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Abstract. The use of structural control in vibration mitigation is becoming increasingly common in 

buildings. Forces of nature such as wind and earthquakes show how buildings are vulnerable to their 

actions. A control technique that is gaining space is the structural coupling. This technique consists of 

connecting two adjacent structures using different control devices, so that control forces are exerted 

from one structure on the other to reduce the dynamic response of each structure individually and the 

coupled system. To study the efficiency of this technique, a system containing two adjacent structures 

was used. The system was modeled as having two degrees of freedom and subjected to seismic action 

of three earthquakes with different frequencies. In the first step of the analysis, a passive control device 

was used. The device parameters were optimized through a particle swarm optimization algorithm. In 

the second step, an actuator was used, an active control device, in which it was optimized by the Linear 

Quadratic Regulator. Finally, in the last step, the two devices, passive and active, were used together, 

composing an hybrid control. The results indicated the importance of the structure response in the 

performance of each control device. The coupling technique proved effective in mitigating vibration 

amplitude, with reductions of up to 80% in displacements and 85% in velocities and accelerations. 
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1  Introduction 

Excessive vibration in buildings is an increasingly evident problem. With a higher population 

density in urban centers, buildings grow vertically and, due to their higher heights, there is greater 

slenderness in these structures. Also, 1940 El Centro, 1994 Northridge and 1995 Kobe earthquakes, 

demonstrated the vulnerability of building construction to dynamic actions. 

In order to control excessive vibrations, structural control techniques are used. In addition to 

increasing the reliability level, these techniques generate material savings and allow the construction of 

structures with a low level of vibrations. Commonly, control types are classified into: passive, active, 

semi-active and hybrid. Essentially, vibration control devices act to absorb energy from the structure, 

reducing the amplitude of vibrations [1-4]. 

Active control devices apply forces to the structure through actuators that are connected to an 

external power source. This type of control requires algorithms that work through the response of the 

structure measured by sensors and calculate in real time the magnitude of these forces [5-6]. The basic 

form of an active controller is shown in Fig. 1. Passive control devices do not require an external power 

source. They are widely used in vibration control as they do not require the use of high technology. In 

addition, they have been used for a long time and their reliability and efficiency has been proven [6-8]. 

When two or more control types are combined, the technique is called hybrid control. Normally hybrid 

control systems require forces of smaller magnitudes on the actuators. In addition, they operate at a 

wider frequency range compared to passive control [6].  

 

Figure 1. Schematic of an active type controller 

Another control technique that has been shown to be effective in mitigating vibrations is structural 

coupling. The principle of this technique is to connect two adjacent structures by connecting elements 

using different control devices. Thus, control forces are exerted from one structure to another to reduce 

the dynamic response of each structure individually and the coupled system [10-18]. Initially suggested 

by Klein et al. [9], structural coupling has been increasingly studied for its good performance in 

controlling excessive vibration and preventing pounding between nearby buildings. 

Due to the advantages of the hybrid control and the efficiency of the structural coupling technique, 

the aim of this work is to verify the performance of the combined use of the two control techniques in 

an adjacent spring mass damper of two degree of freedom system. The passive control device has its 

mechanical properties, damping and stiffness, optimized through the particle swarm optimization (PSO) 

algorithm. In active control, an actuator controlled by the Linear Quadratic Regulator (LQR) algorithm 

will be used. 

2  Coupling of adjacent structures 

Structural coupling to adjacent structures is a type of structural control used to attenuate the 

amplitude of vibrations in structures subject to earthquake and high wind action. Studies performed by 
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Klein et al. [9] suggested a simple coupling, connecting two structures with cables capable of stretching 

and shortening to provide control forces. Already in 1987, Klein and Healy [22] proposed an algorithm 

for semi-active control, in which two adjacent buildings were connected by cables. In their studies, the 

authors found that to ensure system controllability it was necessary that the main natural frequencies of 

buildings should be distinct. These studies were the precursors for several published works on the subject 

[10-19, 23-31]. 

Graham's studies [10] indicated that the use of active controllers in connecting adjacent structures 

is more effective when compared to passive control. This is due to their adaptability to different load 

conditions. Christenson [23] used active control to mitigate vibrations from experimentally coupled 

adjacent structures. It was seen that accelerations were significantly reduced, indicating the effectiveness 

of active control. Also, there was a reduction in the coupled system response time. 

Using the LQR optimization algorithm, Christenson et al. [15] and Zhu et al. [24] conducted a 

comparative study of the use of different coupling devices in adjacent structures. In both studies, the use 

of semi-active [24] and active [15] dampers were more effective in the performance of decreasing 

vibration amplitude when compared to a passive control device. Pérez et al. [27] found in their studies 

that the effectiveness of the control method depends mainly on the properties of mass, stiffness and 

damping of adjacent structures.  

