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Abstract 

 

Modern civil engineering structures are long and slender and they have less 

damping. Therefore they are subjected to large vibrations when earthquake or 

wind acts. These excitations may cause structural collapse of the structure. 

Therefore to control these vibrations supplementary control devices are used. 

Tuned liquid column damper (TLCD) is one of a passive control device to 

reduce the excitations. TLCD will transfer the energy from the structure to 

TLCD by the motion of water in a U-shape tube like devices fitted with an 

orifice opening. Due to this motion the excitations will reduced. Also a fuzzy 

controller is designed to control the output of the TLCD. In this paper, particle 

swarm optimized (PSO) fuzzy controller was introduced in to the TLCD-

structure system. The PSO will optimize the IF-THEN rules of fuzzy 

controller. The optimized results are compared with structure without TLCD, 

and fuzzy controlled TLCD-structure system. From this paper, the vibrations 

can be effectively suppressed with the proposed fuzzy controller. 

 

Keywords Vibrations, Tuned liquid column damper, Control device, Fuzzy 

logic controller, Particle swarm optimization. 
 

 

INTRODUCTION 

Recent civil engineering structures are light, long and low damping structures. Hence 

the excitation will affect the stability of the structures. Hence the researchers focus on 
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the structural control which decreases the excitations by dissipating the energy. The 

structural control can be done in three ways: as active, passive and semi active. There 

is no need of external force in passive system, but in an active system a large amount 

of external force was needed for its working. A small external power source like 

battery is used in Semi active devices. 

Tuned liquid column dampers (TLCD) are one of the varieties of a tuned liquid 

damper (TLD). This will reduce the vibrations by transferring the energy from the 

main structure to TLCD by the motion of water in a U-shape tube. Firstly the TLCD 

was proposed by Sakai et al [7]. The review of control devices is given [1]. Hybrid 

liquid column damper was suggested by Haroun et al [2]. Abe et al [3] studied the 

control laws for semi active TLCDs. Yalla et al [4], [5], Hrovet et al [6] etc were 

worked with semi active TLCD. Zeigler [8], Soong [9], Adeli [10] etc were also 

worked with various aspects of TLCD. Xu et al [12], Kareem [13], Sun et al [14] etc 

were studied the response of structures with TLCD to wind excitations. T.k Datta [15] 

studied about the active control devices. The response of structures with TLCD in 

earthquake loading was studied by Won et al [19]. Control algorithms are detailed in 

[11] and [18]. Pourzeynali [17] applied fuzzy control in variable stiffness device. 

The nonlinear behaviour of the structure due to excitation can be accounted by fuzzy 

logic. Fuzzy logic has been used in semi active control to vary mechanical properties. 

The fuzzy theory was first introduced by Zadeh [20] and Mamdani [21] successfully 

used ‘IF-THEN’ rule on the control of a steam generator, by applying Zadeh’s 

theories of linguistic approach and fuzzy inference. Brown and Yao [22], Juang and 

Elton [23] etc were applied the fuzzy set theory in civil engineering. 

Smart control methods provide a method of approximate reasoning like human 

decision making process. Fuzzy controller is one of a smart control method. Fuzzy 

logic provides a formal idea for presenting and implementing human knowledge 

about how to control a system. The effectiveness of the fuzzy controlled system which 

is subjected to unit step force is studied. 

 

 

THE STRUCTURE-TLCD SYSTEM 
The structure-TLCD system is shown in Fig 1. 

 

 
 

Figure 1: The structure-TLCD system 
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The equation of motion of the above system can be written as [1]: 

[
𝑀1 + 𝑚𝑑 ∝ 𝑚𝑑

∝ 𝑚𝑑 𝑚𝑑
] [

𝑥�̈�

𝑥�̈�
] + [

𝐶1 0
0 0

] [
𝑥�̇�

𝑥�̇�
] + [

𝐾1 0
0 𝑘𝑑

] [
𝑥𝑠

𝑥𝑑
] = [

𝐹(𝑡)
0

] + [
0
1
] 𝑢(𝑡)   (1) 

 

Where, 

𝑀1 −structural mass 

𝐶1 − damping coefficient of the structure 

𝐾1 − structural stiffness 

𝑥𝑠 − structural displacement 

𝑥�̇� − structural velocity 

𝑥�̈� −acceleration of the structure 

𝑚𝑑 −mass of the water column in the damper=(ρAl) 
𝑘𝑑 −stiffness of the water column in the damper=(2ρAg) 

