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A B S T R A C T

Different energy-dissipating devices have been proposed in the literature to attenuate the destructive effects of
base excitations over fluid storage tanks. These structures have numerous applications in strategic industries
and their failure can result in environmental hazards and huge economic losses. Proposed techniques in the
literature for seismic energy dissipation of fluid-contained tanks are mostly centred on passive and active
control mechanisms. Semi-active control devices using materials with adjustable properties offer advantages
of both active and passive systems while removing their drawbacks. In this paper, the performance of
a Magnetorheological (MR) damper on the seismic response reduction of fluid storage tanks through the
application of three different control strategies including H2/LQG, PID, FOPID, and two passive techniques,
i.e. Passive On, and Passive Off has been investigated. Parameters of the semi-active controllers are optimally
designed for each aspect ratio and the applied ground motion using the Hunger Game Search (HGS) technique
and finally, the semi-active Clipping algorithm commands the voltage to the damper. The fluid-tank-MR damper
system has been examined under three Far-Fault and three Near-Fault ground motions. Numerical simulations
have demonstrated that depending on the aspect ratio, applied ground motion, and the control strategy, the
MR damper can mitigate the peak relative displacements and absolute accelerations of the two major modes
of the system, i.e the rigid and impulsive modes, up to 72% and 67%, respectively. This proves the efficacy of
these dampers in reducing the maximum base shear and overturning moment, hence mitigating the damage
risks in these structures.
1. Introduction

Fluid storage tanks are widely used in a variety of applications
and industries with strategic importance and play a critical role in the
stability and functionality of the corresponding industries. They are
used for the storage of various liquids like water, wine, dairy products,
oil, etc. in wineries, refineries, nuclear power plants, and so on. Ground-
supported fluid storage tanks which, depending on their applications,
may contain various types of fluids, are usually applied for storage,
distribution, or processing of the contained liquid. Aspect ratio defined
as liquid height to the radius or length of the tank’s cross section
for circular and rectangular tanks, respectively, plays an important
role in their dynamic behaviour under vibrations. These structures are
considered as acceleration-sensitive elements in FEMA 274 [1]. Such
tanks are susceptible to damage in earthquake-prone regions of the
world [2–6]. Two of the most common types of damage to fluid storage
tanks during earthquakes are elephant foot and diamond-shaped buck-
ling. However, other types of damage including damage to the base
connections such as anchor bolt buckling, elongation and/or pull-out,
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leg buckling, damage to the roof due to liquid sloshing, rupture of the
shell, etc. can occur depending on the type of support, aspect ratio and
size of the tank, and their application, among others. Any damage to
these tanks may cause adverse environmental effects, jeopardise their
integrity, risk human life, and result in disastrous consequences.

Analysing structural behaviour and dynamic modelling of these
structural systems has been the focus of attention by different re-
searchers for decades [7–9]. Different types of damage caused in pre-
vious devastating seismic events have been examined and various
energy-dissipating devices have been proposed by researchers in the
literature [10]. A comprehensive review of different dynamic modelling
methodologies, seismic protection devices proposed, and various types
of damages observed in previous seismic events have been conducted
by authors [11]. Among various modelling techniques proposed so
far for these structures, the lumped parameter model which is an
equivalent mechanical model representing the complex fluid–structure
interaction has been widely used for analysing the structural responses
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of these structures [7]. This technique has formed the basis of the
structural design of tanks in different seismic codes including Eurocode
8 Part 4 [12] and NZSEE [13]. Validation of this technique has been
studied by several researchers [14]. While this methodology provides
dynamic characteristics of the vibration of the highly complex fluid–
structure interaction in a fluid tank with acceptable accuracy they offer
efficient and low computational effort compared to more sophisticated
Finite Element (FE) based techniques [11].

Vibration control systems and techniques have been targeted for
decades to enhance the safety, reliability, and resiliency of engineer-
ing structures against undesirable vibrations, especially those caused
by severe earthquakes. Passive control mechanisms offer reliability
whereas they are not adaptable or versatile. On the other hand, active
control systems, while removing drawbacks of passive systems, rely
on considerable external power for their operation which could be a
source of substantial concern during a disaster. Moreover, reliability
and robustness are always matters of concern for active systems. Semi-
active systems aim to combine the advantages of both passive and
active systems while eliminating their weak points. Application of a
semi-active variable stiffness damper in combination with two passive
systems including Elastomeric Rubber Bearing (ERB) and Lead Rubber
Bearing (LRB) also called N-Z system [15,16] for seismic protection
of a horizontally curved bridge has been examined in [17]. Passive
control devices for energy-dissipation and seismic protection of fluid
storage tanks and industrial plants have been developed and applied to
these structures in different forms now for decades [18]. Base isolators
and their variants [19–21], Horizontal and vertical baffles [22,23], are
amongst the most developed passive systems for fluid tanks. Active
baffles [24] and piezoelectric patches [25] can be named as instances
of active devices proposed in this field. Semi-active control devices
for vibration control and seismic protection of fluid-contained tanks
and vessels have not been explored to the same extent as passive and
active systems. Examples of such devices include variable dampers for
making smart base isolation [26], the semi-active mechanism proposed
by Kobayashi and Koyama [27] based on the air spring effect of a
gas chamber, and the application of Magnetorheological (MR) dampers
by Shrimali and Kasar [28]. The study by Shrimali and Kasar [28]
considered the utilisation of MR dampers between two adjacent tanks
for the aim of seismic response reduction of connected liquid storage
tanks. Authors believe that the effects of employing these dampers over
the vibrational responses of these strategic structures under seismic
base excitations have not been comprehensively examined.

MR dampers are based on smart MR fluid with adaptable properties.
Physical properties such as the viscosity of such a fluid can be changed
in a few milliseconds [29,30] upon the application of a magnetic field.
Thus, the interactive force produced by the damper can be rapidly
controlled and adapted according to the force required at each time
step to counteract the applied external force on the system. These
dampers are fail-safe as in case of any malfunction in the control system
they are turned into passive devices (Passive Off mode) and still can
continue damping the vibrations. Special features of these dampers
such as a wide operational temperature range, and high achievable
yield stresses, to name but a few, have enabled this possibility to
apply them in a variety of interior and exterior applications for seismic
and vibration mitigation of civil structures and infrastructures as well
as other industrial applications [31]. Performance of an MR damper
as a variable damper for seismic protection of highway bridges has
been discussed in [32]. Chen et al. investigated the performance of
MR dampers in smart base isolation systems using real-time hybrid
tests [33]. Prakash and Jangid studied the results of coupling an
MR damper with a nonlinear isolation system called Unbonded Fibre-
Reinforced Elastomeric Isolator (UFREI) over the structural response
mitigation of a full-scale three-story benchmark building [34].

Legged steel fluid storage tanks are widely used in different indus-
tries including the wineries, dairy products industries, petrochemicals,
2

etc. for storage of oil, water, and other chemicals [35–37]. A research
effort on the effects of employing MR dampers on the seismic re-
sponse mitigation of legged fluid storage tanks was initiated by the
authors [38]. In this paper, the application of MR dampers for vibration
attenuation of a legged ground-supported fluid storage tank against
seismic actions is investigated numerically in detail. The connections
of the legs to the base are considered fixed and the tank shell is
regarded as flexible. Based on these assumptions and using the sim-
plified mechanical model proposed in the literature [7,8,39–41] and
seismic design codes [13] for the dynamic behaviour of fluid tanks, the
equation of motion for the coupled fluid-tank-damper system is formu-
lated. To model the nonlinear hysteretic behaviour of MR dampers, the
modified Bouc–Wen model [42–45] is employed. To perform a semi-
active vibration control technique to the considered fluid-tank system,
three control strategies including the H2/Linear Quadratic Gaussian
(H2/LQG) [44,46–49], the Proportional–Integral–Derivative (PID) [50,
51], and the Fractional order PID (FOPID) [45,52,53] which have
demonstrated desirable performances in variety of control applications
have been utilised. Each controller has some parameters which need
to be designed appropriately to achieve a desirable control action and
satisfy the control objective. In this research an optimisation technique
termed Hunger Game Search (HGS) [54] which has proved promising
features in the literature has been employed to design the parameters of
each controller. Due to the nature of the semi-active control mechanism
the calculated active control force cannot be commanded, a secondary
control technique is required to adjust the required voltages to the MR
damper. To this aim, the clipping control approach [29,44,55,56] has
been regarded. Numerical simulations of a legged cylindrical stainless
steel fluid storage tank equipped with an MR damper under the El
Centro 1940, the Hachinohe 1968, and the Manjil 1990 as Far-Fult and
the Kobe 1995, the Northridge 1994, and the Tabas 1978 as Near-Fault
ground motions have been presented. The efficiency of the damper in
reducing the tank’s seismic responses using the employed semi-active
control techniques for different aspect ratios and under the applied
base excitations with different frequency contents has been studied and
compared.

2. Dynamic modelling of the coupled system

The schematic of a flexible legged circular cylindrical fluid storage
tank equipped with an MR damper connected rigidly in a horizontal
direction between the tank base and the ground through one of its legs,
as shown in Fig. 1 is considered. This tank has been regarded as made
of stainless steel material for both the shell and the legs. Legs are made
of tubular cross-sections. Dimensions and profiles of the tank and legs
with their cross sections can be found in this figure. The connections of
the legs to the base have been considered fixed. This tank is filled with
water up to a height of 𝐻𝑙. The equivalent mechanical representation
of the physical MR damper-tank-fluid system is shown in Fig. 2.

