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Our previous study presented the vibration reduction efliciency of building models equipped with the V-shaped tuned liquid
column damper (VILCD) subjected to earthquake loads as a passive control problem. This study develops a hybrid control
problem for VTLCD. The VTLCD is installed on the structure’s top floor, and the control force is placed on the structure’s
first floor. The controller used to calculate this control force is based on the hedge-algebras (HA) theory, an advanced
approach in automatic control. A U-shaped tuned liquid column damper (UTLCD) has also been included for comparison
with VTLCD. The advantages of VTLCD over UTLCD were demonstrated in our previous research on the passive control
problem and are further shown in this study on the hybrid control problem. Simulation results in this research show that the
hybrid control configuration using VTLCD is significantly better at reducing structural vibrations than the one using UTLCD
in all investigated earthquakes with different peak ground accelerations (PGAs). This efficiency increases as the PGA of the
investigated earthquakes increases, demonstrating the advantage of VILCD even in the case of hybrid control. This study has

shown the potential of VTLCD as an effective solution to vibration control problems of structures.

Keywords: buildings subjected to earthquakes; hedge algebras; hybrid control; optimization; UTLCD; VILCD

1. Introduction

Due to their slender structure, civil engineering structures
such as high-rise buildings and large-span bridges are sus-
ceptible to dynamic loads (earthquakes, winds, etc.) [1, 2].
These vibrations can affect the strength and stability of the
structure, as well as human health and safety. Therefore,
developing methods to reduce vibrations in construction
structures has received the attention of many researchers.
Some types of mass-damping devices applied to construc-
tion structures include tuned mass damper (TMD) [3],
tuned liquid damper (TLD) [4], and tuned liquid column
damper (TLCD) [5].

TMDs are a prevalent type of damping device, applied
not only to the construction field but also to mechanical

engineering, aviation, power transmission, etc. For high-
rise buildings, TMDs have been researched and used in both
active and passive controls, for example, for buildings sub-
jected to wind loads [6-8] or earthquake loads [9, 10]. TMDs
were also widely studied and used for long-span bridges sub-
jected to dynamic loads from the environment [11, 12].
TMDs are often optimally designed [13, 14], used in multi-
TMD configurations [15], or supplemented with additional
components [16] when applied to structural applications.
Another type of mass-damping device of interest is the
TLD. A TLD has a simple structure, including a cylindrical
or rectangular liquid container. A TLD can be modeled as
an equivalent TMD. The vibration and damping of the fluid
during motion are comparable to the vibration of the mass
and the damping in TMDs. TLDs are also commonly used
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FIGURE 2: Peak of RD and AA of the structure, El Centro—0.5g.

for structures subjected to wind [17, 18] or earthquake [19,
20] loads. Moreover, improved forms of TLDs, such as deep
tank dampers [21-23] and overhead water tanks [24], have
also been developed for building vibration reduction and fire
suppression.

In addition to the dampers mentioned above, TLCD
has also received attention from many studies. Research
on the effectiveness of different control algorithms for
semiactive control of TLCD applied to multidegree-of-
freedom structures subjected to harmonic and random
excitation was presented in [25]. In [26], TLCD was used
to reduce vibrations for a 76-story building subjected to
wind. The potential of TLCDs for mitigating seismic
responses in short-period structures was investigated in
[27], where their effectiveness under various ground
motions was demonstrated. In [28], a new model of semi-
active TLCD was proposed, in which the TLCD was con-
nected to the structure by a spring and damper. The
authors in [29] analyzed the performance of TLCD in
vibration control of multidegree of freedom (DOF) struc-
tures subjected to earthquake excitation through real-time

hybrid simulation, considering the interaction between
the ground and structure. Semiactive TLCD with an on-
oftf damping controller for vibration control of buildings
has been studied in [30]. The studies in [31] introduced
a variant of TLCD called Upgraded-TLCD, and the
numerical simulation results showed the effectiveness of
the proposed device. The authors in [32, 33] developed
an upgraded TLCD device for use in high-rise buildings
subjected to earthquake loads with active and hybrid
control.

