EARTHQUAKE

Output ASMC2-ATMD ASMC2-MRD
[X4](m) 0.000314 0.000198
[X2|(m) 0.000427 0.000269
[xs|(m) 0.000475 0.000294
f(N) 136.563 112.062

‘—EI Centro 1940 earthquake acceleration‘

El Centro 1940 earthquake

0 5 10 15 20 25 30 35
Time(sec)

Fig. 7. El Centro 1940 earthquake acceleration

x2(m)

0 5 10 15 20 25 30 35

Time(sec)
(b)
0.02

0.01
B
- 0
X
-0.01 -
0.02 : ) . | | |
0 5 10 15 20 25 30 35
Time(sec)
(©

Fig. 8. Uncontrolled Displacement of three floors (a, b, ¢) respectively under
effect of scaled El Centro Earthquake

B. Scenario Il: Comparison with Other Studies

To determine the impact of MRD location with ASMC2
on the results and their quality. The previous design of
ASMC?2 in [47], was with the MRD placed on the ground
floor. In this work the proposed MRD location is on the top
floor. The results of ASMC2 with MRD in these two different
locations are compared in this scenario. This comparison
showed that placing the damper on the top floor leads to an
improvement in reducing the displacement of all floors
relative to the open loop as shown in Table VII using the
displacement floor reduction ratio [47] :

— max|x;|

|

Rd, = (43)

]

Where Rdr is the displacement reduction ratio, x; is the peak
floor displacement, x/*** is the uncontrolled floor peak
displacement.

The results showed that placing the damper on the top
floor is more effective. Next, ASMC2 with MRD on the top
floor will be compared to ISMC with barrier function
(ISMCb) designed in [48] under the influence of two different
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earthquakes: Mexico and El Centro. The aim of this
comparison is presented since both controllers do not require
the knowledge of disturbance bounds. This will provide an
idea of which of the two SMC approaches is more efficient in
reducing vibrations and achieving the objectives of this study.
When the building was subjected to the Mexico City
earthquake, the displacement reduction for first floor was
71.5% and for the second floor was 79.67%, and for the third
floor, it was 80.59%. The consumed force was 28.69%. Also,
when building is subjected to the El Centro earthquake, the
first-floor displacement improved by 81.82% the second-
floor displacement improved by 88.18%, and for the third-
floor, it was 89.01%. In terms of energy consumption, the
improvement was 3.78% as shown in Table VIII. These
results confirm the superiority of ASMC2 in enhancing
structural performance, reducing vibrations, and minimizing
energy consumption.

-3
4 r><10 ‘
——ASMC2-ATMD
—ASMC2-MRD
2 L
Eo
X
-2 -
_4 L L L L L L
0 5 10 15 20 25 30 35
Time(sec)
()
-3
PP 10 ‘ ‘ .
——ASMC2-ATMD
—ASMC2-MRD

x2(m)

0 5 10 15 20 25 30 35
Time(sec)
(b)

%10

——ASMC2-ATMD
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©
Fig. 9. Displacement for three floors under effect of El Centro1940
earthquake with ATMD and MRD controlled by ASMC2
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Fig. 10. The control force by ATMD and MRD under effect of El-
Centro1940 earthquake

TABLE VII. COMPARISON BETWEEN THE AXIMUM DISPLACEMENT
REDUCTION RATIO OF SMC2 AND ASMC [47] DURING THE 1940 EL
CENTRO EARTHQUAKE

Rd % ASMC [47] ASMC2
[Xa](m) 78.05 81.82
[X2](m) 73.87 88.18
[Xs|(m) 69.92 89.01

TABLE VIIl. COMPARISON OF THE PEAK RESPONSES OF ASMC2 AND
ISMCB [48] DURING THE MEXICO CITY AND EL CENTRO EARTHQUAKES

) MRD
Disturbances Out put ISMCb [48] ASMC2
[xal(m) 0.0003 0.0003
. [X2](m) 0.00048 0.00046
Mexico City [¥l(m) 0.00058 0.000465
£ (N) 314 223.92
[X4](m) 0.00127 0.0010
[xo1(m) 0.00197 0.0013
El Centro 1940 [xl(m) 0.00233 0.00132
£ (N) 751 7226

V. CONCLUSION

This study shows the design of two controllers, ASMC1
and ASMC2, for a three-story structure exposed to the
Mexico City and El Centro scaled earthquakes. Two dampers
were mounted on the top floor, using two different dampers:
ATMD and MRD. The ASMC1 controller is distinguished by
its ability to adjust the control gain through the equivalent
control concept Nonetheless, it needs prior knowledge of the
limits of external perturbations. Conversely, the ASMC2
controller does not require this prior knowledge. A numerical
simulation was performed to determine the effectiveness of
the controllers under two different scenarios. The
performance of ASMC1 and ASMC2 was evaluated when
combined with ATMD in the initial scenario. The findings
indicated that ASMC2 surpassed ASMC1 in minimizing
displacement and consuming energy. In the same scenario, to
evaluate the effectiveness of ASMC2, a comparison was
conducted between ATMD and MRD under a stronger
earthquake. The findings demonstrated that MRD with
ASMC2 was more effective in minimizing displacement and
energy-consumption. The MRD location between the ground
and top floors is also studied to confirm that the MRD on the
top floor improves the displacement reduction for the same
controller. Finaly, ASMC2 results are compared to ISMC
with barrier function under the same conditions. This
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comparison provided a clearer picture of using SMC
algorithms which do not need disturbance bounds in their
design. This comparison illustrated that ASMC2 have a better
statistical result as compared to ISMCb on this kind of
systems.

In context of these results, more research is recommended
to do practical tests on a scaled structure equipped with MRD
to validate the numerical simulations. This implementation
may come with some practical issues like the number of
sensors and dampers and the related cost and maintenance.
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