Assuming the tank body will not enter the material nonlinearity
region while undergoing vibrations, the dynamic equation of motion
for the coupled fluid-tank-MR damper system shown in Fig. 2 is written
according to Eq. (1),

𝑀𝑈̈ (𝑡) + 𝐶𝑈̇ (𝑡) +𝐾𝑈 (𝑡) = 𝜉𝐹𝑀𝑅 −𝑀𝜆𝑢𝑔(𝑡) (1)

here, M, C, and K are the mass, damping, and stiffness matrices,
𝑀𝑅 and 𝑢𝑔 are the MR damper force and ground acceleration, 𝜉 and
are position vectors, and the vectors 𝑈̈ , 𝑈̇ and U are acceleration,

elocity, and displacement vectors of lumped masses shown in Fig. 2,
espectively. These matrices and vectors are defined as follows,

=
⎡

⎢

⎢

⎣

𝑚𝑟 0 0
0 𝑚𝑖 0
0 0 𝑚𝑐

⎤

⎥

⎥

⎦

, 𝐶 =
⎡

⎢

⎢

⎣

𝑐𝑟 + 𝑐𝑖 + 𝑐𝑐 −𝑐𝑖 −𝑐𝑐
−𝑐𝑖 𝑐𝑖 0
−𝑐𝑐 0 𝑐𝑐

⎤

⎥

⎥

⎦

,

𝐾 =
⎡

⎢

⎢

𝑘𝑟 + 𝑘𝑖 + 𝑘𝑐 −𝑘𝑖 −𝑘𝑐
−𝑘𝑖 𝑘𝑖 0

⎤

⎥

⎥

(2)
⎣ −𝑘𝑐 0 𝑘𝑐 ⎦
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Fig. 1. Schematic of MRD-fluid-tank system.

Fig. 2. Mechanical representation of the MRD-fluid-tank system.
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⎡

⎢
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⎣

𝑢𝑟
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𝑢𝑐

⎤

⎥
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⎡

⎢
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𝑢̇𝑟
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⎤

⎥

⎥

⎦

, 𝑈 =
⎡

⎢

⎢

⎣

𝑢𝑟
𝑢𝑖
𝑢𝑐

⎤

⎥

⎥

⎦

, 𝜉 =
⎡

⎢

⎢

⎣

−1
0
0

⎤

⎥

⎥

⎦

, 𝜆 = [1]3×1 (3)

In this representation, the tank shell has been considered flexible,
and only the first impulsive and the first convective modes are con-
sidered. Mass, damping, and stiffness of these modes are shown as 𝑚𝑖,
𝑚𝑐 , 𝑐𝑖, 𝑐𝑐 , 𝑘𝑖, 𝑘𝑐 , while 𝑚𝑟 is the fluid mass that moves rigidly with the
tank shell. The 𝑐𝑟 and 𝑘𝑟 represent the damping and stiffness associated
with the tank legs. The 𝑢𝑟, 𝑢𝑖, and 𝑢𝑐 are displacements of the rigid
mass, impulsive mass, and convective mass, respectively. To obtain
the structural parameters of the coupled tank-fluid system the small
amplitude linearised fluid surface vibrations theory is considered. These
3

parameters are written as follows [7,8,39],

𝑚𝑖1 = 𝛾𝑖1𝑚𝑙 (4)

𝑚𝑐1 =

[

2𝑚𝑙

(𝜆21 − 1)𝜆1𝑆

]

𝑡𝑎𝑛ℎ(𝜆1𝑆) (5)

𝑚𝑙 = 𝜋𝑅2
𝑡𝐻𝑙𝜌𝑤 (6)

𝜔𝑖1 =
𝜙
𝐻𝑙

√

𝐸𝑡𝑔
𝛾𝑡

(7)

𝜔𝑐1 =
√

𝜆1
𝑔
𝑅𝑡

tanh
(

𝜆1𝑆
)

(8)

𝑆 =
𝐻𝑙
𝑅𝑡

(9)

𝑘𝑖1 = 𝑚𝑖1𝜔
2
𝑖1 (10)

𝑘𝑐1 = 𝑚𝑐1𝜔
2
𝑐1 (11)

𝑐𝑖1 = 2𝜁𝑖1𝑚𝑖1𝜔𝑖1 (12)

𝑐𝑐1 = 2𝜁𝑐1𝑚𝑐1𝜔𝑐1 (13)

The rigid mass is formulated as the below equation,

𝑚𝑟 = 𝑚𝑙 − (𝑚𝑖1 + 𝑚𝑐1) (14)

Assuming the rigid mass as shown in Fig. 2 displaces rigidly and the
columns connecting the rigid mass to the ground behave as clamped–
clamped columns representing a shear behaviour, the stiffness of the
columns is written as below,

𝑘𝑟 =
12𝐸𝑡𝐼𝑙𝑒𝑔
𝐻3

𝑙𝑒𝑔

(15)

for the thin tubular cross-section of the legs,

𝐼𝑙𝑒𝑔 = 𝜋𝑅3
𝑙𝑒𝑔𝑡𝑙𝑒𝑔 (16)

while the circular frequency of the vibration of the columns and
their corresponding damping coefficient according to the structural
dynamics can be conveniently written as follows,

𝜔𝑟 =

√

𝑘𝑟
𝑚𝑟

(17)

𝑐𝑟 = 2𝜁𝑟𝑚𝑟𝜔𝑟 (18)

which 𝜆1 is the first root of the first derivative of the Bessel function of
the first kind of order one (𝐽1) and is equal to 1.8412. 𝐸𝑡 is the modulus
of elasticity of the tank and legs’ material, 𝜌𝑤 is the mass density of the
fluid (water), 𝛾𝑡 is the density of the tank material, 𝐻𝑙 is the height
of the liquid in the tank, 𝑔 is the gravitational acceleration, 𝑆 is the
aspect ratio, 𝑅𝑡 is the radius of the tank, 𝑅𝑙𝑒𝑔 is the radius of the tank’s
legs, 𝐻𝑙𝑒𝑔 is the height of legs, 𝑡𝑤 is the thickness of the tank wall, 𝑡𝑙𝑒𝑔
is the thickness of the tank’s legs, 𝜙 is the Frequency Parameter, and
𝑚𝑙 is the total mass of the fluid in the tank. The frequency parameter
depends on several factors, most importantly aspect ratio (𝑆), the
ratio of the thickness of the wall to the radius of the tank ( 𝑡𝑤𝑅𝑡

), and
material properties of the tank. Charts have been presented in the
literature and seismic design codes for fluid storage tanks to calculate
this parameter [8,13,39]. The 𝑚𝑖1 and 𝑚𝑐1 are the masses of the first
impulsive and the first convective modes, and 𝑘𝑖1, 𝑘𝑐1, 𝑐𝑖1, 𝑐𝑐1, 𝜁𝑖1,
𝜁𝑐1, 𝜔𝑖1, 𝜔𝑐1 are the stiffness, damping coefficients, damping ratios,
and circular natural frequencies of these modes, respectively. The 𝜁𝑟,
and 𝜔𝑟 represent the damping ratio and the natural circular frequency
of the legs connecting the rigid mass of the tank to the ground. The
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parameters 𝜙 and 𝛾𝑖1 as functions of 𝑆 for the case of ( 𝑡𝑤𝑅𝑡
) = 0.004 can

be conveniently obtained from the below equations [40],

𝜙 = 0.037085 + 0.084302𝑆 − 0.05088𝑆2 + 0.012523𝑆3 − 0.0012𝑆4 (19)

𝑖1 = −0.15467 + 1.21716𝑆 − 0.62839𝑆2 + 0.14434𝑆3 − 0.0125𝑆4 (20)

The state-space representation of Eq. (1) can be formulated ac-
cording to Eq. (21) which represents a sixth-order dynamical system,

𝑋̇ = 𝐴𝑋 + 𝐵𝑢∗ (21)

where the state and control input matrices A and B are defined as
follows,

𝐴 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0 1 0 0 0 0
− 𝑘𝑟+𝑘𝑖+𝑘𝑐

𝑚𝑟
− 𝑐𝑟+𝑐𝑖+𝑐𝑐

𝑚𝑟

𝑘𝑖
𝑚𝑟

𝑐𝑖
𝑚𝑟

𝑘𝑐
𝑚𝑟

𝑐𝑐
𝑚𝑟

0 0 0 1 0 0
𝑘𝑖
𝑚𝑖

𝑐𝑖
𝑚𝑖

− 𝑘𝑖
𝑚𝑖

− 𝑐𝑖
𝑚𝑖

0 0
0 0 0 0 0 1
𝑘𝑐
𝑚𝑐

𝑐𝑐
𝑚𝑐

0 0 − 𝑘𝑐
𝑚𝑐

− 𝑐𝑐
𝑚𝑐

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

𝐵 =
[

𝐵1 𝐵2
]

(22)

𝐵1 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0
− 1

𝑚𝑟
0
0
0
0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, 𝐵2 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0
−1
0
−1
0
−1

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(23)

hile the vectors of states and the control inputs are expressed as,

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
𝑥6

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑢𝑟
𝑢̇𝑟
𝑢𝑖
𝑢̇𝑖
𝑢𝑐
𝑢𝑐

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, 𝑢∗ =
[

𝑓𝑀𝑅
𝑢𝑔

]

(24)

It is assumed that the absolute accelerations of the system through
ccelerometers at the locations of rigid mass, impulsive mass, convec-
ive mass, as well as the displacement of the rigid mass are measured.
egarding the mentioned measurements, the output equation for the
ontrolled system is formulated according to Eq. (25),