VTLCD, an upgraded form of traditional UTLCD, was pro-
posed in [34-36]. In this context, the parameters of UTLCDs
and VTLCDs are optimized to reduce vibrations for one-DOF
structures subjected to harmonic excitation [34, 35]. In [36],
VTLCD was applied for passive control of the vibration of a
floating wind turbine. A comparative study on the vibration
reduction effectiveness between VILCD and UTLCD (with
the same mass) for a multistorey building model subjected to
earthquake loads was proposed in [37]. Simulations in [37]
showed outstanding advantages of VILCD compared to
UTLCD in passive control problems, such as being more
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FIGURE 3: Peak of RD and AA of the structure (El Centro): (a) PGA=0.3g and (b) PGA=0.7g.

compact and having higher vibration reduction efficiency, espe-
cially for high peak ground acceleration earthquakes.

Hedge-algebras-based controllers (HACs) have been
developed in several theoretical and experimental studies
for mechanical models. Recent typical studies using HAC
include the active control of building models subjected to
earthquake loads [38, 39], the vibration reduction in active
suspension systems [40, 41], and the motion control of
mobile robots [42, 43]. Like controllers based on fuzzy set
theory (FCs), HACs also use a qualitative rule system based
on expert experience. The most significant difference
between these controllers is the modeling of linguistic
values of language variables. Linguistic values in HACs are
represented by their fuzziness measure (a real number
between 0 and 1), while they are fuzzy sets in FCs. This
method of modeling linguistic values gives HACs many
advantages compared to FCs, such as a more explicit and
straightforward setup, higher control efficiency, easier opti-
mization, and significantly faster calculation time to calcu-
late control actions [43].

From the above analysis, this work presents a compar-
ative study of hybrid control using VILCD and UTLCD
for building models subjected to earthquake loads, in
which the parameters of the damping devices have been
optimized to minimize the structure’s peak relative dis-
placement (RD). The contributions of this research are
as follows.

e Developed an advanced hybrid control system for
VTLCD to reduce vibrations for structures subjected
to earthquake loads.

e Extended and confirmed the superior advantages of
VTLCD compared to UTLCD in terms of the pas-
sive control problem and the hybrid control
problem.

e Applied hedge algebra theory to control design to
improve vibration reduction efficiency for structures
subjected to earthquake loads.

2. Problem Under Consideration

Figure 1 presents an n-floor building model moving under
the effect of earthquake load with ground acceleration X,

[44]. The top floor of the building is fitted with VILCD
(Figure 1a) or UTLCD (Figure 1b). Also, the system includes
a controlled force u on the first floor. The density of liquid
moving in tubes is p. For the VILCD in the static state,
the liquid is only in the V-section, with a total liquid column
length of L (two vertical branches do not contain liquid), and
the cross-sectional area of the pipe branches is A,. For
UTLCD, also in the static state, the liquid columns in the
vertical and horizontal components are L, and L;, respec-
tively, and the cross-sectional area of the tube branches is
Ay For the convenience of comparison, this study only con-
siders VTLCD and UTLCD with constant cross-sections and
rectangular shapes. The head-loss coefficient of VTLCD is
denoted by #,,, and that of UTLCD is denoted by #,,. The
floor’s concentrated masses are m;, i=[1,n]. The system’s
generalized coordinates, containing the time-dependent var-
iables, are q =[x, %y, -+ x,, w]"
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Using the transformation process as in [37] and with the
controlled force u applied to the first floor, the motion equa-
tions of the system have the following form:

myky + (o) + )k = %y + (ky +hy)xy —kyxy = f +u

mx; = ¢; i

iy (G Ca)X = G X — kixioy + (kg + ki )X = ax =1
(1 0y L+ (L= [0]) €08 B — 6, + €, Ky + Ky, o8 Bt =
py (L = [wl) cos X, + py, Lt + 0.5py, 1y, || + pyy g (1 + sin flw = (L = [w])f ;-

(1)

In which f;=-mji ,i=[2,n-1];f,=~(m, +p,L)%,;
fus1 = —#y cos BX . The ground acceleration X, and thus f,

i=[2, n+ 1], are also the time-dependent variables.
Similarly, when the structure uses UTLCD on the top
floor, the system’s state equations are as follows:

mx; + (¢ +6)%; — 6%, + (ky + ky)x, —kyx, = f) +u
MX; = Xy + (6 + Gy )X — Ciua Xy — kixioy + (K + Ky )X — Ky X =
(mn + AMULE)kn + MULhﬁ) - ancnfl + ancn - knxnfl + knxn :fn
PyLpX, + pyL o + 0.5uunyw(w] + 2puygw =1,

