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A B S T R A C T

To mitigate the translational-torsional coupling response of bi-directional eccentric buildings 
under seismic excitations and improve the earthquake mitigation of traditional tuned liquid 
column damper (TLCD), a rotating semi-active TLCD (RS-TLCD) with variable hydrostatic liquid 
level height and frequency, damping and rotating angle that can simultaneously control the bi- 
directional vibration of structures is proposed. RS-TLCD can identify the bi-directional instanta-
neous vibration frequency of structure through wavelet transform, and change the height of liquid 
column in real time to adjust its natural frequency accordingly. Meanwhile, it can change the size 
of adjustable flow hole to achieve real-time semi-active damping based on measured signals, 
while use a rotating chassis to achieve real-time adjustment of the position angle in the plane to 
the dominant vibration direction, to achieve bi-directional vibration control. In the case study, a 
30-story bi-directional eccentric structure is presented to verify its seismic control effect, and 
cases with unidirectional passive TLCDs and S-TLCDs attached in X and Y directions are compared 
respectively. Numerical results show that generally, RS-TLCD can effectively control the 
displacement and torsional response of building under earthquake excitations to improve its 
safety and has the best earthquake mitigation performance in both X and Y directions. Mean-
while, RS-TLCD can reduce the mass of damper and the occupation of the building space because 
it can rotate the position angle to the dominant vibration direction, and enhance the control effect 
through variable liquid level height and damping.

1. Introduction

For eccentric building structures with the misalignment between the mass center and stiffness center due to functional re-
quirements and other factors, they will simultaneously exhibit both translational and torsional responses within the horizontal plane 
under seismic excitations, which significantly impact on the structural safety. Therefore, it is essential to reduce the translational- 
torsional coupling vibration of the structure under earthquake excitations.

Structural vibration control is a commonly used method in energy dissipation and earthquake mitigation, such as tuned mass 
damper and inerter damper [1,2], which have a wide range of applications in practical engineering. Among it, tuned liquid damper 
(TLD) is a traditional dynamic absorber that utilizes the dynamic side force generated during the oscillation of liquid in fixed water 
tank to provide vibration mitigation. Therefore, it is also named the tuned sloshing damper. The structural characteristic of TLD is that 
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the liquid inside tank participates in the sloshing. However, its frequency and damping are difficult to be adjusted, which limits its 
structural vibration mitigation. Tuned liquid column damper (TLCD), a derivative of TLD, is a cost-effective, easily installed, frequency 
adjustable and simple to maintain device for structural control. During its operational process, a U-shaped constant cross-section 
tubular rigid tank with its lower part fixed to the structure allows for structural vibration to be transferred to TLCD, causing the in-
ternal water to move back and forth. This movement of water obtains damping force through viscous interaction with the container 
and water head loss caused by passing through water orifices during the back-and-forth motion which dissipates the kinetic energy of 
structure and reduces its vibration. At the same time, the inertia force generated by the water movement acts in the opposite direction 
of structural vibration, further reducing the vibration of structure. At this time, expert scholars have optimized the TLCD to achieve 
improved control effect by various methods including transforming the water in the device into high-viscosity fluids such as 
water-glycol mixtures [3], altering the external shape and internal roughness of the TLCD [4,5], using interconnected vertical columns 
or ring containers to control multi-directional vibrations [6,7], replacing orifices with a rolling ball [8,9] and ball coupling spring 
which can translate as well as rotate [10], installing various devices in the horizontal section of TLCD to change the damping coef-
ficient [11], sealing vertical air column singularly for vertical vibration control by adjusting the stiffness of air spring [12], etc. In 
addition, many scholars have studied TLCD for dynamic control of offshore structures [13–16].

Nevertheless, the control effect of traditional passive TLCD is sensitive to its own parameters. When the structural natural frequency 
varies caused by suffering damage, the control effect of passive TLCD will be significantly diminished. Additionally, passive TLCDs 
have a poor vibration control performance across a wide frequency band of building structure. Therefore, achieving adaptive 
adjustment of TLCD parameters under seismic excitation to enhance its real-time control performance is crucial. To overcome the 
limitations of passive control system, researchers have developed the semi-active control system [17,18], known as semi-active TLCD 
(S-TLCD) [19–23]. S-TLCD can dynamically modify damping or frequency in real-time based on corresponding control algorithm 
aiming to accommodate different vibration reduction needs at various moments. Both theoretical analysis and experimental studies 
have shown that this type of control system can further reduce structural vibration better than the passive system. Sonmez et al. [24] 
proposed a novel S-TLCD which was attached to the primary structure using an adaptive spring, whose stiffness was controlled by short 
time Fourier transformation-based feedforward and feedback algorithms. Ding et al. [25] proposed an event-triggered semi-active 
technique which could achieve the rapid activation of TLCDs through baffles to improve the vibration suppression performance of 
TLCDs in the early stage of structural vibration. Masnata et al. [26] introduced a sliding TLCD which was implemented on a roller 
support using a spring-dashpot system to connect the base-isolated subsystem. Wang et al. [27] combined magnetorheological (MR) 
fluid with TLCD to form a semi-active MR-TLCD, using an external magnetic field to control the damping ratio of TLCD in real time. Liu 
et al. [28] investigated a vertical tuned liquid column gas damper which was able to tune frequency flexibly through variable 
equivalent linear air spring stiffness for reducing structural vibrations.

All the above studies have only focused on controlling the vibration in a single direction of structures. However, under external 
excitations, structures will generate vibrations in multiple directions. Many researchers have explored improving the TLCD device or 
using multiple TLCDs for vibration control of multiple directions. Lee et al. [29] proposed a tuned liquid column and sloshing damper 
(TLCSD) for bi-directional structural vibration control. Rozas et al. [30] presented a new bi-directional TLCD for controlling the 
earthquake response of structures which required less liquid than two equivalent TLCDs. Zhang et al. [31] proposed a semi-active 
toroidal TLCD to control multidirectional response, which could automatically identify changes in structural frequency and then 
adjust its frequency by adjusting the liquid level. Mehrkian et al. [32] showed an omnidirectional liquid column vibration absorber 
with multiple liquid columns with different cross-sections which could be set in any directions because of the rotating platform at the 
bottom. Ding et al. [33] derived an adapted dynamic model which distinguished between liquid oscillation and sloshing in vertical 
segment for toroidal TLCDs.

The aforementioned references are all focused on the dynamic control of symmetric buildings. For unsymmetrical building 
structures with the misalignment of the mass center and stiffness center, an in-plane torsional response under external excitations will 
be caused. There have been numerous studies conducted by expert scholars on the vibration control of eccentric building structures 
with translational-torsional coupling vibration. Fu [34] proposed a novel torsional tuned liquid column gas damper for the coupled 
flexural torsional vibration control of torsional buildings. Hochrainer et al. [35] presented a coupled tuned liquid column gas damper 
to reduce several modes simultaneously. Ross et al. [36] designed three unique TLD systems to mitigate the torsional response of 
structures. Pandey et al. [37] integrated tuned liquid column ball damper with circular liquid column ball damper for the torsional 
coupled vibration control of buildings under wind excitations. Most of these studies utilize multiple dampers for the structural 
translational-torsional coupling control, which will significantly occupy the structural useable space and affect the functional use of 
the structure.