𝑥𝑑 −displacement of the water in the damper 

𝑥𝑑 −̇ velocity of the water in the damper 

𝑥�̈� −acceleration of the water in the damper 

ρ _ density of water 

A-area of cross section of the tube 

l-total length of the water column 

α-length ratio (= b/l) 
b-horizontal length of the column 

g-gravitational constant 

F(t)-external force acting in the structure 

u(t)-control force 

 

In state space form (1) represented as, 

 𝑀𝑥(𝑡)̈ + 𝐶�̇�(𝑡) + 𝑘𝑥(𝑡) = 𝐸1𝑊(𝑡) + 𝐵1𝑢(𝑡)  (2) 

Then the state space form, 

 �̇�(𝑡) = 𝐴𝑋 + 𝐵𝑢   (3) 

Where X=[
𝑥
�̇�
] 

 A=[
0 𝐼

−𝑀−1𝐾 −𝑀−1𝐶
] 

 B=[
0

𝑀−1𝐵1
] 

The building response can be represented as 

 Y=CX+Du   (4) 

Where, 

 C=[I], D=[0] 
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FUZZY CONTROL 
The schematic diagram of fuzzy controller is shown in Figure 2. 

 

 
 

Figure 2: Fuzzy controller 

 

Fuzzification (fuzzifier) part converts crisp input values into fuzzy values. The 

knowledge base consists of a database of the plant. It gives all the required definitions 

for the fuzzification process. Rule base represents the controlling system of the 

network. It is represented as a set of if-then rules. Inference applies fuzzy reason to 

rule base to obtain the output. Defuzzification process converts fuzzy output to crisp 

values. 

The fuzzy logic controller designed here consists of two inputs, namely error (er), 

change in error (cer) and an output (cf). Seven linguistic variables are selected and 

they are NEB, NEM, NES, ZE, POS, POM and POB. A rule base with strength of 

forty nine rules is created by interconnecting different variables. The rule base is 

given in Table 1. Triangular shaped membership functions are chosen and are shown 

in the Figures 3 to 5. Fuzzy logic controller is implemented by using fuzzy logic 

toolbox of Matlab Simulink. 

 

Table 1: Rule base for fuzzy controller 

 

de 

e 

NEB NEM NES ZE POS POM POB 

NEB NEB NEB NEB NEB NEM NES ZE 

NEM NEB NEB NEB NEM NES ZE POS 

NES NEB NEB NEM NES ZE POS POM 

ZE NEB NEM NES ZE POS POM POB 

POS NEM NES ZE POS POM POB POB 

POM NES ZE POS POM POB POB POB 

POB ZE POS POM POB POB POB POB 
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Figure 3: Membership function for input1. 

 

 

 
 

Figure 4: Membership function for input 2. 
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Figure 5: Membership function for output 

 

 

PROPERTIES OF TEST SYSTEM 
The system is shown in Figure 6,[6]. The lumped mass on each floor of the structure 

is 1313386 kN and the stiffness matrix K in kN/m is 

 

(
4.5

0.0254
)

[
 
 
 
 

2000 −1000 0
−1000 4800 −1400

0 −1400 6000

0 0
0 0

−1600 0
 0  0  −1600
 0  0 0

6600 −1700
−1700 7400 ]

 
 
 
 

 

The damping ratio of structure is assumed to be 3% in each mode. From the eigen 

value, we got the natural frequency as 0.23, 0.35, 0.42, 0.49 and 0.56 Hz. 

The TLCD is placed on the top floor of the structure. The TLCD is designed as the 

liquid mass of TLCD is 1% of first generalized mass of structure, the length ratio α of 

TLCD is 0.9 and ξmax=15. 

 

 
 

Figure 6: The MDOF structure-TLCD system 
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The structure only is converted in to single degree of freedom and TLCD represented 

as second mode. Hence the combined system expressed as two degree of freedom 

system. The structure-TLCD system is analyses as TMD analogy system as in Figure 

1 and simulation done in Matlab Simulink. The system identification in Matlab 

Simulink was done as state space form. In this paper unit step loading is used for 

excitation. The analysis was done with structure without TLCD, with fuzzy controlled 

TLCD and PSO optimized fuzzy controlled TLCD system. 