(2)

1

fn = _(mn + MULe)xg ;fn+1 = _”Uthég'
Equations (1) and (2) are written in matrix form as follows:

where p;=Ayp; L,=2L,+ Ly f;=-mX,i=[2,n-1];

[M]{&} + [CH{x} + [K|{x} = =[m]{%,} + {U}
{p={x x o oxy %, w}! (3)
{U}={u © 0 0 0}

The matrices [M], [C], [K], and [m] for the structure-
VTLCD system are, respectively:

m 0 - 0 0 0
0 m, - 0 0 0
[M] = .
0 0 - m,, 0 0
0 0 0 m, + py L py (L= |wl) cos B
L0 0 = 0 py(L-|w])cos B pvl _
(cp+e, —¢ 0 0 0 i
-, G te 0 0 0
[€]= )
0 0 c,.1tc, —¢, 0
0 0 -c, ¢, —Hy cos fw
L 0 0 0 0 0.5uymy[wl |
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FIGURE 5: Frequency spectra of the 1** floor’s peak RD and the top floor’s peak AA, El Centro—0.5g.
For the structure-UTLCD system, the matrices [M], [C], _ i
[K], and [m] are, respectively, m 0 0 0 0
0 m, 0 0 0
(m, 0 - 0 0 0
[m] = (5)
0 m, -+ 0 0 0 0 o0 m,_, 0 0
0 0 0 m,+u, L, 0O
[M] _ , n AM U™e
0 0 My 0 0 |0 0 0 poLy 0 |
0 0 0 m, +uyL, pyly,
0 0 0 uyL, uyL, The 4t.h—0rde}r Rung.e—Kutta'met}.lod [45]. is used to
- ; solve nonlinear differential equations in Equations (1) and
(2).
As presented in [37], the following criteria need to be
(e +¢, - - 0 0 0 | minimized:
-, Gt 0 0 0
max |d;|
[C]= , CD=I_1aff<m dl ) (6)
0 0 ¢, +c, —c, 0 ax |d;uc|
0 0 -, c, 0
| 0 0 0 0 0.5uyny|w| | max |g;]
C, = max (7)
i=l:n \ max |a1 UC}
[k +k, -k, 0 0 0
k o+ k Equation (6), corresponding to the maximum RD Cp,
—k,  ky+k, 0 0 0 _ !
is used to evaluate structural safety, and Equation (7), cor-
responding to the maximum absolute acceleration (AA)
(K] = 0 0 K 3 K o |’ C,, is used to assess human safety. In which d; and g,
1K TRy are the peak RD and AA of the i™ floor, respectively.
0 0 -k, k, 0 The notation “UC” (uncontrolled case) means the main
structure does not have additional damping devices and
[ 0 0 0 0 2uyg | control forces.
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3. HAC

The hedge-algebras theory was proposed in 1990 [46, 47]. It
is a powerful tool for modeling linguistic values of linguistic
variables. The main features of the HA theory include the
following: the natural semantic order of linguistic values
is always guaranteed, and the fuzziness measure of lin-
guistic values is represented by real numbers from 0 to
1 [48]. Because of such representation, using fuzzy sets
to describe linguistic values is unnecessary, as in fuzzy
set theory. The HA theory has been effectively applied
to the problems of information technology and con-
trol [49].

A controller based on the HA theory (HAC) has the
same operating principle as a fuzzy set theory-based control-
ler (FC). The operation of components in HAC is straight-
forward through linear interpolation steps. Therefore, the
computation time of HACs is much faster than that of FCs
[43]. The research results in [38] have demonstrated that
an explicit equation can express the relationship between
control and state variables when choosing the appropriate
control rule base and linguistic values for state and control
variables.

For the active control problem in this study, using the
explicit formula of HAC in [38], the control force u is deter-
mined through the state variables x; and %, as follows:

2c N c . (8)
= —X — X1,
3¢ 3p7!

where a, b, and ¢ are the boundary values of the reference
range of the variables x;, X, and u, respectively.

4. Numerical Simulations

The five-floor building structure (n = 5) in [37] is recalled with
the following parameters: m, = 10 x 10°kg, ¢; = 8 x 10°> Ns/m,
and k; =200 x 10°N/m, i =1 : n]. In this study, a, b, and ¢
values are selected as 5m, 1m/s, and 1200kN through a trial-
and-error step. The maximum control force is u,,, =20 kN.