To control the translational-torsional coupling vibration simultaneously, improve the utilization efficiency of absorbers, reduce the 
occupation of building space and influence to the structural normal use, it is meaningful to develop an integrated semi-active controller 
which can control both translational and torsional responses bi-directionally. To fill this gap, a rotating S-TLCD (RS-TLCD) is proposed 
in this study. It was experimentally verified in Ref. [38] that changing the height of liquid in the upper water tank of adaptive tuned 
mass damper could retune its mass and frequency. Inspired by Ref. [38], a function is proposed that the RS-TLCD can dynamically 
adjust the liquid level height based on comprehensive structural bi-directional vibration signals to regulate its natural frequency in real 
time. It can also rotate angles in real time to simultaneously control bi-directional vibrations. Furthermore, to enhance the energy 
dissipation, it can regulate the orifice ratio in real time to achieve real-time adjustment of the nonlinear damping coefficient.

In this paper, the RS-TLCD performs bi-directional translational-torsional coupling control within structural eccentric plane 
through variable parameters. The control principle and mechanical model of TLCD are introduced in section 2, as well as the elec-
tromechanical device and control algorithm of RS-TLCD. Then, equations of motion and a numerical model of a thirty-story bi- 
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directional eccentric building are proposed in section 3. Cases of two optimal X and Y directional passive TLCDs and two unidirectional 
S-TLCDs with variable liquid level height and damping are presented respectively for comparison. Numerical results are presented and 
analyzed in section 4. Conclusions are shown in section 5.

2. Electromechanical device and control algorithm of RS-TLCD

2.1. Control principle and mechanical model of TLCD

TLCD dissipates the vibrational energy and controls vibration through viscous interactions between liquid column and container 
and head losses generated when liquid flows through orifices. Simplified structural diagram with an attached TLCD under earthquake 
excitation is presented in Fig. 1 [39].

In Fig. 1, orifices are installed in the horizontal segment of TLCD to provide additional damping for TLCD. mn is the mass of the nth 
layer of the structure, kn denotes the stiffness coefficient of the nth layer and ẍg represents the earthquake excitation, ẍn represents the 
horizontal acceleration of the layer where TLCD is placed. As for the TLCD system, Av and Ah are cross-sectional areas of vertical 
segment and horizontal segment respectively, B means the center-to-center distance between two vertical tubes and Hv represents the 
hydrostatic liquid level heights in the vertical segment. L is the effective length of the TLCD.

Assuming that the TLCD sway direction is consistent with the direction of TLCD horizontal tube segment, D is the liquid 
displacement in the vertical tube segment away from the equilibrium position, then the absolute acceleration of liquid in the direction 
of motion D̈ and the absolute liquid acceleration in the horizontal segment of TLCD in the direction of motion D̈ + ẍn can be obtained. 
As a result, the total inertial force of liquid Fm can be expressed as: 

Fm = −

[

ρAvB
(

Av

Ah
D̈+ ẍn

)

+2ρHvAvD̈
]

(1) 

where ρ is liquid density.
The restoring force generated by the deviation from the equilibrium position of TLCD FR can be written as: 

FR =2ρAvgD (2) 

where g is gravity acceleration.

Fig. 1. Typical structural calculation diagram with TLCD under earthquake excitation.
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The damping is mainly composed by the frictional resistance along the pipe wall, as well as the damping provided by internal 
orifices. The friction force F1 provided by the pipe wall along and the damping force F2 provided by the internal orifices are considered, 
which are presented as follows respectively: 

F1 =
1
2

ρAhδ1Ḋ2 (3) 

F2 =
1
2

ρAhδ2λ2Ḋ2 (4) 

where Ḋ represents the velocity of liquid as it deviates from the equilibrium position in the vertical tube segment, λ = Av/ Ah means the 
area ratio between the vertical segment and horizontal segment of TLCD. In Equation (3), head loss coefficient δ1 is shown as following: 

δ1 =(1 − λ)2
+ 0.5|1 − λ| (5) 

According to Ref. [40], when liquid flows through a straight pipe with throttle orifice, the head loss coefficient δ2 is approximated 
as: 

δ2 =
[
(1 − κ) + 0.707(1 − κ)0.375]2

(
1
κ

)2

(6) 

where κ = A/Ah is the cross-sectional area ratio of the throttle orifice and horizontal segment of TLCD.
Through Equations (3) and (4), total damping force F can be obtained as: 

F= F1 + F2 =
1
2

ρAhδ|Ḋ|Ḋ (7) 

where δ = δ1 + λ2δ2.
Based on Equation (1)–(7), the motion equation for TLCD is: 

(

2ρAvHv + ρ Av
2

Ah
B
)

D̈+
1
2

ρ Av
2

Ah
δ|Ḋ|Ḋ+2ρAvgD= − ρAvBẍn (8) 

From Equation (8), the vibration frequency of TLCD can be derived as: 

ωd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ρAvg

2ρAvHv + ρ Av
2

Ah
B

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2g
2Hv + λB

√

=

̅̅̅̅̅
2g
L

√

(9) 

where L = 2Hv + λB represents the effective length of TLCD.
In summary, the vibration frequency of TLCD is depended on its effective length L, and the nonlinear damping force of TLCD system 

Fig. 2. The front view and sensor arrangement of RS-TLCD.
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is related to the square of the liquid velocity.

2.2. Electromechanical device of RS-TLCD

Passive TLCDs have limitations in achieving optimal control effects under seismic excitations due to their inability to adjust their 
parameters. To improve the control effect, a semi-active control system within TLCD enabling real-time adjustments to its frequency 
and damping is proposed in this section. Additionally, structural designs often result in a misalignment between the mass center and 
stiffness center because of functional requirements, leading to translational-torsional coupling responses within the plane under 
external excitations. While existing studies typically utilize multiple dampers for controlling translational-torsional coupling vibration, 
the RS-TLCD presented in this paper comprises a single integrated liquid damper electromechanical system. Based on the variable 
frequency and damping capabilities of S-TLCD, the RS-TLCD incorporates a rotatable base, allowing further adjustment to align with 
the structural dominant vibration direction. This enhancement aims to improve control force efficiency, achieving superior intelligent 
control effects for translational-torsional coupling under seismic excitations, while also reducing costs and minimizing space occu-
pation within the building.

The front view and sensor layout diagram of RS-TLCD are illustrated in Fig. 2. The U-shaped tube section of the RS-TLCD is 
connected to a reserve water tank placed adjacent to the TLCD. The maximum liquid level of the reserve tank should be lower than the 
bottom of the TLCD for liquid circulation, facilitating adjustments to the liquid column height and natural frequency of RS-TLCD. The 
bottom of the RS-TLCD is equipped with a rotating chassis driven by dynamic system. Liquid level meters are installed at the bottom of 
the vertical pipe sections on both ends of the U-shaped tube to measure the liquid level of TLCD. Flowmeters are positioned near the 
liquid surface of the U-shaped tube for measuring the internal liquid flow rate. Displacement meters are installed on the main structure 
to capture instantaneous vibration signals which are received and processed by microcontroller. Additionally, liquid level meter is 
installed at the bottom of the reserve tank to monitor the liquid level. If the liquid level falls below a predefined threshold, micro-
controller will send a signal indicating the need for liquid replenishment.