Palacios-Quinõnero et al. [28] proposed a control strategy by connecting two adjacent buildings 

with a passive actuator along with an active actuator on each floor. They found that when the active 

control system fails, a considerable reduction in the maximum inter-story drifts in both buildings is 

achieved by passive control. Pérez et al. [16] connect two adjacent buildings with a passive control 

device along with an active control device. It was found that the passive control system has no negative 

effect on the performance of the active control system. Studies by Park and Ok [29] showed that the use 

of the coupling technique in two adjacent structures with similar natural frequencies connected with a 

hybrid control device is efficient in vibration control.  

2.1 Mathematical modeling for coupled systems with 2 degrees of freedom (2DOF) 

In Fig. 2 it is illustrated an equivalent system of two adjacent coupled structures with fixed-base. 

The formulation is based on the work of [6, 10, 27]. 

 

 

Figure 2. System of coupled adjacent structures 

In the figure above 𝑚1
1 and 𝑚1

2 are the masses, 𝑘1
1 and 𝑘1

2  the stiffness and 𝑐1
1 and 𝑐1

2 the damping 

of the structures 1 and 2, respectively. Moreover, 𝑘3 and 𝑐3 are the stiffness and damping coefficient, 

respectively, of the connection between the two structures and 𝑥̈𝑔 an acceleration at the base of the 

system. The equations of motion for the two degree of freedom system is given by Eq. (1), where, 𝑴, 𝑪 

and 𝑲 are, respectively, the mass, damping and stiffness matrices of the coupled system; 𝒙(𝒕) is the 

system displacement vector. 

 𝑴𝒙̈(𝒕) + 𝑪𝒙̇(𝒕) + 𝑲𝒙(𝒕) = −𝐺𝑥̈𝑔 (1) 

 𝑴 = [
𝑚1

1 0

0 𝑚1
2],   𝑪 = [

𝑐1
1 + 𝑐3 −𝑐3

−𝑐3 𝑐1
2 + 𝑐3

],   𝑲 = [
𝑘1

1 + 𝑘3 −𝑘3

−𝑘3 𝑘1
2 + k3 

],   𝐺 = 𝑴{
1
1
} (2) 
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2.2 State space representation of coupled buildings 

The state space representation for the two degree of freedom coupled system is given by: 

 𝒛̇(𝑡) = 𝑨𝒛(𝑡) + 𝑩𝒇𝐹 + 𝑩𝒖𝑢 (3) 

Where, 𝒛(𝑡) is the state vector, 𝑨 is the system state matrix, 𝑩𝒇 is the disturbance matrix, 𝑩𝒖 is a 

location matrix, 𝐹 is the system input excitation and 𝑢 is the control forces. 

 𝒛(𝑡) = [

𝑧1

𝑧2
𝑧3

𝑧4

] = [

𝑥1

𝑥2

𝑥̇1

𝑥2̇

] (4) 

 𝑨 =

[
 
 
 
 
 

0             0
0             0

1            0
0             1

−
𝑘1

1+𝑘3

𝑚1
1

𝑘3

𝑚1
1

𝑘3

𝑚1
2 −

𝑘1
2+𝑘3

𝑚1
2

−
𝑐1

1+𝑐3

𝑚1
1

𝑐3

𝑚1
1

𝑐3

𝑚1
2 −

𝑐1
2+𝑐3

𝑚1
2 ]

 
 
 
 
 

 ,    𝑩𝒇 = [

 0 0
 0 0
1 0
0 1

],      𝑩𝒖 = [

0 0
0 0
1 0
0 1

] (5) 

The output equation is defined as: 

 𝒚(𝑡) = 𝑪𝒛(𝑡) (6) 

Where, 𝒚(𝑡) is the output vector and 𝑪 the output matrix. For this case, the matrix 𝑪 is an identity 

matrix with 4x4 dimension. 

3  LQR controller 

One of the main elements in the use of structural control techniques is an effective control algorithm 

to compute the magnitude of the internal forces to be applied to the structure [20-21]. The Linear 

Quadratic Regulator is one of the most widely used techniques for vibration control in structures subject 

to seismic actions. It is mainly used for active and semi-active type controls [20-21, 32-37]. LQR offers 

a systematic way of calculating the feedback gain matrix of each state and produces a stable system at 

the end. Optimal control forces are determined by minimizing the following cost function: 