Simulation results in [37] have shown that the config-
uration of the VTLCD optimized according to the RD cri-
terion (Equation 6) is more effective than the VTLCD
optimized following the AA criterion (Equation 7). There-
fore, the simulation in this study will focus on comparing
the passive cases of UTLCD and VTLCD optimized
according to the RD of the structure in [37] (denoted by
UTLd and VTLd, respectively) with the system with addi-
tional active control force u (denoted by AUTLd and
AVTLd, respectively). It should be noted that the simula-
tion results for the UTLd and VTLd cases are extracted
from [37].

The range for optimal selection of the parameters of
VTLd and UTLd is as follows [37]:

L(m) € [2,10], bV(m) € 0.2, 2], hV (m) € [0.2, 2] B(°) € [5, 60]n, € [0, 300],
L,(m) € [2,10], Lv(m) € [0.1, 2], by (m) € 0.2, 2], hy(m) € 0.2, 2], 7, € [0, 300

)
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TABLE 1: Cp, C,, and w,,,, (PGA=0.7 g).

Earthquake Criterion VTLd UTLd Variation (%) AVTLd AUTLd Variation (%)
Cp 0.708 0.838 —15.53 0.558 0.607 -8.07
El Centro Cy 0.711 0.771 -7.78 0.568 0.606 -6.15
W o M 0.058 0.063 -8.16 0.058 0.067 -14.20
Cp 0.677 1.137 -40.47 0.537 0.605 -11.17
Kocaeli Cy 0.672 1.171 —42.60 0.574 0.666 -13.82
W oo M 0.129 0.188 -31.31 0.152 0.225 -32.43
Cp 0.725 0.981 —-26.08 0.621 0.814 —23.68
Imperial Valley Cy 0.786 1.011 -22.24 0.713 0.879 —-18.90
W oo M 0.029 0.038 -25.24 0.032 0.041 -22.38
Cp 0.907 1.026 -11.60 0.766 0.802 —4.45
Duzce Cy 0.873 1.005 -13.12 0.800 0.839 —4.64
W, m 0.055 0.076 ~27.32 0.057 0.074 ~2347
Cp 0.497 0.725 -31.39 0.433 0.493 -12.15
Northridge Cyu 0.473 0.699 -32.31 0.458 0.545 -15.94
W e M 0.047 0.063 -26.08 0.049 0.064 -23.17
(O 0.720 0.939 -23.28 0.675 0.722 —6.49
Chi-Chi Cy 0.745 0.915 -18.57 0.635 0.670 -5.35
W oo M 0.081 0.114 -28.56 0.089 0.145 -38.39
Cp 0.724 0.926 -21.88 0.564 0.721 -21.79
Kern County Cy 0.675 0918 -26.43 0.575 0.747 -23.09
W oo M 0.074 0.099 -25.84 0.074 0.099 -25.38
Cp 0.619 0.756 —-18.09 0.512 0.565 -9.39
Friuli (O 0.601 0.753 -20.26 0.525 0.574 -8.49
W e M 0.038 0.044 -13.35 0.039 0.045 -12.95
Cp 0.565 0.701 -19.51 0.446 0.535 -16.62
Nahanni Cy 0.590 0.829 —-28.81 0.401 0.531 —24.55
W e M 0.015 0.018 -13.46 0.014 0.018 -20.13
Cp 0.655 0.769 -14.87 0.605 0.668 -9.43
Izmit Cy 0.600 0.811 -25.97 0.557 0.694 -19.75
W e M 0.115 0.136 -15.17 0.114 0.132 -13.43
Cp 0.546 0.624 -12.48 0.491 0.635 —22.67
Kobe Cy 0.554 0.629 -11.99 0.507 0.630 —19.58
W e M 0.043 0.073 —41.20 0.056 0.096 —41.44

The optimal parameters of VILd and UTLd are as
follows [37]:

[L(m) by (m)hy(m) B(*)y] = [2.383  0.899 0.467 5.634 300],
[Ly,(m) L,(m)by(m) hy(m)n,] = [5.092 1271 0.376 0.348 300].