The rotating chassis of the RS-TLCD is fixed to an electric spindle, which is embedded in the base. A circular track is affixed to the 
base, and the entire RS-TLCD device is secured to the main structure via this base. Rollers are installed at the bottom of the vertical 
sections of the U-shaped tube, allowing them to roll along the circular track. As the rollers move, they facilitate the rotation of the U- 
shaped tube with the rotating chassis, adjusting the angle θ(t) with respect to the X-axis in the horizontal plane. The design minimizes 
friction during rotation, enabling swift angle adjustments. Through variable rotational angle θ(t), RS-TLCD can rotate to the dominant 
vibration direction and contribute the greatest control force.

Inside the reserve water tank, a water pump is installed, connected to the U-shaped tube via a water pipe. When the liquid level 
inside the U-shaped tube is too low, water can be pumped into it. Additionally, there is a water pipe with an electromagnetic valve 
connecting the reserve tank and the U-shaped tube. If the water level in the U-shaped tube becomes too high, the electromagnetic valve 
can be opened, allowing the liquid to flow back into the reserve tank by gravity. Meanwhile, the pump can draw water into the reserve 
water tank to enhance the efficiency of liquid level regulation. By pumping liquid into the system and controlling the flow back into the 
reserve tank with the electromagnetic valve, the height of the liquid column in the U-shaped tube can be adjusted, thereby changing 
the natural frequency of RS-TLCD. To enable precise adjustments to the damping characteristic of RS-TLCD, the size of the variable 
orifice can be freely controlled achieving through electric valve, and the microcontroller manages its aperture. When the damping 
required is reduced, the microcontroller can increase the size of the variable orifice; and when the required damping is increased, the 
variable orifice can be reduced in the same way. The top view and sensor layout diagram of the RS-TLCD are shown in Fig. 3.

The RS-TLCD device proposed in this section is capable of simultaneously controlling the bi-directional translational-torsional 

Fig. 3. The top view and sensor arrangement of RS-TLCD.
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coupling responses of the structure. It exhibits several superiorities, including robust performance, high utilization efficiency of 
damper control force, and strong adaptive capabilities.

2.3. Control algorithm

The control performance of TLCD is dependent on its frequency and damping characteristics. Based on dynamic properties of TLCD, 
its frequency can be adjusted by modifying its equivalent length. Additionally, damping adjustments can be achieved by varying the 
size of internal orifice or altering the cross-sectional area ratio between horizontal and vertical segments. However, as a passive system, 
the conventional TLCD lacks the capability to adjust its parameters during operation. Consequently, its control performance may 
significantly deteriorate under conditions such as changes in structural frequency or the simultaneous presence of multiple external 
excitations, while it can only control vibrations unidirectionally. To address these limitations, the integration of semi-active devices 
becomes necessary to enable real-time adaptive parameter adjustments for bi-directional control.

The RS-TLCD proposed in this paper can adjust its own parameters based on the real-time identification of structural instantaneous 
vibrational frequency. To enable RS-TLCD to control the bi-directional translational and torsional responses in real-time, the micro-
controller in this device can collect instantaneous vibration responses of main structure under external excitations through 
displacement meters arranged on the top floor. Wavelet transform (WT) is employed to capture and identify the bi-directional 
instantaneous vibration frequencies ω(t) in real-time [41–43]. Then, Equation (9) is used to convert these frequencies into the cor-
responding ideal hydrostatic liquid level heights, and the driving system is controlled to adjust the liquid column height of RS-TLCD. 
Considering the efficiency of driving system, frequency in X direction ωdx(t) can be obtained according to the following equation: 

ωdx(t)=

⎧
⎨

⎩

ωdx min (ω(t) < ωdx min)

ω(t) (ωdx min ≤ ω(t) ≤ ωdx max)

ωdx max (ω(t) > ωdx max)

(10) 

where ωdx max and ωdx min are preset maximum and minimum values of the variable frequency range in X direction. The equation of Y 
direction ωdy(t) is similar to Equation (10).

Because RS-TLCD needs to control bi-directional translational responses in the plane and torsional responses simultaneously using 
only one device, it is necessary to comprehensively consider structural responses in both directions to determine the ideal tuning 
frequency for the final balanced bi-directional vibration state. Therefore, the final natural frequency at this moment will be calculated 
by weighting the absolute values of maximum displacements in both directions to achieve bi-directional balance, and the specific 
calculation formula is represented as follows: 

ωd(t)=
⃒
⃒Dy(t)

⃒
⃒ωdy(t) + |Dx(t)|ωdx(t)
⃒
⃒Dy(t)

⃒
⃒+ |Dx(t)|

(11) 

where Dx(t) and Dy(t) represent the real-time X and Y directional displacements respectively at the layer where the RS-TLCD is placed.
By using the absolute values of maximum real-time displacements in both directions of structure as weights, RS-TLCD is capable of 

comprehensively considering the bi-directional responses and selecting the optimal natural frequency that can simultaneously control 
the bi-directional vibration. Considering the time delay effect in the dynamic system, in practical application, the frequency adjust-
ment time interval for RS-TLCD is set to Δtf .

The variable damping function of RS-TLCD is achieved by changing the size of variable orifices. In this paper, a variable damping 
control strategy which can balance the instantaneous optimal parameters in both X and Y directions for bi-directional adjustment [44] 
is conceived, which is an extension of output signal based variable damping control algorithm proposed in Ref. [45]. Based on the 
instantaneous vibration responses collected by displacement meters, the microcontroller can calculate the instantaneous velocities 
vnx(t) and vny(t) respectively in X and Y directions, together with the instantaneous accelerations anx(t) and any(t) in both directions of 
the nth layer. Combined with the flow meter inside RS-TLCD, the liquid velocity vd(t) can be obtained. The calculation formula for the 
variable damping control algorithm of RS-TLCD is shown as follows: 

⎧
⎪⎪⎨

⎪⎪⎩

[vdx(t) − vnx(t)] × anx(t) ≤ 0 and
[
vdy(t) − vny(t)

]
× any(t) ≤ 0 => cd(t) = cmin

[vdx(t) − vnx(t)] × anx(t) > 0 and
[
vdy(t) − vny(t)

]
× any(t) > 0 => cd(t) = cmax

[vdx(t) − vnx(t)] × anx(t) ≤ 0 and
[
vdy(t) − vny(t)

]
× any(t) > 0 => cd(t) = copt

[vdx(t) − vnx(t)] × anx(t) > 0 and
[
vdy(t) − vny(t)

]
× any(t) ≤ 0 => cd(t) = copt

(12) 

where vdx(t) denotes the projection velocity of liquid flow in the horizontal section of RS-TLCD in X direction, vdy(t) denotes its 
projection velocity in Y direction; cmin and cmax are the preset minimum and maximum damping coefficient respectively, copt represents 
the preset optimal damping coefficient.