= 𝐶∗𝑋 +𝐷𝑢∗ + 𝜖 (25)

here Y is the output vector and 𝜖 is the measurement noise. The
easurement and direct transition matrices, 𝐶∗ and 𝐷 are obtained

rom Eqs. (26)–(27),

∗ =

⎡

⎢

⎢

⎢

⎢

⎣

− 𝑘𝑟+𝑘𝑖+𝑘𝑐
𝑚𝑟

− 𝑐𝑟+𝑐𝑖+𝑐𝑐
𝑚𝑟

𝑘𝑖
𝑚𝑟

𝑐𝑖
𝑚𝑟

𝑘𝑐
𝑚𝑟

𝑐𝑐
𝑚𝑟

𝑘𝑖
𝑚𝑖

𝑐𝑖
𝑚𝑖

− 𝑘𝑖
𝑚𝑖

− 𝑐𝑖
𝑚𝑖

0 0
𝑘𝑐
𝑚𝑐

𝑐𝑐
𝑚𝑐

0 0 − 𝑘𝑐
𝑚𝑐

− 𝑐𝑐
𝑚𝑐

⎤

⎥

⎥

⎥

⎥

⎦

,

=
[

𝐷1 𝐷2
]

(26)

1 =

⎡

⎢

⎢

⎢

⎣

− 1
𝑚𝑟
0
0

⎤

⎥

⎥

⎥

⎦

, 𝐷2 = [0]3×1 (27)

The MR damper force is calculated based on the modified Bouc–
Wen hysteresis dynamic representation of the behaviour of this damper.
According to this dynamic modelling, the force produced by the damper
is formulated using Eqs. (28)–(33) [42–45],

𝑓 = 𝛼𝑧 + 𝑐 (𝑥̇ − 𝑦̇) + 𝑘 (𝑥 − 𝑦) + 𝑘 (𝑥 − 𝑥 ) (28)
4

𝑀𝑅 0 𝑀 0 𝑀 1 𝑀 0
̇ = −𝛾|𝑥̇𝑀 − 𝑦̇|𝑧|𝑧|(𝑛−1) − 𝛽(𝑥̇𝑀 − 𝑦̇)|𝑧|𝑛 + 𝐴(𝑥̇𝑀 − 𝑦̇) (29)

𝑦̇ = 1
𝑐0 + 𝑐1

[

𝛼𝑧 + 𝑐0𝑥̇𝑀 + 𝑘0(𝑥𝑀 − 𝑦)
]

(30)

𝛼(𝜏) = 𝛼𝑎 + 𝛼𝑏𝜏 (31)

𝑐1(𝜏) = 𝑐1𝑎 + 𝑐1𝑏𝜏 (32)

𝑐0(𝜏) = 𝑐0𝑎 + 𝑐0𝑏𝜏 (33)

where 𝛼𝑎, 𝛼𝑏, 𝑐1𝑎, 𝑐1𝑏, 𝑐0𝑎, 𝑐0𝑏, 𝜇, 𝑘0, 𝑘1, A, 𝛽, 𝛾, 𝑥0, and 𝑛 are the
14 parameters associated with the modified Bouc–Wen model, and 𝑥𝑀
and 𝑥̇𝑀 are the displacement and velocity of the MR damper. 𝜏 is
a first-order filter with a transfer function in the 𝑠-domain expressed
in Eq. (34) that is applied over the decided voltage 𝜐 to the damper,

𝜏(𝑠) =
𝜇

𝑠 + 𝜇
(34)

3. Semi-active vibration control techniques

In this study, it is assumed that only the absolute accelerations of
the system are measured for the control system design of the cou-
pled fluid-tank system. Thus, acceleration feedback control schemes
that rely only on these structural responses are adopted to satisfy
the control objectives. Three different control techniques including
H2/Linear Quadratic Gaussian (LQG) regulator, Proportional–Integral–
Derivative (PID), and Fractional order PID (FOPID) also known as
𝑃𝐼𝜆𝑠𝐷𝜇𝑠 in literature [52,57], have been selected in this study to
examine the performance of the added semi-active control mechanism
to the fluid tank system. For each control technique, an appropriate
control objective has been adopted. Each control technique works based
on some parameters that need to be designed for the structure under
examination and the input disturbance. In this study, an optimisation
strategy known as Hunger Game Search (HGS) that has proved to
surpass other mostly applied approaches in the literature [54] has
been employed to select the optimal values for the parameters of
each controller. Finally, as the decided desired control force cannot be
commanded due to the nature of the control mechanism a secondary
controller is applied to regulate the input voltage to the damper at each
time step depending on the requirements of the system to counteract
the external disturbances and minimise the vibrations. The Clipped-
Optimal Control (COC) scheme [29,55] has been adopted to acquire
the command signal to the damper. Thus, three semi-active control
strategies, i.e. H2/LQG-COC-HGS, PID-COC-HGS, and FOPID-COC-HGS
would be employed. The primary and secondary controllers and the
optimisation technique are discussed in the next sections.

3.1. H2/LQG control technique

The H2/Linear Quadratic Gaussian (H2/LQG) control scheme which
minimises the 𝐻2 norm of the closed-loop system is an optimal and
robust control strategy that has proved efficient in structural vibration
control applications [34,44,46–49,58]. Based on the selected control
scheme, the desired optimal control force would be obtained using
Eq. (35),

𝑈𝐿𝑄𝐺 = −𝐾𝐿𝑄𝑅𝑋̃ (35)

where 𝑋̃ is the vector of estimated states using the Kalman-Bucy
filter [59–61], and 𝐾𝐿𝑄𝑅 is the state feedback gain matrix which min-
imises the infinite horizon linear quadratic cost function with output
weighting stated in Eq. (36),

𝐽 = lim 1 𝐸
𝑇
(𝑌 𝑇𝑄𝑌 + 𝑈𝑇 𝑅𝑈𝐿𝑄𝐺) 𝑑𝑡 (36)
𝑇→∞ 𝑇 ∫0 𝐿𝑄𝐺



Structures 68 (2024) 107090S.E.A. Hosseini and S. Beskhyroun

𝑅

𝐾

𝐴

𝐾

w
s

𝛬

w
r
r

𝐾

w
T
l
w

𝑄

w
H
H
t

𝑂

C
c
t
m
t

3

n
s
s
i
a
m

𝑈

g
a
S
i
i

𝑈

w

𝑈

n
e
c
i
f

𝐷

𝐾

w
d

3

t
t
b
t
I
(

In this equation, Q and R are weighting matrices that weight selected
measured responses of the system and control force, respectively. Solv-
ing for 𝑃 and 𝛩 in the reduced-matrix Riccati Eqs. (37) and (40) gives
the gain matrices 𝐾𝐿𝑄𝑅 of the Linear Quadratic Regulator (LQR) and
the 𝐾𝐿𝑄𝐺 of Kalman filter gain as in Eqs. (39) and (41), respectively,

𝐴𝑇 𝑃+𝑃𝐴+𝐶∗𝑇𝑄𝐶∗−(𝑃𝐵+𝐶∗𝑇𝑄𝐷1)(𝐷𝑇
1 𝑄𝐷1+𝑅)−1(𝐵𝑇

1 𝑃+𝐷𝑇
1 𝑄𝐶∗) = 0

(37)

𝑠 = 𝐷𝑇
1 𝑄𝐷1 + 𝑅 (38)

𝐿𝑄𝑅 = 𝑅−1
𝑠 (𝐵𝑇 𝑃 +𝐷𝑇

1 𝑄𝐶∗) (39)

𝛩 + 𝛩𝐴𝑇 − (𝐶∗𝛩)𝑇 (𝐶∗𝛩) + 𝐵2𝛬𝐵
𝑇
2 = 0 (40)

𝐿𝑄𝐺 = 𝛩𝐶∗𝑇 (41)

here 𝛬 represents the power ratio of the process noise to the mea-
urement noise given by,

=
𝑃 (𝑢̈𝑔 𝑢̈𝑔)
𝑃 (𝜖𝜖)

(42)

here 𝑃 (𝑢̈𝑔 𝑢̈𝑔) and 𝑃 (𝜖𝜖) are the average power of the signal and noise,
espectively. The observer-controller transfer function of the system is
epresented in the closed form of Eq. (43),

𝑂𝑏−𝐶𝑜(𝑠) = 𝐾𝐿𝑄𝑅(𝑠𝐼 − (𝐴 −𝐾𝐿𝑄𝐺𝐶
∗))−1

[

𝐾𝐿𝑄𝐺 𝐵1 −𝐾𝐿𝑄𝐺𝐷1
]

(43)

here 𝐵1 and 𝐷1 are the first columns of matrices B and D, respectively.
he Matrix 𝑄 was regarded to equally weigh the accelerations of the

umped masses while the parameter 𝑅 weighs the control effort. The
eighting matrix 𝑄, the parameter 𝑅, and the 𝛬 are written as follows,

=
⎡

⎢

⎢

⎣

𝑄𝑓 0 0
0 𝑄𝑓 0
0 0 𝑄𝑓

⎤

⎥

⎥

⎦

, 𝑅 = 𝑅𝑓 (44)

here the parameters 𝑄𝑓 and 𝑅𝑓 are optimally designed using the
GS optimisation approach and an adopted objective function. For the
2/LQG-COC-HGS controller, the objective function in the optimisa-

ion process of finding the controller’s parameters is defined as follows,

𝑏𝑗 =
{

𝑀𝑖𝑛
{

𝑢𝑖
}

, |𝑈𝐿𝑄𝐺| < 𝑓𝑀𝑅,𝑀𝑎𝑥
𝑀𝑖𝑛

{

𝑢̈𝑖
}

, |𝑈𝐿𝑄𝐺| ≥ 𝑓𝑀𝑅,𝑀𝑎𝑥
(45)

onsidering the value of the desired control force compared to the
apacity of the MR damper, the objective function 𝑂𝑏𝑗 switches be-
ween minimising the displacement or acceleration of the impulsive
ass to avoid applying excessive damping forces that could increase

he accelerations of the system unnecessarily.