(10)

First, the peaks RD and AA of floors are shown in
Figure 2 for the El Centro earthquake with its PGA equal
to 0.5g. The results in Figure 2 show that AVTLd and

AUTLd are significantly more effective than VTLd and
UTLd. AVTLd and AUTLd reduction ratios are 45%
and 42% for the RD of the first floor and 46% and
45% for the AA of the top floor, respectively. Figure 3
shows the peak RD and AA of floors for the El Centro
earthquake with its PGA equal to 0.3 and 0.7g. Like
the passive control cases for the El Centro earthquake
[37], when PGA =0.3 g, the damping efficiency of AVTLd
and AUTLd has a reduced difference compared to the
case of PGA=0.5g; and vice versa when PGA=0.7g.
This effect is clearly represented in Figure 3. Figure 4
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TABLE 2: RMS value of criteria (PGA =0.7 g).

Earthquake Criterion VTLd UTLd Variation (%) AVTLd AUTLd Variation (%)
X;, mm 0.010 0.013 -27.23 0.008 0.008 -7.15
X5, m/s* 0.055 0.075 -26.81 0.043 0.046 —6.68
El Centro
w, mm 0.173 0.187 -7.40 0.171 0.225 -23.87
u, kKN 0.102 0.125 -18.59 0.090 0.096 -5.86
X;, mm 0.009 0.015 -37.05 0.006 0.007 —8.47
. X5, m/s? 0.050 0.081 -38.19 0.033 0.036 -9.33
Kocaeli
w, mm 0.574 0.817 -29.80 0.611 0.882 -30.74
u, kKN 0.115 0.131 -12.16 0.079 0.085 -7.19
X;, mm 0.019 0.033 -41.71 0.014 0.021 -32.75
, %5, m/s” 0.108 0.184 -41.34 0.081 0.120 -32.57
Imperial Valley
w, mm 0.090 0.118 -23.50 0.093 0.114 -18.56
u, kKN 0.121 0.129 -6.57 0.104 0.122 —14.84
X;, mm 0.012 0.020 -38.32 0.009 0.011 -14.94
D X5, m/s? 0.067 0.110 -39.17 0.050 0.059 -16.10
uzce
w, mm 0.145 0.217 -33.04 0.170 0.251 -32.08
u, kN 0.118 0.129 -8.80 0.094 0.103 -9.26
X;, mm 0.019 0.024 -21.68 0.015 0.018 —-16.81
. X5, m/s> 0.107 0.136 -21.37 0.082 0.099 -17.08
Northridge
w, mm 0.095 0.145 -34.20 0.113 0.154 —26.87
u, kKN 0.137 0.138 -0.30 0.120 0.128 -6.28
X;, mm 0.009 0.011 -16.07 0.008 0.008 -2.80
o %5, m/s” 0.050 0.060 -16.57 0.039 0.040 -2.49
Chi-Chi
w, mm 0.235 0.465 -49.61 0.290 0.533 —45.63
u, kN 0.108 0.124 -12.46 0.091 0.093 —2.24
X;, mm 0.016 0.025 -33.86 0.012 0.016 -23.16
X5, m/s* 0.091 0.137 -33.87 0.068 0.090 -23.86
Kern County
w, mm 0.188 0.214 -12.19 0.188 0.227 -17.11
u, kKN 0.126 0.146 -14.06 0.108 0.112 -3.55
X;, mm 0.013 0.021 -39.27 0.008 0.010 -19.12
Frili X5, m/s? 0.071 0.117 -39.12 0.045 0.056 -19.42
riuli
w, mm 0.058 0.078 -25.25 0.060 0.077 —22.59
u, kN 0.117 0.140 -16.69 0.083 0.094 -11.15
X;, mm 0.014 0.020 -29.04 0.009 0.011 -21.40
. X5, m/s* 0.087 0.125 -30.30 0.054 0.068 -20.54
Nahanni
w, mm 0.047 0.052 -10.01 0.039 0.047 -17.14
u, kKN 0.127 0.134 -4.97 0.104 0.110 -5.97
X;, mm 0.023 0.037 -38.47 0.018 0.026 -31.65
Lzmit X5, m/s* 0.127 0.206 -38.15 0.102 0.149 -31.54
zmil
w, mm 0.736 0.883 -16.65 0.724 0.877 —-17.46
u, kN 0.125 0.138 -9.45 0.098 0.116 -15.02
X;, mm 0.024 0.031 —22.58 0.020 0.027 —-25.05
Kob X5, m/s* 0.133 0.171 -22.18 0.113 0.151 —25.23
obe
w, mm 0.106 0.171 -38.35 0.142 0.226 -37.27
u, kKN 0.141 0.146 -3.67 0.127 0.141 -10.06
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TABLE 3: Cp,, C,, and w,,,, (PGA=0.3g).