The size of orifices within the horizontal segment of RS-TLCD can be adjusted by the microcontroller based on the relationship 
among the projection X and Y directional velocities and velocities and accelerations of the nth layer in the corresponding directions. 
Specifically, when the difference between the projection X and Y directional velocities and the X and Y directional velocities of the nth 
layer is in the same direction as the X and Y directional accelerations of the nth layer respectively, the orifice is reduced, causing the 
damping coefficient to be the preset maximum value. Conversely, when the difference is in the opposite direction of accelerations, the 
orifice is increased, resulting in the damping coefficient being set to the preset minimum value. In all other cases, the size of orifice is 
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returned to its initial value, resulting in the damping coefficient being equal to the preset optimal value. It is important to note that the 
speed of changing damping coefficient by altering the size of orifice is greater than that of changing the frequency by varying the liquid 
column height. Therefore, considering the time delay effect, it is set Δtc < Δtf in numerical simulation. It ensures that RS-TLCD can 
adjust its damping characteristic dynamically and effectively in response to changes of structural vibrations, providing the best bi- 
directional vibration control force.

The microcontroller in RS-TLCD can calculate the optimal vibration control angle based on the instantaneous vibration response 
collected by the displacement meter arranged on structure, using a rotating angle algorithm. In addition, the rotation of the electric 
shaft for bi-directional control within the plane is also controlled by the microcontroller. The calculation formula for the rotation angle 
algorithm proposed in this section is shown as follows: 

θ(t)= arctan
(

Dy max(t − ΔtR : t)
Dx max(t − ΔtR : t)

)

(13) 

where ΔtR is the rotating angle time interval set to account for the time delay effect, Dx max(t − ΔtR : t) is the maximum X directional 
displacement within time period ΔtR before time t, and Dy max(t − ΔtR : t) is the maximum Y directional displacement within time 
period ΔtR before time t.

The rotating angle algorithm comprehensively considers the structural response bi-directionally. By using the combined direction 
of the maximum displacement response of structure within a certain time period as the final rotating angle for RS-TLCD, it can fully 
utilize RS-TLCD and minimize the bi-directional vibration response of structure to the greatest extent.

In summary, the proposed control algorithm of RS-TLCD with variable frequency, damping and angle is summarized in Fig. 4.
In Fig. 4, RS-TLCD is capable of identifying the instantaneous vibration frequency of structure based on WT through the 

displacement meter signal in X and Y direction. The final frequency of RS-TLCD is calculated using Equation (11) with weighting 
factors to adjust its frequency at that moment. Then comparing actual liquid level measured by liquid level meters and ideal liquid level 
obtained from Equation (9), the microcontroller is able to make decisions to control the pump and the electromagnetic valve for liquid 
level adjustment. Additionally, a comprehensive analysis is conducted based on Equation (12) to judge the relationship among the 
acceleration and velocity responses of main structure and the projection velocity responses of RS-TLCD in two directions. This analysis 
is presented to adjust the damping coefficient of RS-TLCD. The optimal rotating angle is determined through Equation (13) based on 
the combined direction of the maximum displacement response of structure within a certain time period. Then the microcontroller 
drives the electric spindle to achieve changes in angle of rotating chassis. Therefore, RS-TLCD can achieve intelligent bi-directional 
translational and torsional vibration control within the structural plane. It also can be known from Fig. 4 that the combined 

Fig. 4. Combined variable frequency, damping and angle control algorithm of RS-TLCD.
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control algorithm is only based on output measured signals from the health monitoring system, no structural modal information and 
earthquake records are needed.

3. Equations of motion and numerical model introduction

3.1. Equations of motion

To verify the earthquake mitigation performance of proposed RS-TLCD and highlight its control effect, for comparison, cases 
without control, with two optimal X and Y directional passive TLCDs arranged respectively and two unidirectional S-TLCDs with 
variable liquid column height and damping are given. Among these cases, dynamic calculation diagrams of three structural systems 
with controllers are presented in Fig. 5 respectively.

For instance, the dynamic equation of RS-TLCD case in Fig. 5(c) is able to be expressed as: 

MÜ+CU̇ + KU = − MEÜg (14) 

Fig. 5. Comparison cases. (a) Two optimal passive TLCDs; (b) Two unidirectional S-TLCDs; (c) RS-TLCD.
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where M, C and K denote mass, damping and stiffness matrixes of system respectively; U, U̇ and Ü are displacement, velocity and 
acceleration state vectors respectively; E and Üg represent the conversion matrix and bi-directional seismic acceleration respectively. 
The preceding related matrixes in Equation (14) are shown as follows. 

M= diag
[
Mx,My,Mθ

]
(15) 

Mx = diag[m1,m2,⋯mn,mdx] (16) 

My = diag
[
m1,m2,⋯mn,mdy

]
(17) 

Mθ = diag[J1, J2,⋯Jn] (18) 

K=

⎡

⎣
Kx 0 Kxθ
0 Ky Kyθ

Kθx Kθy Kθ

⎤

⎦ (19) 

Kx =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

kx1 + kx2 − kx2

− kx2 kx2 + kx3 − kx3

− kx3 ⋱ ⋱

⋱ kx(n− 1) + kxn − kxn

− kxn kxn +
2mdxg

HvL + HvR + λB
cos θ(t) −

2mdxg
HvL + HvR + λB

cos θ(t)

−
2mdxg

HvL + HvR + λB
cos θ(t)

2mdxg
HvL + HvR + λB

cos θ(t)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(20) 

Kxθ =KT
θx = Kxey (21) 

Kyθ =KT
θy = Kyex (22) 

U=
[
ux1, ux2,⋯uxn, udx, uy1, uy2,⋯uyn, udy, uθ1, uθ2,⋯uθn

]T (23) 

cdx(t)=
1
2

ρ Av
2

Ah
δ|u̇dx| (24) 

Üg =

[

üxg, üyg

]T

(25) 

where Mx, My and Mθ are X directional, Y directional and torsional mass matrixes of the system implemented with RS-TLCD 
respectively; mi and Ji mean the mass and rotational inertia of the ith story respectively; mdx = md cos θ(t) and mdy = md sin θ(t)
are the equivalent mass of RS-TLCD in two directions respectively, md represents the participating mass of RS-TLCD; In Equation (19), 
Kx, Ky and Kθ denote X directional, Y directional and torsional stiffness matrixes respectively; Ky and Kθ can be obtained similarly by 
referring to Equation (20); kxi and kdx(t) = 2mdxg

HvL+HvR+λB cos θ(t) represent the translational stiffness in X direction of the ith story and the 
equivalent real-time stiffness of RS-TLCD in X direction respectively, while HvL and HvR are hydrostatic liquid level heights in the left 
and right vertical segment of RS-TLCD respectively; Kxθ and Kyθ are translational-torsional coupling matrixes in two directions 
respectively; ex and ey represent eccentricities of main structure in two directions respectively; damping matrix C is constructed by 
Rayleigh damping model in a similar manner, with the addition of X and Y directional real-time damping coefficients of RS-TLCD cdx(t)
and cdy(t) which can be obtained by Equation (24); uxi, uyi and uθi represent X directional, Y directional and torsional displacements of 
the ith story respectively; udx and udy are X and Y directional displacements of RS-TLCD respectively; üxg and üyg represent seismic 
accelerations in two directions respectively.