.2. PID controller

The PID control strategy is one of the widely applied control tech-
iques for various applications. This control strategy has proved to be
imple, robust, effective, and applicable to a broad class of industrial
ystems [62,63]. This technique has been used for control design of
ndustrial processes [64], robotic manipulators [65,66], biomedical
pplications [67,68], electric drives and power applications [69], and
echanical and civil engineering structures [50,51], to name but a few.

The PID control force in the parallel form is written as below,

𝑃𝐼𝐷(𝑡) = 𝐾𝑃

[

𝑒(𝑡) + 1
𝑇𝑖 ∫

𝑡

0
𝑒(𝑡) 𝑑𝑡 + 𝑇𝑑

𝑑𝑒(𝑡)
𝑑𝑡

]

(46)

where 𝑒(𝑡) is the error function defined as the difference between the
output and the reference. The Laplace transform of the above equation
would be as follows,
5

𝑈𝑃𝐼𝐷(𝑠) = 𝑈𝑃 (𝑠) + 𝑈𝐼 (𝑠) + 𝑈𝐷(𝑠) (47) t
and the controller gain would be,

𝐾𝑃𝐼𝐷(𝑠) = 𝐾𝑃 +
𝐾𝑃
𝑇𝑖

( 1
𝑠
) +𝐾𝑃 𝑇𝑑𝑠 (48)

Considering the below relations,

𝐾𝐼 =
𝐾𝑃
𝑇𝐼

, 𝐾𝐷 = 𝐾𝑃 𝑇𝑑 (49)

Eqs. (46) and (48) can be rewritten as Eqs. (50) and (51), respectively,

𝑈𝑃𝐼𝐷(𝑡) = 𝐾𝑝𝑒(𝑡) +𝐾𝑖 ∫

𝑡

0
𝑒(𝑡) 𝑑𝑡 +𝐾𝑑

𝑑𝑒(𝑡)
𝑑𝑡

(50)

𝐾𝑃𝐼𝐷(𝑠) = 𝐾𝑃 +𝐾𝐼 (
1
𝑠
) +𝐾𝐷𝑠 (51)

where 𝐾𝑝, 𝐾𝑖, 𝐾𝑑 , 𝑇𝑖, 𝑇𝑑 , and 𝑒(𝑡) are the proportional gain, integral
ain, derivative gain, integral time constant, derivative time constant,
nd the error between the reference and the output, respectively.
ince the process usually contains noise, a low-pass filtered derivative
nstead of the pure derivative is applied. In this case, the control force
n Eq. (52) would be reformulated as follows,

𝑃𝐼𝐷(𝑠) = 𝑈𝑃 (𝑠) + 𝑈𝐼 (𝑠) + 𝑈𝐷−𝐿𝑃𝐹 (𝑠) (52)

here the filtered derivative term would be in the below form,

𝐷−𝐿𝑃𝐹 = 𝐾𝐷

[

𝑠
𝑇𝑓 𝑠 + 1

]

(53)

where 𝑇𝑓 is the filter time constant.

3.3. FOPID controller

Fractional controllers that are indeed based on the fractional calcu-
lus were developed for controlling dynamical systems [70]. Fractional
order PID (FOPID) introduced by Podlubny [57] is indeed a gen-
eralised form of PID controller which depending on the values of
the parameters could reduce to different forms of Proportional (P),
Proportional–Integral (PI), Proportional–Derivative (PD), PID, and fi-
nally the general form of 𝑃𝐼𝜆𝑠𝐷𝜇𝑠 . FOPID controllers through having
on-integer orders for the derivation and integration processes try to
nhance the performance of the PID controllers [45,52,53]. In this
ontroller, contrary to the PID controller, a generalised operator which
s the extended form of integration and differentiation is applied. The
ractional order calculus is defined by the below equation,

𝛷
𝑡 =

⎧

⎪

⎨

⎪

⎩

𝑑𝛷

𝑑𝑡𝛷 𝛷 > 0
1 𝛷 = 0
∫ 𝑡
0 (𝑑𝜏)

𝛷 𝛷 < 0
(54)

Thus, the control force and the controller gain based on this control
law can be obtained from the below equations, respectively,

𝑈𝐹𝑂𝑃𝐼𝐷(𝑡) = 𝐾𝑃 𝑒(𝑡) +𝐾𝐼𝐷
−𝜆𝑠𝑒(𝑡) +𝐾𝐷𝐷

𝜇𝑠𝑒(𝑡) (55)

𝐹𝑂𝑃𝐼𝐷(𝑠) = 𝐾𝑃 +
𝐾𝐼

𝑠𝜆𝑠
+𝐾𝐷𝑠

𝜇𝑠 , (𝜆𝑠, 𝜇𝑠 > 0) (56)

here 𝜆𝑠 and 𝜇𝑠 are the non-integer orders of the integration and
erivation processes, respectively.

.4. Error-based objective function

When designing or optimising the PID and FOPID control parame-
ers one efficient methodology is to use some error criteria instead of
he error function itself [71]. Different error performance indices have
een proposed in the literature for this purpose including Integral of
ime-weighted absolute error (ITAE), Integral of squared error (ISE),
ntegral of absolute error (IAE), Integral of time-weighted squared error
ITSE), Integral of squared time-weighted squared error (ISTSE), and In-
egral of squared time-weighted error (ISTE) [52,71–74]. In this study,
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the ITAE error-based performance index criterion which has proved
powerful features including smaller overshoots and oscillations, less set-
tling time, no steady-state error, and computational efficiency [52,71],
is adopted as the objective function for the optimisation process of the
HGS algorithm. This error criterion is defined as follows,

𝐼𝑇𝐴𝐸 = ∫

∞

0
𝑡|𝑒(𝑡)| 𝑑𝑡 (57)

ince among the three lumped masses the acceleration of the impulsive
ass is the greatest, hence the error function for both PID-COC-HGS

nd FOPID-COC-HGS controllers is defined as the difference between
he reference and the impulsive mass acceleration as below,

(𝑡) = 𝑢̈𝑟𝑒𝑓 − 𝑢̈𝑖 (58)

̈𝑟𝑒𝑓 = 0 ←←→ 𝑒(𝑡) = −𝑢̈𝑖 (59)

.5. Secondary controller

Finally, the control signal using the secondary controller would be
cquired using Eq. (60) [29,44,55,56],

𝑀𝑅 = 𝑉𝑚𝑎𝑥,𝑀𝑅𝐻{(𝑈𝐶𝑜𝑛𝑡 − 𝑓𝑀𝑅)𝑓𝑀𝑅} (60)

here 𝑉𝑚𝑎𝑥,𝑀𝑅 is the maximum voltage that can be commanded to
he damper which depends on the capacity and specifications of the
amper, 𝐻{.} is the Heaviside function, and 𝑈𝐶𝑜𝑛𝑡 is the desirable
ontrol force decided by the selected control laws and strategies.

. Hunger Game Search optimisation

A variety of optimisation techniques have been proposed in the
iterature for the purpose of selecting the optimal and best values
f parameters that affect the minimum value of a cost or objective
unction in engineering problems [75–77]. Most of the optimisation
trategies used in the literature so far mainly focused on two major
deas, i.e. evolution and swarm intelligence. Examples of such tactics
nclude the Genetic Algorithm (GA) [78], Particle Swarm Optimisation
PSO) [79], Ant Colony Optimisation (ACO) [80], Harris Hawk Opti-
iser (HHO) [81], Grey Wolf Optimiser (GWO) [82], etc. The Hunger
ame Search (HGS) recently developed by Yang et al. [54] is indeed
general-purpose optimisation approach which is a population-based
ethod. This dynamic technique is based on hunger as the most crucial
esire in all animals for decision-making. It follows some logical rules
alled ‘‘games’’, has a simple structure, has proved promising features
ncluding stability and competitive performance, and has been vali-
ated for benchmark and IEEE CEC2014 functions [54]. Considering
he main concept of this method, three rules (games) are applied as
ollows [54],

⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗(𝑡 + 1) =

{

Game 1 ∶ 𝑠𝑒𝑎𝑟𝑐ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 ⃖⃖⃖⃖⃖⃖⃖⃗𝑋(𝑡)
Games 2 and 3 ∶ 𝑠𝑒𝑎𝑟𝑐ℎ 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 ⃖⃖⃖⃖⃗𝑋𝑏

(61)

here 𝑡 is the current iteration. In 𝐺𝑎𝑚𝑒 1 there is a set of instruc-
ions for finding the food without any teamwork and only based on
ach individual’s location (⃖⃖⃖⃖⃖⃖⃖⃗𝑋(𝑡)) and does not include any cooperative
ommunication. On the other hand, Games 2 and 3 are based on coop-
ration between search agents for finding the food using some functions
ermed ‘‘weights of hunger’’, and the best individual’s location (⃖⃖⃖⃖⃗𝑋𝑏) in
ach iteration. These games and their weights are represented using
athematical rules and fitness functions for the search methodology for

he location of agents to guarantee the optimal solution. The mathemat-
cal details of this technique can be found in [54] and are not discussed
ere for brevity. The schematic of the control design block diagram has
6

een illustrated in Fig. 3.
able 1
arameters of the Bouc–Wen model of the MR damper.
Parameter Value Parameter Value