 

 

PARTICLE SWARM OPTIMIZATION 

Particle swarm optimization (PSO) is one of the optimization techniques in order to 

optimize the performance of fuzzy logic controller. Here PSO optimize the fuzzy 

rules of fuzzy logic controller to get the optimized results. In PSO the initial 

population of the system is selected in a random manner and reaches the optimal 

solutions by updating the different generations. The potential solutions in PSO is 

called particles, move through the problem space by following the recent optimum 

particles [24]. 

Every particle monitors its coordinates in the problem space, which are related with 

the best fitness value it has reached so far. The best fitness value is also stored and 

that value is called pbest. Similarly another best value that is taken by the particle 

swarm optimizer is the best value, obtained so far by any particle in the neighbours of 

the particle. This position is called fbest. When a particle takes all the population as 

its adjacent neighbours, the best value is a global best and is called gbest. The 

algorithm process can be explained by the following steps: 

1.  Initialization each particle in the population, and take X(i) and V(i) randomly. 

2.  Evaluate the objective function of X(i) and calculate the value of fitness(i). 

3.  Initialize Pbest(i) with a copy of X(i). 

4.  From the values of fitness(i) select best value and keep it as the new fbest. 

5.  Choose the particle with the best fitness value from all the particles in the 

population as the gbest. 

6.  For each particle calculate velocity of the Particle and update the value of 

particle position. 

7.  Check the selected gbest value is right or wrong. 

8.  Repeat the process from step 2 until maximum iteration is reached. 

 

The new optimized rule base of fuzzy logic controller is given in Table 2. 
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Table 2: PSO Optimized Fuzzy Logic Rule Base 

 

de 

e 

NEB NEM NES ZE POS POM POB 

NEB NEB NEB NEB NEM NES NES NES 

NEM NEB NEM NEM NES NES NES NES 

NES NES NES NES NES NES NEM NEM 

ZE NES NES ZE ZE ZE ZE ZE 

POB POS POS POS POS POS POS POS 

POM POS POS PO POM POM POM POB 

POB POS POS POM POM POB POB POB 

 

 

RESULTS 
First the system is analyses with structure only i.e. structure without the TLCD. The 

block diagram of the system is shown in the Figure 7. Then fuzzy controlled TLCD 

system is analysed. The Matlab Simulink test model is given in Figure 10. Again the 

fuzzy controlled system optimized using PSO. 

 

 
 

Figure 7: Structure without TLCD 

 

 
 

Figure 8: Fuzzy controlled structure-TLCD system. 

 

The simulation results of each system are shown in Figures 9, 10 and 11 respectively. 

The absolute maximum displacement of each system is given in Figures. 

From the Figures 9 to 11, the absolute maximum displacement for structure only is 

5.5 x10-6m and that for fuzzy controlled systems and optimized systems are 2.28x10-

6m and 2.23x10-6m. The absolute maximum displacement of optimized fuzzy 

controlled system is smaller than other systems. The percentage reduction in fuzzy 
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controlled system is nearly 58.8% and in optimized fuzzy controlled system, the 

reduction in response is nearly 59.7%. Therefore fuzzy control with TLCD is more 

effective than structure without any control. It will give more response reduction than 

structure only. The most effective method to reduce the vibrations due to the loading 

is the optimized fuzzy controlled system. The displacement is reduced by modifying 

the rule base. Therefore we can conclude PSO optimized fuzzy control will be more 

superior to other systems. 

 

 
Abs.Max:5.5x10-6m 

 

Figure 9: Output of structure only 

 
Abs.Max: 2.28x10-6m 

 

Figure 10: Output of fuzzy controlled system. 
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Abs.Max: 2.23x10-6m 

 

Figure 11: Output of PSO optimized fuzzy controlled system. 

 

 

CONCLUSION 
From this study, we can see that optimized fuzzy controlled system is more efficient 

than other controlled systems. The performance of optimized fuzzy controlled system 

is increased by modifying the rule bases. TLCD is also very efficient in reducing 

vibrations due to the external forces. A combination of different intelligent control 

techniques can be applied for the control of structural displacements. The 

performance of the structure-TLCD system can be further improved by the 

application of hybrid optimization techniques. 
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