Based on the above equations of motion, numerical simulation and comparative studies can be conducted for the translational- 
torsional coupling vibration control in eccentric buildings with different types of TLCDs implemented. By parameters including the 
mass, stiffness, damping, and eccentricity of the selected main structure, a theoretical calculation model can be established. Utilizing 
the semi-active control algorithm proposed in Section 2.3, the performance of RS-TLCD device, introduced in Section 2.2, the coupled 
bi-directional vibration control effect under seismic excitations can be verified.

3.2. Numerical model introduction

A thirty-story bi-directional eccentric frame structure is proposed as a case study, whose width is 16 m and length is 48 m [46]. This 
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paper conducts a comparative study on the vibration control performance under bi-directional seismic excitation, utilizing MATLAB to 
verify the intelligent vibration mitigation control performance of RS-TLCD proposed in Section 2, particularly in terms of its coupled 
translational-torsional behavior under bi-directional seismic excitations.

Masses of each floor in the bi-directional eccentric frame structure are all set to 9.216 × 105 kg, with a rotational inertia of 2.797 ×
108 kg • m2 for each floor. X and Y directional stiffness coefficients of the bottom floor are both set to 1.021 × 109 N • m− 1, while 
stiffness coefficients for remaining floors in two directions are all set to 1.6213 × 109 N • m− 1. The torsional stiffness coefficient of 
bottom floor is 3.1651 × 1011 N • m • rad− 1, and torsional stiffness coefficients for the other floors are all set to 5.0261 × 1011 N • m •
rad− 1. The structural geometric center and stiffness center are coincident. The X directional eccentricity ex is 6 m, and the eccentricity 
in Y direction ey is 2 m. The structural modal damping ratio is taken as 2 %. Using the mode decomposition method, it is found that the 
natural frequencies in two directions of the thirty-story bi-directional eccentric frame structure are equal. The first ten natural fre-
quencies are listed in Table 1. Besides, first modal mass participation coefficients in two directions are both 83.76 %.

15 representative bi-directional seismic waves with different spectral characteristics from Ref. [47] are selected for the simulation. 
To avoid the impact of different amplitude values of seismic acceleration on the discussion of calculation results, the amplitude of 
seismic acceleration is normalized and uniformly adjusted to minor earthquake acceleration amplitude 35 cm/s2 according to Chinese 
code. The selected bi-directional seismic waves are shown in Table 2.

The numerical simulation will consider four cases in total, which are without control, with two X and Y directional passive TLCDs 
respectively, with two unidirectional S-TLCDs, and with one RS-TLCD implemented.

For the passive TLCD in Fig. 5 (a), the mass in each direction is set to 2 % of the first modal mass of selected model, which is 463178 
kg. The natural frequency is set equal to the first natural frequency of selected model, which is 0.3373 Hz.

For the S-TLCD in Fig. 5 (b), the mass in each direction is consistent with the passive TLCD. And the variable frequency range is ±5 
% of the first natural frequency of selected model, which is [0.3204 Hz, 0.3542 Hz], then the corresponding effective length range is 
[3.957m, 4.834m]. Considering the time delay effect of dynamic system, the time interval for frequency variation Δtf is set to 2.6 s, 
which is slightly shorter than the first natural period of selected structure. To ensure that the TLCD horizontal section is always filled 
with liquid during frequency adjustment, the cross-sectional area ratio λ between the vertical and horizontal sections of TLCD is set to 
0.231.

Because the nonlinear damping of TLCD is related to the flow rate of the liquid, it is difficult to accurately provide the adjustment 
range of variable damping. In this case, the damping adjustment is achieved by varying ratio κ in Equation (6) using variable orifice in 
the horizontal section of TLCD. The initial value of κ is set to 0.4, with an adjustable range of [0.1, 0.8]. Similarly, considering the time 
delay effect, the time interval for variable damping is set to 1 s.

For RS-TLCD with bi-directional arrangement shown in Fig. 5 (c), the variable frequency range, variable damping range, time 
interval are all consistent with unidirectional S-TLCD. The participation mass ratio of RS-TLCD to unidirectional S-TLCD is 1.5, which 
means that the participation mass of RS-TLCD is set to 694767 kg. The cross-sectional area ratio λ between the vertical and horizontal 
sections of RS-TLCD is set to 0.237. The angle variation interval of rotating chassis is set to be consistent with the frequency variation 
interval, so that the damper can change both angle and frequency simultaneously to achieve better vibration control performance. The 
initial placement angle θ(t) of RS-TLCD is 0◦, which is aligned with X direction in the plane.

In summary, parameters for cases with dampers are summarized in Table 3.
There are three kinds of semi-active control systems in this paper, which are variable frequency, variable damping, and variable 

angle systems respectively. In the following, the time delay of three systems will be explained in detail.
For time delay during frequency variation, the water pump needs time to pump water to reach the desired liquid column height for 

frequency matching. For the case study in section 3.2, the variable frequency range is [0.3204 Hz, 0.3542 Hz], then the corresponding 
effective length range is [3.957 m, 4.834 m], which means that the maximum water volume needed to be pumped is 27.082 m3. The 
semi-active TLCD in this paper focuses on the first-order period of the structure which is 3.0 s, therefore, the response time of the 
actuator can be slightly less than the first-order period which is set to 2.6 s. Then the pump water speed of 10.42 m3/s is required. Two 
water pumps with a motor power of 500 kW and a pumping capacity of 18,800 cubic meters per hour can pump water at the speed of 
10.44 m3/s which is faster than the required speed. Therefore, the time delay for frequency adjustment is set to 2.6 s. Using a higher- 
power pump or multiple pumps can achieve faster speed.

For time delay during damping variation, the adjustment of orifices can be achieved through the opening and closing of electric 
valve, which acts within a second. Hence, the time for the valve to reach the predetermined position is set to 1 s in this paper, which 
means the time interval for damping variation.

For time delay during angle variation, it is caused by the rotational speed limit of the rotating chassis. The existing rotating chassis 
can rotate at a speed of 30◦ per second with a motor power of 600 kW. Using a higher-power motor or multiple motors can achieve 
faster speed.

By analyzing the dynamic response of main structure under bi-directional seismic actions, based on dynamic equations in Section 
3.1 and specific parameters in Table 3, numerical simulation is proposed to prove the bi-directional translational-torsional coupling 

Table 1 
Structural natural frequencies in X and Y directions/Hz.

First Second Third Fourth Fifth Sixth Seventh Eighth Ninth Tenth

0.3373 1.0112 1.6831 2.3517 3.0155 3.6729 4.3221 4.9615 5.5892 6.2034
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control performance of RS-TLCD.

4. Numerical simulation

Under seismic excitations, the safety evaluation of main structure adopts a comparative analysis using the maximum value Xemax 
and root mean square (RMS) value Xerms of the structural X and Y directional top-layer displacement and the structural torsion angle. 
Therefore, totally six indexes are compared.