𝛼𝑎 1921.141 (N/m) 𝑘0 1940.405 (N/m)
𝛼𝑏 5882.51 (N/V m) 𝑘1 1.751268 (N/m)
𝑐1𝑎 2089.263 (N s/m) A 155.32
𝑐1𝑏 14384.918 (N s/V m) 𝛽 36332.07 (m−2)
𝑐0𝑎 651.4718 (N s/m) 𝛾 36332.07 (m−2)
𝑐0𝑏 1043.7559 (N s/V m) 𝑥0 0.00 (m)
𝜇 60 (s−1) 𝑛 2

5. Simulations and results

To investigate the efficacy of MR dampers in vibration mitigation
of the fluid-tank system shown in Fig. 1, an example of a stainless-steel
circular cylindrical tank with a height of 1500 mm, a radius of 425 mm,
and a shell thickness of 1.7 mm is considered. Legs are stainless-steel
pipes with a thickness of 2 mm, height of 795 mm, and radius of
50 mm. Other specifications of the tank are modulus of elasticity,
𝐸𝑡 = 200 GPa, poison’s ratio 𝜈 = 0.3, density of steel, 𝜌𝑠 = 7850 kg∕m3,
and density of water, 𝜌𝑤 = 1000 kg∕m3. Damping ratios of 2% and 0.5%
have been considered for the tank shell material and the convective
modes of fluid vibrations. The damping ratio for legs has been regarded
as similar to that of the shell body. This fluid-tank system has been
modelled by considering the first fundamental impulsive mode and
the first fundamental convective mode to represent the fluid–structure
interaction between the tank shell and the fluid domain. The parameter
𝛬 for the noise process of the H2/LQG control technique was selected
as 50.

The considered MR damper in this study has a capacity of around
2.45 KN, and the input voltage to the damper is regarded in the range
of 0 to 5 V. The MR damper model regarded in this study is RD-8041-1
(long stroke). The parameters of the modified Bouc–Wen model for the
MR damper are considered as presented in Table 1 which have been
experimentally obtained and verified in previous investigations (Gao,
2012). The fluid-tank-MR system has been studied under six seismic
events, three Far-Fault, and three Near-Fault, as shown along with their
characteristics in Table 2. In this table, 𝑀𝑤 is the moment magnitude of
the earthquake, PGA is the Peak Ground Acceleration in 𝑔 (gravitational
acceleration), and DF is the dominant frequency of the record in Hz.
The frequency content of the selected input ground motions to examine
the performance of the equipped fluid tank with the MR damper is
shown in Fig. 4. In this figure, |𝑃 1(𝑓 )| is the single-sided amplitude
spectrum of the signal versus the Nyquist frequencies, in the frequency
domain 𝑓 (Hz), calculated using the signal processing toolbox of MAT-
LAB R2023b. The coupled tank-liquid-MR damper system was analysed
under uncontrolled and five different control strategies, including three
semi-active and two passive control strategies. A description of the
applied control techniques and their designed parameters using the
HGS optimisation method for each ground motion and aspect ratio have
been presented in Table 3.

Numerical simulations have been conducted using SIMULINK and
MATLAB R2023b to calculate the vibrational responses of the system
under the considered ground motion. Results have been compared for
different scenarios of the control strategies and aspect ratios as the main
operational condition to evaluate the efficacy of the added damper to
the fluid tank system. These scenarios include the uncontrolled case,
the controlled system with three different control techniques including
H2/LQG-COC-HGS, PID-COC-HGS, and FOPID-COC-HGS controllers, as
well as two other scenarios in which the MR damper has been regarded
merely as a passive device that requires no control signal to be com-
manded at each time step. These passive modes are the Passive Off and
the Passive On modes in which the voltage to the damper has been held
at 0 V and the maximum level of 5 V throughout the control process,
respectively. Table 4 shows the peak structural responses of the system
under these scenarios. In this table, 𝑢̈ represent the peak absolute
𝑟,𝑖,𝑐
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Fig. 3. Schematic of the control design block diagram.
Table 2
Characteristics of the selected input ground motions.

Event Year Fault type 𝑀𝑤 PGA (g) DF (Hz)

El Centro 1940 Far-Fault 6.9 0.348 7.32
Hachinohe 1968 Far-Fault 7.8 0.229 1.83
Kobe 1995 Near-Fault 6.9 0.833 7.26
Northridge 1994 Near-Fault 6.7 0.842 3.17
Manjil 1990 Far-Fault 7.37 0.497 9.58
Tabas 1978 Near-Fault 7.35 0.854 6.35
accelerations of each mass, 𝑢𝑟,𝑖,𝑐 are the peak relative displacements,
𝑓𝑚𝑎𝑥
𝑀𝑅 is the peak generated force by the MR damper corresponding to

each control strategy, 𝑓𝑖1 the first cyclic impulsive frequency, and 𝑓𝑐1
is the first cyclic convective frequency.

It can be seen from Table 4 that the MR damper has reduced the
vibrational response of the fluid tank system in all considered control
scenarios. Reductions in responses of the convective mass are not
considerable which could be justified by the very different vibrational
properties (frequency and stiffness) of this mode from the impulsive and
rigid modes. In fact, even though the damper has caused a substantial
decrease in the structural responses of the rigid and impulsive modes,
the significant difference between the stiffness and the damping of the
convective mode from the other two modes has caused the damper to
have little effects on its vibrational responses. It is noteworthy that the
far too different vibrational properties of the convective mass cause its
structural responses to be far away less affected by the responses of the
other two modes even without having the damper in place which is
evident from Table 4. It should be noted that for the three aspect ratios
of 𝑆 = 1, 2, and 3, the impulsive mass contributes to between 57%–73%
of the total mass of the system, and hence its vibrational responses are
the governing ones for the analysis and design purposes.

To evaluate the performance of the applied control strategies in
reducing the seismic structural responses of the coupled fluid-tank-MR
system, four performance indices (𝑃𝐼 ′𝑠), termed as 𝑃𝐼1 to 𝑃𝐼4 are
defined. These 𝑃𝐼 ′𝑠 represent the ratios of the peak absolute structural
responses in the controlled case to the uncontrolled one. These 𝑃𝐼 ′𝑠
are considered as follows,

𝑃𝐼1 =
𝑀𝑎𝑥|𝑢𝑟,𝑐𝑜| (62)
7

𝑀𝑎𝑥|𝑢𝑟,𝑢𝑐𝑜|
𝑃𝐼2 =
𝑀𝑎𝑥|𝑢̈𝑟,𝑐𝑜|
𝑀𝑎𝑥|𝑢̈𝑟,𝑢𝑐𝑜|

(63)

𝑃𝐼3 =
𝑀𝑎𝑥|𝑢𝑖,𝑐𝑜|
𝑀𝑎𝑥|𝑢𝑖,𝑢𝑐𝑜|

(64)

𝑃𝐼4 =
𝑀𝑎𝑥|𝑢̈𝑖,𝑐𝑜|
𝑀𝑎𝑥|𝑢̈𝑖,𝑢𝑐𝑜|

(65)

where 𝑢𝑟,𝑖,𝑐𝑜, 𝑢̈𝑟,𝑖,𝑢𝑐𝑜, are the controlled and uncontrolled rigid and im-
pulsive relative displacements and absolute accelerations, respectively.
These performance indices have been calculated for the considered
ground motions, control strategies, and each aspect ratio as shown in
Table 5.

Examining the structural responses in Table 4 and the performance
indices in Table 5 shows that for the aspect ratio of 1 the highest reduc-
tions in the structural responses including the lateral displacements and
absolute accelerations of the rigid and impulsive mass in the controlled
case occur under the Tabas earthquake followed by the El Centro
earthquake. However, for the aspect ratio of 2 the least responses of
the controlled system are achieved under the El Centro earthquake
followed by the Manjil earthquake. For the aspect ratio of 1, depending
on the applied control technique, reductions up to around 71% in
the lateral displacements of the rigid and impulsive mass and up to
65% in the absolute accelerations of these masses have been achieved.
For the aspect ratio of 2, these reductions are further increased by
a few percentage points. For the considered ground motions except
for the Tabas earthquake, by increasing the aspect ratio from 1 to
2, further reductions in the peak lateral displacements and absolute
accelerations of the rigid and impulsive masses in the case of Passive On
and semi-active control strategies can be found. For all aspect ratios and
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Fig. 4. Frequency content of the selected Far-Fault and Near-Fault ground motions.
under all the applied ground motions, the responses of the impulsive
mass in the uncontrolled case, are higher than that of the rigid mass.
Utilising the MR damper as the smart control mechanism and the semi-
active control techniques applied in this study considerably reduce the
8

structural responses of these two masses. The lateral displacements
and absolute accelerations of the rigid and impulsive mass of the
controlled system closely follow each other. For the aspect ratio of 3,
the reductions in the lateral displacements and absolute accelerations of
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Table 3
Optimal parameters of the selected semi-active controllers.