Earthquake Criterion VTLd UTLd Variation (%) AVTLd AUTLd Variation (%)
Cp 0.790 0.865 -8.67 0.550 0.550 -0.17
El Centro Cy 0.804 0.794 1.20 0.485 0.459 5.47
W o M 0.032 0.035 -10.81 0.034 0.035 —4.51
Cp 0.742 1.200 -38.19 0.538 0.577 -6.77
Kocaeli Cy 0.735 1.231 —40.29 0.536 0.586 -8.59
W oo M 0.079 0.107 -25.57 0.083 0.122 -31.35
Cp 0.757 1.103 -31.38 0.551 0.698 -21.11
Imperial Valley Cy 0.837 1.146 -26.95 0.664 0.803 -17.29
W oo M 0.020 0.025 —-18.35 0.026 0.033 -20.58
Cp 0.930 1.046 -11.10 0.753 0.783 -3.84
Duzce Cy 0.924 1.020 -9.43 0.752 0.770 -2.37
W e M 0.032 0.044 -28.37 0.035 0.048 -26.59
Cp 0.529 0.794 -33.34 0.407 0.460 -11.59
Northridge Cy 0.529 0.759 -30.33 0.426 0.488 -12.81
W e M 0.030 0.034 -11.52 0.031 0.035 -13.21
Cp 0.801 0.963 -16.85 0.672 0.697 -3.59
Chi-Chi Cy 0.838 0.941 -10.96 0.632 0.640 -1.21
W oo M 0.051 0.085 -39.75 0.063 0.096 -34.97
Cp 0.770 0.972 -20.74 0.495 0.582 -14.99
Kern County C, 0.770 0.960 ~19.87 0.535 0.618 ~13.49
W e M 0.046 0.056 -17.55 0.046 0.056 -17.46
Cp 0.682 0.800 -14.81 0.498 0.533 —6.59
Friuli Cy 0.695 0.795 -12.64 0.502 0.538 —6.67
W e M 0.023 0.025 -8.44 0.023 0.025 -8.21
Cp 0.615 0.767 ~19.81 0.411 0.453 -9.24
Nahanni Cy 0.669 0.888 -24.68 0.347 0.367 -5.43
W oo M 0.008 0.009 -7.67 0.007 0.010 —23.52
Cp 0.653 0.855 ~23.63 0.567 0.613 ~7.54
Izmit Cy 0.647 0.873 -25.90 0.571 0.637 -10.46
W oo M 0.054 0.065 —-18.00 0.052 0.066 -20.82
Cph 0577 0.632 -8.76 0.456 0.564 ~19.14
Kobe Cy 0.607 0.627 -3.19 0.495 0.606 —18.42
W oo M 0.026 0.041 -36.18 0.033 0.045 -27.24

illustrates the time responses of the RD of the first floor,
the AA of the top floor, the liquid displacement w, and
the control force u when PGA =0.5g. Hence, the time
response of displacement of the liquid column w in the
cases of VILd, UTLd, AVTLd, and AUTLd is not very
different.

The fast Fourier transform (FFT) [50] is used to investi-
gate the frequency spectra of the 1** floor’s peak RD and the
top floor’s peak AA with the PGA of 0.5g in different
damper configurations for the El Centro earthquake, as
shown in Figure 5a,b, respectively.

The above simulation results are for the case of the El
Centro earthquake. Next, investigations of 10 other earth-
quakes (including Kocaeli, Imperial Valley, Duzce, North-
ridge, Chi-Chi, Kern County, Friuli, Nahanni, Izmit, and
Kobe earthquakes) are performed to validate the stability
of the hybrid control configurations. These earthquakes are
commonly investigated in studies of earthquake-resistant
structures [51-53]. In addition, the effectiveness of passive
VTLCD and UTLCD has been verified through these earth-
quakes [37]. Therefore, they are included in this study to
facilitate comparison between passive and hybrid
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TABLE 4: RMS value of criteria (PGA =0.3 g).