In addition, seismic mitigation rate is used to highlight the improved vibration control performance of RS-TLCD compared to the 
other two control cases.

4.1. Results comparison

Six indicators are employed in the dynamic response analysis of main structure under bi-directional seismic excitations to 
comparatively analyze the seismic mitigation performance of different control cases, including the maximum and RMS values of 
displacement in two directions at the top story, as well as the maximum and RMS values of torsion angle, which can be denoted as 

Table 2 
Selected bi-directional seismic waves.

Serial number Station The name of seismic wave

X-direction Y-direction

1 El Centro Array #11 IMPVALL-E11140 IMPVALL-E11230
2 Aeropuerto Mexicali IMPVALL-AEP045 IMPVALL-AEP315
3 El Centro Differential Array IMPVALL-EDA270 IMPVALL-EDA360
4 Brawley Airport IMPVALL-BRA225 IMPVALL-BRA315
5 EC County Center FF IMPVALL-ECC002 IMPVALL-ECC092
6 El Centro Array # 10 IMPVALL-E10050 IMPVALL-E10320
7 Agrarias IMPVALL-AGR003 IMPVALL-AGR273
8 El Centro Array #5 IMPVALL-E05140 IMPVALL-E05230
9 El Centro Array #7 IMPVALL-E07140 IMPVALL-E07230
10 El Centro Array #8 IMPVALL-E08140 IMPVALL-E08230
11 El Centro Array #3 IMPVALL-E03140 IMPVALL-E03230
12 Holtville Post Office IMPVALL-HVP225 IMPVALL-HVP315
13 Pacoima Dam NORTHR-PAC175 NORTHR-PAC265
14 KJMA KOBE-KJM000 KOBE-KJM090
15 CHY006 CHICHI-CHY006-N CHICHI-CHY006-W

Table 3 
Parameter summary for cases with dampers.

Case Total mass λ κ Interval of frequency variation Interval of damping variation Interval of angle variation

Passive TLCD 2.0 × 463178 kg 0.231 0.4 None None None
S-TLCD 2.0 × 463178 kg 0.231 [0.1, 0.8] 2.6 s 1 s None
RS-TLCD 1.5 × 463178 kg 0.237 [0.1, 0.8] 2.6 s 1 s 2.6 s

Table 4 
Comparison of structural X directional displacement response of the top story.

No. Xx,emax/cm Xx,erms/cm

Without control Passive TLCD S-TLCD RS-TLCD Without control Passive TLCD S-TLCD RS-TLCD

1 4.484 3.410 3.670 3.305 2.044 1.247 1.308 1.184
2 4.406 3.733 3.738 3.615 2.080 1.559 1.567 1.400
3 7.028 6.373 6.202 6.138 3.023 1.674 1.513 1.474
4 10.040 8.981 8.909 8.663 4.109 2.437 2.821 2.184
5 5.801 5.640 5.651 5.630 1.655 1.583 1.535 1.388
6 12.104 10.588 11.691 10.261 5.551 3.206 3.775 2.888
7 4.338 3.508 3.795 3.588 1.773 1.312 1.272 1.264
8 10.373 6.528 5.533 6.737 3.861 2.096 1.796 2.115
9 8.059 6.113 6.439 6.228 3.414 2.023 1.965 1.974
10 3.242 2.703 2.723 2.771 1.449 0.887 0.952 0.935
11 7.676 6.786 7.159 6.906 2.683 1.888 1.916 1.858
12 6.996 6.584 6.724 6.676 2.916 2.061 2.088 1.899
13 1.610 1.291 1.326 1.290 0.856 0.481 0.492 0.476
14 2.098 1.997 1.969 1.980 0.569 0.310 0.315 0.263
15 5.086 4.204 4.717 4.393 1.336 1.236 1.096 1.084
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Xx,emax, Xy,emax, Xx,erms, Xy,erms, Xθ,emax, Xθ,erms respectively. Calculation results are shown in Tables 4–6 and Fig. 6 respectively. To 
highlight the improved effectiveness of RS-TLCD compared to the other two types of TLCDs, response reductions compared to the case 
without control are presented in Fig. 7.

From Tables 4–6 and Fig. 6, it can be observed that although structural dynamic characteristics in two directions are the same, 
structural displacement responses in two directions are quite different due to the different eccentricity and the different seismic 
characteristics in two directions. In addition, because the structural eccentricity in X direction is three times that in Y direction, its Y 
directional dynamic response is more susceptible to torsion. Compared with the X directional displacement response, the Y directional 
displacement response distribution characteristics under different seismic waves are more similar to the torsion response.

It can be seen in Fig. 7 that generally, the three TLCDs all have good earthquake mitigation effect, and the control performance of 
RMS response is superior than the maximum. Because Y direction is more susceptible to torsion than X direction, X directional 
displacement control performance is better than that in Y direction. For both X and Y directional responses with two unidirectional S- 
TLCDs, reduction rates of various indicators are better than those with passive TLCDs. Meanwhile, reduction rates of indicators with an 
RS-TLCD are generally similar to those with two unidirectional S-TLCDs. In addition, it is worth mentioning that in terms of controlling 
the maximum and RMS values of torsional angle, the energy dissipation and seismic mitigation ability of RS-TLCD is superior to that of 
S-TLCDs case in both X and Y directions. This strongly indicates that RS-TLCD can effectively mitigate the coupled translational and 
torsional dynamic response of bi-directional asymmetric structure under bi-directional seismic excitations, especially in terms of 
torsional response control.

It is worth noting that the RS-TLCD proposed only requires a single device for bi-directional and torsional vibration control of the 
structure compared with the S-TLCD and passive TLCD, while the S-TLCD and passive TLCD require multiple devices and more 
participating mass. The participating mass ratio of S-TLCDs and passive TLCDs are both 2, while the participating mass ratio of RS- 
TLCD is only 1.5.

According to Fig. 7, the control effect of RS-TLCD on the RMS value of displacement response is significantly better than the 
maximum value, and better than passive TLCDs in general. It is close to the control performance of two unidirectional S-TLCDs, and 
even performs better under specific earthquakes. In terms of torsion resistance, RS-TLCD has the best control performance on the 
whole, such as the effects of No. 2, 5, 8 and 14 seismic waves. Due to the nonlinearity of damping, RS-TLCD has better control per-
formance under the action of seismic waves that cause larger structural response. In addition, according to the average seismic 
reduction of six indicators including maximum and RMS values of X and Y directional displacements and rotation angle under the 
action of 15 earthquake waves in Table 7, it can be seen that though RS-TLCD only uses a single device with smaller participating mass, 
its control effect is better than that of S-TLCD and passive TLCD.

It can be seen in Table 7 that compared to two unidirectional passive TLCDs and S-TLCDs, the improvement of proposed RS-TLCD is 
more significant in RMS response reduction than maximum; as for the maximum response reduction, it is more effective in Y-direc-
tional displacement control and torsional response control. Therefore, it can be known that the RS-TLCD can enhance the seismic 
translational-torsional coupling response control performance to a great degree.