Controller Objective Parameters Range El Centro Hachinohe Kobe Northridge Manjil Tabas

𝑆 = 1.00 (𝐵𝑟𝑜𝑎𝑑 𝑡𝑎𝑛𝑘)

PID-COC-HGS ITAE
𝐾𝑃
𝐾𝐼
𝐾𝐷

[0 25000] ∈ R 25 000 25 000 0.00 19 483 1891.90 11 587
[0 25000] ∈ R 23 033.60 24 419 0.00 0.00 24 989 24 318
[0 104] ∈ R 2691.50 1857 9345.50 631.60 7913.60 5986.50

FOPID-COC-HGS ITAE

𝐾𝑃
𝐾𝐼
𝐾𝐷
𝜆𝑠
𝜇𝑠

[0 104] ∈ R 10 000 0.00 336.70 9464.50 9077.20 9631.40
[0 104] ∈ R 868.20 4501.50 4186.90 1.146 5951.10 2545.90
[0 104] ∈ R 6416.60 10 000 1527.80 10 000 1397 7481.10
[0 2] ∈ R 0.00 0.96 0.83 2.00 1.30 0.10
[0 2] ∈ R 0.56 0.50 0.59 0.47 0.64 0.59

H2/LQG-COC-HGS 𝑂𝑏𝑗
𝑄𝑓
𝑅𝑓

[0 1] ∈ R 0.7813 0.9279 0.7883 0.8853 0.4172 0.5386
[10−1 10−16] ∈ R 10−3.77 10−4 10−8.76 10−3.57 10−3.91 10−3.81

𝑆 = 2.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘)

PID-COC-HGS ITAE
𝐾𝑃
𝐾𝐼
𝐾𝐷

[0 25000] ∈ R 25 000 22 011 14 604 15 499 25 000 25 000
[0 25000] ∈ R 2228.50 1663 23 119 2818 389.84 0.00
[0 104] ∈ R 1369.60 2272 899.94 882.84 2550.30 3120

FOPID-COC-HGS ITAE

𝐾𝑃
𝐾𝐼
𝐾𝐷
𝜆𝑠
𝜇𝑠

[0 104] ∈ R 0.00 1781.30 9505.70 1428.70 4005.10 10 000
[0 104] ∈ R 7852.94 0.00 2662.30 10 000 1427.40 4020.90
[0 104] ∈ R 6434 5134.50 9968.70 3547.90 1418.20 9008.80
[0 2] ∈ R 1.01 0.1211 2.00 1.29 0.75 2.00
[0 2] ∈ R 0.44 0.4895 0.53 0.46 0.51 0.53

H2/LQG-COC-HGS 𝑂𝑏𝑗
𝑄𝑓
𝑅𝑓

[0 1] ∈ R 0.6053 0.8036 0.7388 1.00 0.7959 0.8279
[10−1 10−16] ∈ R 10−4.67 10−4.47 10−4.63 10−4.36 10−4.45 10−4.49

𝑆 = 3.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘)

PID-COC-HGS ITAE
𝐾𝑃
𝐾𝐼
𝐾𝐷

[0 25000] ∈ R 24 260 17 193 16 061 17 687 25 000 25 000
[0 25000] ∈ R 284 8411 0.00 14 203 11 464 2180
[0 104] ∈ R 825 659 814.60 758.70 997.66 1215.50

FOPID-COC-HGS ITAE

𝐾𝑃
𝐾𝐼
𝐾𝐷
𝜆𝑠
𝜇𝑠

[0 104] ∈ R 9998.50 2208.70 59.62 5591.30 7845.02 3373.10
[0 104] ∈ R 2265 8119.80 4908.52 0.00 4799.40 10 000
[0 104] ∈ R 10 000 5916.10 7922.06 7930.80 7899.20 9055.10
[0 2] ∈ R 1.20 1.06 0.00 2.00 0.45 0.93
[0 2] ∈ R 0.47 0.46 0.50 0.46 0.47 0.48

H2/LQG-COC-HGS 𝑂𝑏𝑗
𝑄𝑓
𝑅𝑓

[0 1] ∈ R 0.3104 0.9490 1.00 0.020 0.0447 0.3344
[10−1 10−16] ∈ R 10−5.42 10−4.71 10−4.75 10−6.64 10−6.27 10−5.32
𝑀

the rigid and impulsive mass under all seismic events and the employed
control techniques become much closer to each other. For this aspect
ratio, reduction percentage points in the lateral displacements of the
rigid and impulsive mass using different semi-active control strategies
and under the applied ground motions range between 54.7% for the
rigid mass under the Hachinohe earthquake using the FOPID-COC-HGS
to 17.5% for the impulsive mass under the Tabas earthquake using
the H2/LQG-COC-HGS control technique. For all control techniques,
applied earthquakes, and considered aspect ratios of the fluid tank,
the least reductions in the controlled case occur under the Northridge
earthquake for the aspect ratio of 1 which is reflected in 𝑃𝐼2 index.

ecreases in the peak lateral displacements and absolute accelerations
f the rigid and impulsive masses almost follow the same trends and
eduction percentage points. Among the considered semi-active control
trategies, PID-COC-HGS and FOPID-COC-HGS have contributed to the
ost reductions in the structural responses, followed by Passive On
ode. However, reductions in the case of Passive On would be at the

xpense of having the voltage commanded through the whole process.
s apparent from the results of Tables 4 and 5 and shown in Figs. 5–
6 the PID-COC-HGS and FOPID-COC-HGS control techniques have
ade the most reductions in the structural responses and surpassed

he H2/LQG-COC-HGS. These two control strategies almost make the
ame reduction percentage points in the peak responses. The designed
2/LQG-COC-HGS control strategy has produced the least MR damper

orce of around 47%–78% of the corresponding force in the case of the
assive On control strategy for all three aspect ratios for each ground
otion. This technique has achieved comparable reductions with a
aximum difference of around 23% with other semi-active control
9

echniques, shown in 𝑃𝐼2 for the aspect ratio of 1.
Depending on the aspect ratio, the control scheme, and the applied
ground motion, the MR damper has reduced the peak relative displace-
ments of the rigid and impulsive masses up to 72% and a reduction
percentage point for the peak absolute accelerations of these masses
up to 67% has been achieved. Under the Northridge earthquake, by
increasing the aspect ratio of the fluid-tank-MR damper system up to
3, more reductions in the structural responses, comparable to other
earthquakes, are observed. For the aspect ratio 1, 𝑃𝐼1 to 𝑃𝐼4 of the
control techniques under the Hachinohe and Kobe earthquakes are
very close to each other while the performance indices of El Centro
and Tabas follow the same trend. For the aspect ratio of 2, similar
performance indices can be seen under the Kobe and Northridge for
most of the semi-active control techniques. The frequency of the first
convective mode by increasing the aspect ratio from 1 to 3 does not
change significantly (from 1.01 Hz to 1.04 Hz). However, the frequency
of the first impulsive mode changes substantially from 154.68 Hz for
the aspect ratio of 1 to 45.99 Hz for the aspect ratio of 3. For the
aspect ratio of 3, comparable performance indices for most control
techniques and under different earthquakes can be seen except for the
Tabas earthquake.

In fluid storage tanks, the base shear and overturning moments
contribute to the main causes of damage to these structures under the
base excitations. According to Eqs. (66) and (67) the maximum of the
base shear and overturning moment using the square root of the sum
of squares (SRSS) are related to the peak accelerations of the rigid,
impulsive, and convective masses [8,39],

𝑄𝑏
𝑚𝑎𝑥 =

√

(𝑚𝑐𝑆𝑎,𝑐 )2 + (𝑚𝑖𝑆𝑎,𝑖)2 + ((𝑚𝑖 − 𝑚𝑟)𝑢̈𝑚𝑎𝑥𝑔 )2 (66)

𝑜 =
√

(𝑚 ℎ 𝑆 )2 + (𝑚 ℎ 𝑆 )2 + ((𝑚 ℎ − 𝑚 ℎ )𝑢̈𝑚𝑎𝑥)2 (67)
𝑚𝑎𝑥 𝑐 𝑐 𝑎,𝑐 𝑖 𝑖 𝑎,𝑖 𝑖 𝑖 𝑟 𝑟 𝑔
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Table 4
Peak responses of the tank-liquid-MR damper system under the selected ground motions for different control techniques and aspect ratios.