Earthquake Criterion VTLd UTLd Variation (%) AVTLd AUTLd Variation (%)
X;, mm 0.005 0.006 -23.64 0.003 0.004 —4.49
X5, m/s’ 0.026 0.033 -22.53 0.018 0.019 -3.67
El Centro
w, mm 0.097 0.126 -23.37 0.100 0.147 -31.49
u, kKN 0.065 0.089 —26.58 0.050 0.052 —4.21
X;, mm 0.004 0.007 -36.89 0.003 0.003 —5.62
. X5, m/s? 0.023 0.038 -37.65 0.014 0.015 —5.68
Kocaeli
w, mm 0.316 0.448 -29.40 0.339 0.496 -31.67
u, kN 0.064 0.095 -32.01 0.037 0.039 -6.83
X;, mm 0.009 0.016 —43.85 0.006 0.007 -20.98
. X5, m/s’ 0.051 0.090 -43.30 0.032 0.040 -20.33
Imperial Valley
w, mm 0.053 0.063 -15.13 0.064 0.079 —-19.25
u, kN 0.102 0.119 -14.24 0.071 0.082 -13.16
X;, mm 0.006 0.009 -39.47 0.004 0.004 -7.01
X5, m/s? 0.031 0.051 -40.01 0.021 0.022 -6.90
Duzce
w, mm 0.086 0.132 -35.12 0.110 0.163 -32.56
u, kKN 0.082 0.110 -25.78 0.053 0.057 -7.38
X;, mm 0.010 0.011 -13.47 0.006 0.006 —11.08
. X5, m/s> 0.056 0.064 -12.78 0.032 0.036 -10.77
Northridge
w, mm 0.062 0.087 -29.31 0.074 0.109 —32.45
u, kN 0.118 0.113 4.09 0.082 0.087 —6.62
X;, mm 0.004 0.005 -10.61 0.003 0.003 0.05
. . X5, m/s? 0.024 0.026 -10.20 0.017 0.017 1.25
Chi-Chi
w, mm 0.172 0.322 —46.60 0.212 0.348 -39.00
u, kKN 0.064 0.072 -11.25 0.044 0.044 1.38
X, mm 0.008 0.011 -28.01 0.005 0.006 -12.22
X5, m/s* 0.046 0.064 -27.57 0.027 0.031 —-12.23
Kern County
w, mm 0.102 0.108 -5.24 0.101 0.127 -20.38
u, kN 0.104 0.125 -17.02 0.068 0.074 —7.48
X;, mm 0.007 0.010 -32.52 0.003 0.003 -7.37
Friuli X5, m/s’ 0.038 0.056 -32.06 0.018 0.019 -6.92
riuli
w, mm 0.036 0.044 -16.86 0.039 0.045 —-14.94
u, kKN 0.096 0.124 -22.33 0.049 0.052 -6.95
X;, mm 0.007 0.009 -19.76 0.004 0.004 -9.38
. X5, m/s* 0.045 0.059 —22.44 0.022 0.023 -7.69
Nahanni
w, mm 0.027 0.027 0.27 0.023 0.026 -12.04
u, kN 0.107 0.115 -7.01 0.059 0.064 -7.60
X;, mm 0.011 0.018 —-41.37 0.007 0.009 —-25.41
Lzmit X5, m/s* 0.061 0.104 -40.90 0.038 0.051 -25.13
zmi
w, mm 0.331 0.373 -11.17 0.320 0.375 —14.59
u, kKN 0.109 0.130 —15.86 0.072 0.082 —-13.04
X;, mm 0.011 0.014 -16.79 0.008 0.010 -19.87
Kob X5, m/s* 0.065 0.077 -16.00 0.044 0.054 —-19.60
obe
w, mm 0.063 0.099 -36.17 0.090 0.119 —24.05
u, kN 0.120 0.132 -9.19 0.094 0.104 -9.70
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FIGURE 7: Time responses of the system, Kern County—0.5g.

configurations of VILCD and UTLCD. The investigated
results of VTLd, UTLd, AVTLd, and AUTLd for 10 testing
earthquakes (PGA =0.5g) are shown in Figure 6. Cp,, C,,
the peak value of w (w,,,), and the root mean square
(RMS) values of essential criteria are listed in Tables 1, 2,
3, and 4. The column “variation, %” represents the percent-
age change in the results obtained with VILd compared to
UTLd or AVTLd compared to AUTLd.