In summary, it is indicated that RS-TLCD provides a comprehensive seismic mitigation solution, particularly in controlling torsional 
responses, while S-TLCDs and passive TLCDs offer more limited but still significant reductions in various indicators in Fig. 7.

4.2. Time history comparisons

To further analyze the characteristics of structural response in both time and frequency domains under seismic excitation, the 5th 
group with the largest torsional response among 15 groups of seismic excitations is selected as an example. Under the 5th group’s 
seismic excitation, time history and frequency spectra comparisons of the structural top story are presented in Fig. 8.

From Fig. 8, it can be observed that for the first 8 s, the structural displacement response of structure with additional passive TLCDs, 

Table 5 
Comparison of structural Y directional displacement response of the top story.

No. Xy,emax/cm Xy,erms/cm

Without control Passive TLCD S-TLCD RS-TLCD Without control Passive TLCD S-TLCD RS-TLCD

1 3.148 2.313 2.311 2.231 1.234 0.958 1.013 0.941
2 1.837 1.056 1.136 1.138 0.619 0.459 0.479 0.474
3 2.825 2.018 2.007 2.033 1.147 0.681 0.654 0.629
4 5.399 4.909 5.098 4.711 2.276 1.758 1.856 1.783
5 10.462 9.842 10.469 8.670 4.151 3.853 3.630 3.237
6 5.818 5.011 4.975 5.189 2.331 1.771 1.761 1.823
7 5.583 5.538 5.436 5.402 1.593 1.512 1.504 1.442
8 9.974 9.038 9.051 8.698 3.660 3.300 2.778 2.970
9 7.174 6.686 7.279 6.650 3.141 2.810 2.614 2.736
10 4.115 4.443 4.360 4.362 1.543 1.459 1.403 1.412
11 5.691 5.421 5.420 5.334 2.190 2.080 2.097 2.069
12 10.083 8.899 8.339 8.830 4.155 3.788 3.583 3.732
13 2.014 1.640 1.741 1.567 0.734 0.650 0.653 0.651
14 2.262 2.157 2.193 1.978 0.358 0.315 0.306 0.279
15 4.282 4.431 4.319 4.306 1.505 1.450 1.296 1.343
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S-TLCDs, and RS-TLCD are similar. On a broader scale, RS-TLCD exhibits the best control performance in the aspect of X and Y 
directional displacements. Furthermore, as shown in Fig. 8 (e), RS-TLCD demonstrates superior control effectiveness over passive 
TLCDs and S-TLCDs in terms of torsion angle control across all time history. Comparing and analyzing Fig. 8(b)–(d), and (f), results of 
spectral analysis confirm that RS-TLCD outperforms passive TLCDs and S-TLCDs in controlling displacements in X and Y directions and 
torsional angle.

Further, the comparison of structural displacement responses of all stories under the 5th group of bi-directional seismic excitation is 
shown in Fig. 9.

According to comparison results of all stories in Fig. 9, it can be inferred that in the aspect of maximum X directional displacement, 
the control performance of RS-TLCD and S-TLCDs are similar to that of passive TLCDs. In the field of maximum Y directional 
displacement, RS-TLCD demonstrates the best control effect, while passive TLCDs perform better than S-TLCDs. Regarding the 
maximum torsion angle, both RS-TLCD and passive TLCDs exhibit comparable control performance, which are superior to that of S- 
TLCDs. In terms of the RMS value of X directional displacement, RS-TLCD shows the most effective control, followed by S-TLCDs, 
which performs better than passive TLCDs. For the RMS value of Y directional displacement, RS-TLCD provides the best control effect, 
outperforming passive TLCDs and S-TLCDs. Finally, in terms of the RMS value of torsion angle, RS-TLCD again demonstrates the best 
reduction performance of seismic response, while the performance of S-TLCDs is similar to that of passive TLCDs. By comparing the X 
and Y directional displacement of all stories, it can be found that both the maximum and RMS values of displacement in Y direction are 
greater than those in X direction. This is due to the larger eccentricity of the main structure in X direction (ex = 6 m) compared to Y 
direction (ey = 2m), making the structural displacement in Y direction more susceptible to torsional response.

In real application, sensor failure is an inevitable situation. First of all, the RS-TLCD proposed in this paper has three functions, 
which are variable frequency, variable damping and variable angle respectively. The variable frequency part needs to be realized by 
displacement meters arranged in X and Y directions of the structure, the variable damping part uses the flowmeter in the U-shaped tube 
as the basis for judgment, and the variable angle part needs displacement meters in two directions of the structure as well. In real 
application, more displacement meters and flowmeters can be arranged to improve redundancy and prevent sensor failure from 
causing the system unable to achieve the semi-active control performance. On the other hand, if all sensors fail, the device will become 
a passive TLCD. This paper also carries out numerical simulation on passive TLCD, and results show that optimized passive TLCD also 
has a good control performance.

Signal noise is also an inevitable situation in practical use. Therefore, a comparative simulation using gaussian white noise with a 
signal to noise ratio (SNR) of 25 dB is conducted as a complement [48]. The results of seismic reduction are shown in Table 8.

Table 8 shows that the signal noise has little effect on the control performance of RS-TLCD in the displacement and torsion, and RS- 
TLCD still exhibits better vibration control performance compared to passive TLCD. In comparison, the control performance of S-TLCD 
is more affected by signal noise, and the six indicators of RS-TLCD are all superior to S-TLCD with signal noise. Hence, it can be 
concluded that RS-TLCD can still maintain excellent vibration control performance with signal noise contamination.

4.3. Variable parameters of semi-active controller

To further explain the principle of improved seismic performance through semi-active control, the instantaneous frequency and 
instantaneous orifice ratio in variable damping system with two S-TLCDs arranged in X and Y directions respectively under the 5th 
seismic excitation are proposed in Fig. 10. The instantaneous frequency, instantaneous orifice ratio and instantaneous angle of RS- 
TLCD under the same seismic excitation is illustrated in Fig. 11.

Through comparative analysis of Figs. 10(a) and 11(a), it can be observed that the natural frequencies of S-TLCDs in both directions 
have only two values besides the initial value, which are the maximum and minimum values within the preset frequency adjustment 
range comparatively. The natural frequency of RS-TLCD is determined through a balanced assessment of structural responses in both X 

Table 6 
Comparison of structural torsional angle response of the top story.