Response Control technique El Centro Hachinohe Kobe Northridge Manjil Tabas

𝑆 = 1.00 (𝐵𝑟𝑜𝑎𝑑 𝑡𝑎𝑛𝑘), 𝑓𝑖1 = 154.68 Hz, 𝑓𝑐1 = 1.01 Hz

𝑢𝑟 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0122 0.0032 0.0124 0.0125 0.0278 0.0364
0.0036 0.0018 0.0069 0.0096 0.0129 0.0107
0.0037 0.0018 0.0069 0.0097 0.0127 0.0105
0.0048 0.0020 0.0083 0.0110 0.0128 0.0148
0.0036 0.0018 0.0069 0.0094 0.0127 0.0103
0.0091 0.0030 0.0104 0.0112 0.0236 0.0299

𝑢̈𝑟 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1226.42 360.01 1321.62 1270.56 2809.24 3633.07
474.68 243.17 850.88 1233.20 1543.45 1300.54
475.71 243.20 854.12 1238.99 1529.63 1336.64
614.34 265.80 921.37 1221.14 2414.51 2152.96
474.31 243.71 854.90 1219.82 1524.81 1279.12
920.48 307.76 1128.63 1218.65 2381.67 3004.52

𝑢𝑖 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0136 0.0036 0.0139 0.0139 0.0311 0.0407
0.0042 0.0021 0.0078 0.0110 0.0147 0.0122
0.0042 0.0021 0.0079 0.0111 0.0145 0.0120
0.0054 0.0023 0.0092 0.0123 0.0144 0.0168
0.0041 0.0021 0.0079 0.0108 0.0144 0.0118
0.0102 0.0033 0.0116 0.0125 0.0263 0.0333

𝑢̈𝑖 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1336.81 377.08 1380.08 1371.16 3093.86 4025.24
519.87 250.11 856.70 1312.34 1712.28 1442.77
521.07 250.11 860.39 1318.87 1696.88 1428.78
578.55 262.06 933.95 1295.41 1521.22 1846.36
519.95 250.59 861.22 1294.46 1698.13 1409.04
1009.19 320.23 1165.60 1298.88 2636.32 3261.32

𝑢𝑐 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1.03 1.12 1.44 2.18 3.21 6.66
1.03 1.12 1.44 2.18 3.21 6.66
1.03 1.12 1.44 2.18 3.21 6.66
1.03 1.12 1.44 2.18 3.21 6.66
1.03 1.12 1.44 2.18 3.21 6.66
1.03 1.12 1.44 2.18 3.21 6.66

𝑢̈𝑐 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

41.66 45.23 58.16 88.29 130.09 269.45
41.68 45.24 58.08 88.49 129.62 268.84
41.68 45.24 58.08 88.49 129.62 268.84
41.69 45.24 58.08 88.42 129.65 268.85
41.68 45.24 58.08 88.48 129.62 268.84
41.69 45.24 58.09 88.25 129.77 268.85

𝑓𝑚𝑎𝑥
𝑀𝑅 (N)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

– − – − – –
193 62 193 427 526 462
191 61 196 419 535 468
92 37 102 254 288 343
195 63 199 438 549 482
21 5.9 16 25 60 72

𝑆 = 2.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘), 𝑓𝑖1 = 78.59 Hz, 𝑓𝑐1 = 1.04 Hz

𝑢𝑟 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0380 0.0134 0.0385 0.0452 0.0932 0.1200
0.0106 0.0065 0.0246 0.0272 0.0296 0.0572
0.0106 0.0065 0.0247 0.0284 0.0298 0.0565
0.0135 0.0091 0.0254 0.0263 0.0356 0.0691
0.0106 0.0065 0.0247 0.0263 0.0293 0.0540
0.0318 0.0127 0.0356 0.0369 0.0733 0.0951

𝑢̈𝑟 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1363.31 479.48 1406.91 1616.96 3379.97 4181.78
455.74 306.10 1058.28 1136.27 1231.60 2311.71
457.16 305.66 1061.00 1168.77 1240.19 2286.06
546.57 367.01 1039.32 1043.78 1350.58 2587.02
454.57 304.43 1064.52 1122.80 1221.42 2211.42
1124.50 458.21 1313.20 1316.54 2591.94 3420.14

𝑢𝑖 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0444 0.0156 0.0449 0.0527 0.1100 0.1400
0.0128 0.0078 0.0292 0.0325 0.0355 0.0679
0.0128 0.0078 0.0293 0.0338 0.0359 0.0672
0.0159 0.0107 0.0300 0.0310 0.0420 0.0813
0.0127 0.0078 0.0293 0.0316 0.0353 0.0642
0.0372 0.0148 0.0416 0.0431 0.0855 0.1100

𝑢̈𝑖 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1538.54 543.81 1571.15 1826.05 3760.97 4755.60
524.11 321.69 1120.89 1293.56 1463.17 2620.47
524.31 320.18 1123.97 1324.45 1473.48 2593.95
598.70 406.05 1125.38 1148.26 1576.60 2963.13
523.29 322.44 1126.11 1277.89 1467.39 2502.39
1302.25 520.28 1462.24 1503.49 2975.21 3897.05

(continued on next page)
10



Structures 68 (2024) 107090S.E.A. Hosseini and S. Beskhyroun

m

c

Table 4 (continued).
Response Control technique El Centro Hachinohe Kobe Northridge Manjil Tabas

𝑢𝑐 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1.03 0.94 1.63 2.18 3.47 6.19
1.03 0.94 1.63 2.18 3.47 6.19
1.03 0.94 1.63 2.18 3.47 6.18
1.03 0.94 1.63 2.18 3.47 6.18
1.03 0.94 1.63 2.18 3.47 6.14
1.03 0.94 1.63 2.18 3.48 6.15

𝑢̈𝑐 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

44.02 40.01 69.38 92.57 148.23 263.58
43.51 40.00 69.39 93.21 147.23 262.23
43.50 40.00 69.37 93.15 147.24 262.21
43.49 40.00 69.40 93.08 147.41 262.04
43.50 40.00 69.38 93.22 147.27 260.33
43.78 40.06 69.55 92.72 147.94 260.66

𝑓𝑚𝑎𝑥
𝑀𝑅 (N)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

– − – − – –
444 250 805 911 1110 1496
443 251 804 796 1111 1514
303 181 541 584 751 1165
449 249 810 984 1126 1486
62 23 66 71 121 145

𝑆 = 3.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘), 𝑓𝑖1 = 45.99 Hz, 𝑓𝑐1 = 1.04 Hz

𝑢𝑟 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0489 0.0506 0.0782 0.0782 0.0889 0.1300
0.0223 0.0230 0.0404 0.0431 0.0459 0.0896
0.0224 0.0229 0.0404 0.0433 0.0457 0.0899
0.0253 0.0319 0.0452 0.0508 0.0601 0.1000
0.0218 0.0228 0.0402 0.0433 0.0456 0.0892
0.0423 0.0475 0.0677 0.0701 0.0862 0.1200

𝑢̈𝑟 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

991.93 1026.61 1571.34 1561.33 1734.08 2505.27
522.75 565.66 970.35 1128.05 1046.30 1982.51
524.37 560.66 972.06 1132.00 1041.52 1989.16
564.46 740.47 992.28 1249.49 1291.23 2260.33
514.79 558.64 968.66 1134.23 1044.94 1971.56
869.76 971.76 1361.92 1434.88 1720.87 2389.75

𝑢𝑖 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.0636 0.0659 0.1000 0.1000 0.1200 0.1600
0.0306 0.0313 0.0537 0.0580 0.0622 0.1200
0.0308 0.0312 0.0538 0.0583 0.0620 0.1200
0.0336 0.0423 0.0590 0.0669 0.0795 0.1400
0.0300 0.0310 0.0535 0.0584 0.0617 0.1200
0.0550 0.0620 0.0882 0.0914 0.1100 0.1600

𝑢̈𝑖 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1225.83 1277.95 1964.78 1971.29 2230.01 3179.72
695.39 693.06 1113.67 1248.05 1352.41 2506.66
696.48 687.51 1113.91 1252.55 1355.83 2513.61
693.18 866.87 1157.63 1346.19 1625.76 2738.26
680.47 684.38 1108.57 1260.25 1356.24 2489.80
1064.36 1205.96 1712.66 1779.60 2164.26 3050.08

𝑢𝑐 (cm)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

1.02 0.94 1.64 2.18 3.48 6.18
1.02 0.94 1.64 2.19 3.48 6.18
1.02 0.94 1.64 2.18 3.48 6.18
1.02 0.94 1.64 2.18 3.48 6.18
1.03 0.94 1.64 2.18 3.48 6.18
1.02 0.94 1.64 2.18 3.47 6.19

𝑢̈𝑐 (cm/s2)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

44.42 41.77 69.79 95.55 148.73 263.62
43.58 40.77 69.77 94.63 147.69 263.24
43.43 40.79 69.78 94.63 147.69 263.28
43.52 41.14 69.85 94.88 147.89 263.41
43.65 40.76 69.88 94.62 147.66 263.23
44.21 41.61 69.63 95.41 148.14 263.34

𝑓𝑚𝑎𝑥
𝑀𝑅 (N)

Uncontrolled
PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

– − – − – –
809 766 1207 1255 1379 1850
814 766 1203 1235 1381 1849
534 592 842 810 1089 1357
803 765 1207 1266 1380 1957
67 73 96 98 120 140
where, 𝑄𝑏
𝑚𝑎𝑥 and 𝑀𝑜

𝑚𝑎𝑥 are the maximum base shear and overturning
oment, 𝑆𝑎,𝑐 and 𝑆𝑎,𝑖 are the spectral accelerations of the fundamental

convective and impulsive masses, ℎ𝑐 and ℎ𝑖 are the height of the
orresponding masses from the base, respectively, and 𝑢̈𝑚𝑎𝑥𝑔 is the PGA

of the ground motion. It is therefore concluded that the achieved
reductions in the peak absolute accelerations of these masses can result
in significant reductions of the system’s base shear and overturning
11

moments, thus reducing the damage risks in these structures.
6. Conclusions

Various seismic energy-dissipating devices have been introduced
in the literature for seismic retrofitting and vibration mitigation of
fluid tanks. Most of these devices are passive systems which their
characteristics cannot be adapted during future unknown excitations.
On the other hand, active control mechanisms rely on huge external
energy resources which can throw them out of the loop and make

them unreliable during severe seismic events. In this research, the
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Fig. 5. Absolute acceleration time history of the impulsive mass under the Northridge earthquake, 𝑆 = 1.00.

Fig. 6. Absolute acceleration time history of the impulsive mass under the Northridge earthquake, 𝑆 = 1.00, close-up.

Fig. 7. Absolute acceleration time history of the impulsive mass under the Manjil earthquake, 𝑆 = 1.00.