The results presented in Figure 6 and Tables 1, 2, 3, and
4 for 10 testing earthquakes with different PGA values show
that AVTLd has high damping efficiency. The highest reduc-
tion ratio of the RD of the first floor is 59% in the case of the
Northridge earthquake, and the highest reduction ratio of
the AA of the top floor is 65% in the case of the Nahanni
earthquake, with all three different values of PGA. In all sim-
ulation results in Figure 6 and Tables 1, 2, 3, and 4, the effi-
ciency of AVTLA is significantly higher than that of AUTLd
with the same mass of liquid column, parameters of the HA
theory-based controller, and maximum control force
(20kN). Even the efliciency of AUTLA is less than or equal
to that of VILd in cases of the Imperial Valley (0.5 and

13

0.7 g), Northridge (0.5 and 0.7 g), Kern County (0.7 g), Izmit
(0.5 and 0.7 g), and Kobe (0.3, 0.5, and 0.7 g) earthquakes.

To better illustrate the vibration reduction effect of
VTLCD and UTLCD in combination with an active con-
troller based on the HA theory, the system’s time
responses under the Kern County earthquake with the
PGA of 0.5g are plotted in Figure 7. The frequency spec-
tra of the 1** floor’s peak RD and the top floor’s peak AA
in different damper configurations for the Kern County
earthquake (PGA=0.5g) are shown in Figure 8a,b,
respectively.

It can be seen from Tables 1, 2, 3, and 4 that the damping
efficiency of AVTLA is higher than that of AUTLd for peak
and RMS values of the RD of the first floor and the AA of
the top floor. In addition, the RMS liquid column displace-
ment w of AVTLd is lower than that of AUTLd. The differ-
ence in the RMS value of control force between AVTLd and
AUTLA is insignificant. Simulation results in Figures 2, 3, 4,
5,and 6 and Tables 1, 2, 3, and 4 clearly show the advantages
of VTLCD over UTLCD in general and AVTLd over AUTLd
in particular, especially in earthquakes with high and aver-
age PGAs (0.7 and 0.5g).

It is noted that the investigation results in [34, 35]
have shown that VILCD is suitable for earthquakes with
high PGAs. However, this conclusion has only been veri-
fied for one DOF structures under harmonic load with
the linearized damping of VILCD and UTLCD. The
results of this study also confirm the above conclusion;
the validations have been extended to the multidegree-of-
freedom model under seismic loads with nonlinear
VTLCD and UTLCD.

5. Conclusions

This study is an extension of our recent publication on
vibration reduction for earthquake-resistant structures using
passive VILCD and UTLCD. The publication’s structural
model, optimization criteria, and simulation scenarios are
adopted for the investigations of hybrid control using
VTLCD and UTLCD in this work. The main results of this
work are summarized as follows.

e The primary innovation is the move from passive con-
trol to hybrid control for VTLCD. In addition to the
advantages of VILCD over UTLCD demonstrated in
the previous research for the passive control problem,
the vibration reduction effectiveness of VILCD con-
tinues to be investigated in the context of the hybrid
control problem in this work.

o The simplest version of the HAC is used to calculate the
control force on the structure’s first floor to reduce the
complexity and calculation time of the control action.

e The structure-VTLCD system with the control force
applied to the structure’s first floor provides significantly
better structural vibration reduction efficiency than the
system using UTLCD in all investigated earthquakes
with different PGAs.
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e When the PGA of the investigated earthquakes
increases, this efficiency increases, demonstrating the
advantage of VILCD even in the case of hybrid control.

The investigation results in this study can be extended to
many exciting topics, for example, optimizing VILCD with
variable cross-sections, evaluating the trade-oft level between
objectives, designing a multi-VTLCD model for multiple-
degrees-of-freedom systems, and studying improved forms
of VTLCDs in passive, active, or hybrid controls. The main
shortcoming of this paper is the lack of real-world experi-
mental results on VITLCD configurations. Therefore, con-
ducting experimental studies for VITLCD is necessary to
confirm its practical performance in controlling structural
vibrations. Although this study focuses on a relatively stiff
five-story structure, future work will aim to evaluate the per-
formance of VILCDs across a wider range of structural
types, including more flexible or stiff systems. Such an exten-
sion would help generalize the conclusions and better under-
stand the applicability of VTLCDs to short-period
structures, particularly in tuning strategies and practical
implementation challenges.
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