No. Xθ,emax/10− 4 rad Xθ,erms/10− 4 rad

Without control Passive TLCD S-TLCD RS-TLCD Without control Passive TLCD S-TLCD RS-TLCD

1 15.492 13.582 13.649 13.405 6.053 5.127 5.349 5.050
2 7.611 6.628 6.516 5.629 2.871 2.517 2.449 2.168
3 8.432 8.423 8.324 8.383 3.029 2.612 2.870 2.638
4 28.896 26.454 26.529 26.500 10.716 10.133 9.630 10.072
5 63.364 56.350 58.892 56.164 25.416 21.657 21.421 18.237
6 26.008 22.320 22.176 23.503 8.568 8.111 7.763 8.382
7 17.292 17.224 16.303 16.812 7.146 6.893 6.641 6.546
8 63.809 56.241 56.341 53.071 21.827 18.692 16.105 16.847
9 49.680 44.712 44.722 43.398 18.759 16.060 14.758 15.151
10 23.793 22.136 22.049 21.238 8.119 7.350 6.968 6.901
11 32.990 28.536 26.370 27.237 11.728 10.598 10.711 10.438
12 62.737 54.715 57.899 54.950 24.859 21.714 21.710 20.843
13 10.493 9.122 9.284 9.203 4.299 3.664 3.747 3.576
14 10.074 9.315 9.602 9.220 1.935 1.652 1.706 1.517
15 31.919 27.918 29.846 28.872 9.544 8.485 8.177 8.021
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and Y directions. This allows for fine adjustments within the preset frequency adjustment range, enabling the natural frequency of RS- 
TLCD to closely align with the structural instantaneous frequency. Additionally, both S-TLCDs and RS-TLCD can adjust their variable 
orifices to increase or decrease orifice ratio κ based on Figs. 10(b) and 11(b) respectively, achieving damping adjustments in real time. 
According to Fig. 11(c), the instantaneous angle of RS-TLCD is mostly located within a specific range of 70◦~110◦, indicating that RS- 
TLCD is often oriented towards Y direction, which is more susceptible to torsional response. This suggests that the variable rotating 
angle algorithm proposed in this study is capable of identifying the dominant vibration direction with larger displacement response 

Fig. 6. The structural displacement response of the top story under seismic excitations. (a) X directional maximum; (b) X directional RMS; (c) Y 
directional maximum; (d) Y directional RMS; (e) Maximum torsion angle; (f) RMS torsion angle.
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Fig. 7. The seismic reduction of different TLCDs compared to the case without control. (a) X directional maximum displacement; (b) X directional 
RMS displacement; (c) Y directional maximum displacement; (d) Y directional RMS displacement; (e) Maximum torsion angle; (f) RMS torsion angle.

Table 7 
Average seismic reduction of three controllers under seismic excitations.

Case Xx,emax Xy,emax Xθ,emax Xx,erms Xy,erms Xθ,erms

Passive TLCD 15.39 % 11.45 % 9.85 % 33.54 % 14.33 % 11.43 %
S-TLCD 13.29 % 10.40 % 9.52 % 33.46 % 16.81 % 13.06 %
RS-TLCD 15.48 % 13.74 % 11.50 % 38.03 % 18.00 % 16.03 %
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and controlling the rotation angle of RS-TLCD to achieve maximum control ability in real time, thereby improving the efficiency of 
output force control in the dominant direction of vibration. Fig. 11 offers an intuitive understanding that the proposed control al-
gorithm for RS-TLCD is only based on output measured signals, no structural modal information and earthquake records are needed, 
which shows a wide applicability.

Fig. 8. Comparison of structural top story response under the 5th group of bi-directional seismic excitation. (a) Time history of X directional 
displacement; (b) X directional displacement spectra; (c) Time history of Y directional displacement; (d) Y directional displacement spectra; (e) Time 
history of Torsional angle; (f) Torsional angle spectra.
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5. Conclusions

To enhance the intelligent disaster mitigation capability of traditional passive TLCD for bi-directionally eccentric structures with 
coupled translational-torsional vibration under seismic excitations, a novel rotating semi-active tuned liquid column damper (RS- 
TLCD) with variable hydrostatic liquid level height and frequency, variable orifice ratio and damping, variable rotating angle is 
proposed in this study. RS-TLCD utilizes an integrated electromechanical system for liquid damping, featuring real-time adjustment of 
the U-shaped tube liquid column height via water pumps and electromagnetic valve to achieve variable frequency. Additionally, it 
incorporates variable damping by altering the size of the orifice and introduces a rotatable base at its bottom, enabling angle 
adjustment to align with the dominant vibration direction of structure and thereby maximizing the control force efficiency.

The variable frequency algorithm comprehensively of RS-TLCD considers the responses in both X and Y directions to determine an 
ideal tuning frequency which can balance bi-directional vibration states. The variable damping algorithm considers the relationship 
among the X and Y directional velocity and acceleration responses of main structure, as well as the velocity of RS-TLCD itself, to 
facilitate bi-directional damping adjustment in real time. Furthermore, the variable angle algorithm balances instantaneous optimal 
parameters bi-directionally to achieve the best vibration control angle, resulting in superior bi-directional intelligent control 
performance.

To validate the intelligent control effectiveness of RS-TLCD, the case study in this paper adopts a 30-story bi-directionally eccentric 
frame structure. Fifteen groups of bi-directional seismic waves are selected for numerical simulation. The response of main structure is 
discussed under four cases: without control, two optimal passive TLCDs separately arranged in X and Y directions, two unidirectional S- 
TLCDs, and an RS-TLCD. All the four cases are subjected to bi-directional earthquake excitations. Through multiple simulations, 
conclusions can be drawn as follows: 

(1) Due to the influence of structural eccentricity, the vibration response of structure in Y direction is more significant than that in X 
direction under seismic excitations.

(2) The seismic mitigation performance of TLCD equipped with a semi-active control system is better than that of passive TLCD. 
Both RS-TLCD and S-TLCDs demonstrate superior control effect compared to passive TLCDs, in terms of maximum and RMS 
values of X and Y directional displacement, as well as torsion response. Generally, the vibration control outcomes of RS-TLCD 
and S-TLCDs are comparable in both X and Y directions.

Fig. 9. Comparison of structural displacement responses of all stories under the 5th group of bi-directional seismic excitation. (a) Maximum 
displacement in X-direction; (b) Maximum displacement in Y- direction; (c) Maximum torsion angle; (d) RMS of displacement in X-direction; (e) 
RMS of displacement in Y- direction; (f) RMS of torsion angle.

Table 8 
Structural displacement response reduction with signal noise.

Type Damper Maximum of X- 
displacement

Maximum of Y- 
displacement

Maximum of 
torsion angle

RMS of X- 
displacement

RMS of Y- 
displacement

RMS of torsion 
angle

Original S-TLCD 2.59 % − 0.06 % 7.06 % 7.29 % 12.55 % 15.72 %
Noise 0.02 % − 3.14 % 5.10 % 8.19 % 3.33 % 7.54 %
Original RS- 

TLCD
12.66 % 28.04 % 0.59 % 51.24 % 45.16 % 12.90 %

Noise 9.50 % 29.27 % 5.48 % 49.72 % 46.04 % 8.57 %

Fig. 10. Instantaneous parameters of two unidirectional S-TLCDs respectively under the 5th seismic excitation. (a) The instantaneous frequency; (b) 
The instantaneous orifice ratio.
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(3) As for torsion response, RS-TLCD exhibits better control performance than S-TLCDs in terms of maximum and RMS values of 
torsion angle overall. This advantage is attributed to the rotatable base of RS-TLCD, which enables real-time adjustment to the 
dominant vibration angle and maximizes the control force efficiency.

(4) The RS-TLCD which requires less space within structural space, can remain or even exceed control performance for bi- 
directional translational and torsional earthquake mitigation compared to two unidirectional passive TLCDs and S-TLCDs.
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