Fig. 8. Absolute acceleration time history of the impulsive mass under the Manjil earthquake, 𝑆 = 1.00, close-up.
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Fig. 9. Absolute acceleration time history of the impulsive mass under the Kobe earthquake, 𝑆 = 2.00.

Fig. 10. Absolute acceleration time history of the impulsive mass under the Kobe earthquake, 𝑆 = 2.00, close-up.

Fig. 11. Absolute acceleration time history of the impulsive mass under the Tabas earthquake, 𝑆 = 2.00.

Fig. 12. Absolute acceleration time history of the impulsive mass under the Tabas earthquake, 𝑆 = 2.00, close-up.
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Fig. 13. Lateral displacement time history of impulsive mass under El Centro earthquake, 𝑆 = 3.00.

Fig. 14. Lateral displacement time history of impulsive mass under El Centro earthquake, 𝑆 = 3.00, close-up.

Fig. 15. Absolute acceleration time history of rigid mass under Hachinohe earthquake, 𝑆 = 3.00.

Fig. 16. Absolute acceleration time history of rigid mass under Hachinohe earthquake, 𝑆 = 3.00, close-up.
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Table 5
Performance indices for the applied control strategies to the fluid-tank-MR system.

Performance index Control technique El Centro Hachinohe Kobe Northridge Manjil Tabas

𝑆 = 1.00 (𝐵𝑟𝑜𝑎𝑑 𝑡𝑎𝑛𝑘)

𝑃𝐼1

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.2951 0.5625 0.5565 0.7680 0.4637 0.2931
0.3033 0.5625 0.5565 0.7760 0.4568 0.2890
0.3934 0.6250 0.6694 0.8800 0.4587 0.4069
0.2951 0.5625 0.5565 0.7520 0.4546 0.2840
0.7459 0.9375 0.8387 0.8960 0.8477 0.8211

𝑃𝐼2

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.3870 0.6755 0.6438 0.9706 0.5494 0.3580
0.3879 0.6755 0.6463 0.9752 0.5444 0.3679
0.5009 0.7383 0.6972 0.9611 0.8587 0.5927
0.3867 0.6770 0.6469 0.9600 0.5427 0.3520
0.7505 0.8549 0.8540 0.9591 0.6151 0.7844

𝑃𝐼3

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.3088 0.5833 0.5612 0.7914 0.4729 0.2997
0.3088 0.5833 0.5683 0.7986 0.4663 0.2958
0.3971 0.6389 0.6619 0.8849 0.4621 0.4122
0.3015 0.5833 0.5683 0.7770 0.4641 0.2907
0.7500 0.9167 0.8345 0.8993 0.8452 0.8200

𝑃𝐼4

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.3889 0.6633 0.6208 0.9571 0.5534 0.3584
0.3900 0.6633 0.6234 0.9619 0.5485 0.3549
0.4328 0.6950 0.6767 0.9448 0.4917 0.4587
0.3889 0.6646 0.6240 0.9441 0.5489 0.3501
0.7549 0.8492 0.8446 0.9473 0.8523 0.8101

𝑆 = 2.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘)

𝑃𝐼1

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.2789 0.4851 0.6390 0.6018 0.3170 0.4909
0.2789 0.4851 0.6416 0.6238 0.3197 0.4845
0.3553 0.6791 0.6597 0.5819 0.3826 0.5915
0.2789 0.4851 0.6416 0.5819 0.3140 0.5373
0.8368 0.9478 0.9247 0.8164 0.7858 0.8753

𝑃𝐼2

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.3343 0.6384 0.7522 0.7027 0.3644 0.5528
0.3353 0.6375 0.7541 0.7228 0.3669 0.5266
0.4010 0.7654 0.7387 0.6455 0.4127 0.6197
0.3334 0.6349 0.7566 0.6944 0.3747 0.6130
0.8248 0.9556 0.9334 0.8142 0.7809 0.8782

𝑃𝐼3

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.2883 0.5000 0.6503 0.6167 0.3271 0.4990
0.2883 0.5000 0.6526 0.6414 0.3264 0.4932
0.3581 0.6859 0.6682 0.5882 0.3878 0.5958
0.2860 0.5000 0.6526 0.5996 0.3248 0.5474
0.8378 0.9487 0.9265 0.8178 0.7864 0.8736

𝑃𝐼4

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.3407 0.5915 0.7134 0.7084 0.3890 0.5510
0.3408 0.5888 0.7154 0.7253 0.3918 0.5459
0.3891 0.7467 0.7163 0.6288 0.4203 0.6209
0.3401 0.5929 0.7167 0.6998 0.3893 0.6089
0.8464 0.9567 0.9307 0.8234 0.7907 0.8775

𝑆 = 3.00 (𝑆𝑙𝑒𝑛𝑑𝑒𝑟 𝑡𝑎𝑛𝑘)

𝑃𝐼1

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.4560 0.4545 0.5166 0.5512 0.5170 0.7113
0.4581 0.4526 0.5166 0.5537 0.5166 0.7134
0.5174 0.6304 0.5780 0.6496 0.6782 0.8167
0.4458 0.4506 0.5141 0.5537 0.5148 0.7042
0.8650 0.9387 0.8657 0.8964 0.9733 0.9501

𝑃𝐼2

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.5270 0.5510 0.6175 0.7225 0.6034 0.7913
0.5286 0.5461 0.6186 0.7250 0.6007 0.7936
0.5691 0.7213 0.6315 0.8003 0.7432 0.9014
0.5190 0.5442 0.6165 0.7265 0.6031 0.7842
0.8768 0.9466 0.8667 0.9190 0.9877 0.9505

𝑃𝐼3

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.4811 0.4750 0.5370 0.5800 0.5381 0.7296
0.4843 0.4734 0.5380 0.5830 0.5385 0.7317
0.5283 0.6419 0.5900 0.6690 0.6903 0.8253
0.4717 0.4704 0.5350 0.5840 0.5361 0.7220
0.8648 0.9408 0.8820 0.9140 0.9735 0.9509

𝑃𝐼4

PID-COC-HGS
FOPID-COC-HGS
H2/LQG-COC-HGS
Passive On
Passive Off

0.5673 0.5423 0.5668 0.6331 0.6065 0.7883
0.5682 0.5380 0.5669 0.6354 0.6098 0.7905
0.5655 0.6783 0.5892 0.6829 0.7307 0.8571
0.5551 0.5355 0.5642 0.6393 0.6099 0.7791
0.8683 0.9437 0.8717 0.9028 0.9746 0.9525
application of an MR damper as a smart semi-active mechanism that
combines features of both active and passive systems while removing
their drawbacks has been examined. The dynamic behaviour of the
coupled fluid-tank system was modelled using the simplified mechan-
ical model which forms the basis of analysis and design for these
15
structures in seismic design codes around the world. Further, aspect
ratio as an operational condition has been regarded in simulations
for examining the effectiveness of the damper on the system. The
coupled fluid-tank-MR damper system has been investigated under Far-
Fault and Near-Fault ground motions with different frequency contents.
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Three different control scenarios including H2/LQG, PID, and FOPID,
and two passive approaches including the Passive Off and Passive On
were considered to examine the structural responses of the controlled
structure. For the three applied semi-active control techniques and for
each aspect ratio and ground motion, the deciding parameters of each
controller are optimally designed using the HGS optimisation approach
which has proved promising features in the literature compared to
other methods. Passive control strategies show the efficiency of the
damper as a passive device as this mechanism can turn into a passive
mechanism in two off (no command voltage) and on (constant voltage
commanded) modes. In the semi-active control scenario, the voltage is
decided based on a combined control technique.

Accelerations of the system which can easily be measured through
accelerometers in practical applications were used for the feedback in
the control design. For the nature of the damper, a secondary control
technique, namely the Clipping algorithm has been used to decide
the voltage to be commanded to the damper at each time step. Four
performance indices which show the performance of each controller in
attenuating the lateral displacements and absolute accelerations of the
rigid and impulsive masses have been calculated and compared for each
controller, aspect ratio, and ground motion. Based on the conducted
numerical investigations the below conclusions can be reached,

• MR damper has shown to be a promising semi-active mecha-
nism in reducing the structural responses of legged fluid storage
tanks under the base excitations. By reducing the accelerations
of the impulsive and rigid mass, these dampers can mitigate the
base shear and overturning moment, and hence protect these
structures against damage to the legs and elephant foot buckling.

• MR damper has reduced the lateral displacements and absolute
accelerations of the impulsive and rigid mass. As the frequency
and stiffness of the first convective mode are much farther away
from that of the rigid and impulsive mass, this damper did not
show much effect on this mode in the current configuration.

• The amount of reduction percentage points of the structural
responses of the fluid tank and the performance indices of the con-
trollers depend on the aspect ratio of the tank and the frequency
content of the base excitation.

• By increasing the aspect ratio of the tank from 1 to 3, substan-
tial changes in the frequency of the first impulsive mode are
observed, however, the frequency of the first convective mode
is not affected considerably. Starting from the aspect ratio 2,
the reduction percentage points in the structural responses tend
to become closer together under all the applied ground motions
with different frequency contents. Under most of the considered
ground motions and control techniques, for the aspect ratio of
3 with a first impulsive frequency much closer to the dominant
frequencies in the applied ground motions, reduction percentage
points become the closest together.

• Considering the four performance indices defined to evaluate the
applied controllers, for all aspect ratios and under all ground
motions, the PID-COC-HGS and FOPID-COC-HGS contributed the
most to the seismic response attenuation of the fluid tank.
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