 𝐽 = ∫ [𝒛𝑻𝑡𝑓

𝑡0
(𝑡)𝑸𝒛(𝑡) + 𝒖𝑻(𝑡)𝑹𝒖(𝑡)]𝑑𝑡 (7) 

where 𝑡0 is the initial time and 𝑡𝑓 is the finishing time of interest. The matrices 𝑸 and 𝑹 are 

weighting matrices whose magnitudes depend on the importance of each state variable and the control 

forces in the minimization process. In addition, the matrix 𝑸 is chosen to be semi-definite positive (𝑸 =
𝑸𝑻 ≥ 0) and matrix 𝑹 is positive symmetric (𝑹 = 𝑹𝑻 > 0). The control forces are given by: 

 𝒖(𝑡) = −𝑮𝒛(𝑡) (8) 

Where 𝑮 is the feedback gain matrix, and is given by: 

 𝑮 = 𝑹−𝟏𝑩𝒖
𝑻𝑷 (9) 

The matrix 𝑷 is determined by the Ricatti algebraic equation: 

 𝑷𝑨 − 𝑷𝑩𝒖𝑹−𝟏𝑩𝒖
𝑻𝑷 + 𝑨𝑻𝑷 + 𝑸 = 𝟎 (10) 

The controlled system is follow: 

 𝒛̇(𝑡) = (𝑨 − 𝑩𝒖𝑮)𝒛(𝑡) + 𝑩𝒇𝐹 (11) 

Thus, the effect of closed loop control is the modification of the state matrix 𝑨 (open loop system) 

for 𝑨 − 𝑩𝒖𝑮 (closed loop system) [6]. In Fig. 3 a schematic of the closed loop control system is 

presented. 
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Figure 3. Closed-loop control scheme 

4  Particle swarm optimization (PSO) 

This algorithm was used to optimize the mechanical properties of the passive control device. The 

Particle Swarm Optimization algorithm (PSO) is based on a population of individuals who adapt and 

return stochastically to previously well-defined regions. It was developed by Kennedy and Eberhart [38] 

and is inspired on the behavior of fish, bees and other animals. It is an easy algorithm to implement and 

requires less calculation time to minimize when compared to other methods [39]. 

The total objective function used is presented in Eq. (14) and consists of two parts. The first, 

Eq. (12), is to minimize the square of the maximum displacement of the two adjacent buildings. The 

second, Eq. (13), aims to decrease the value of the sum of squares of these displacements. 

 𝑓
𝑜𝑏𝑗1

= max{({Δ}1)2      ({Δ}2)2} (12) 

 𝑓
𝑜𝑏𝑗2

= ({Δ}1)2 + ({Δ}2)2 (13) 

 𝑓
𝑜𝑏𝑗𝑡𝑜𝑡𝑎𝑙

= 𝑓
𝑜𝑏𝑗1

+ 𝑓
𝑜𝑏𝑗2

 (14) 

where {Δ}𝑗 is maximum displacement of each structure, being (𝑗 = 1, 2). 

5  Numerical analysis 

Numerical analysis was performed using algorithms developed in MATLAB®. The system 

illustrated in Fig. 2 was subjected to the action of three different ground motions: 1940 El Centro, 1994 

Northridge and 1995 Kobe earthquakes. The excitations are applied at the base and have dominant 

frequency ranges between 0.3 and 7.0 Hz. In this way, a good frequency range is considered to evaluate 

the behavior of the models. 

In the first step, the algorithm using PSO was used to find the optimal values of damper constants 

𝑘3 and 𝑐3 that connect the two masses. Thus, a passive type control is used. Stiffness ranges from zero 

to 6.106 N/m and zero damping up to 6.106 Ns/m, based on industry-available dampers (Taylor Device, 

Inc.).  

In the second stage, the two masses are connected by an actuator, and the damper of the first stage 

is disregarded. Using a feedback system, the gain matrix 𝑮 was calculated using the solution of Riccati 

equation, whose algorithm is used in MATLAB. Thus, it is possible to determine closed-loop system, 

according to Eq. (10), this control being active. Finally, both types of controls were used together to 

verify the efficiency of controlling the system. This type of control is called a hybrid one. 

The mass, damping and stiffness values of each structure are reference values used by Pérez et al. 

[27] and are presented in Table 1. 
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Table 1. Properties of uncoupled structures [27] 

Structure Mass (kg) 

Damping 

coefficient 

(Ns/m) 

Stiffness 

coefficient 

(N/m) 

1 30000 36860 1.2580E+07 

2 82267 44986 6.8331E+06 

 

For LQR optimization the 𝑸 and R weighting matrices were chosen based on Graham's work [10]. 

 𝑸 = [

1 0
0 1

0 0
0 0

0 0
0 0

1 0
0 1

],    𝑹 = [
0.01 0
0 0.01

] (15) 

5.1 Results and discussions 

The first stage optimization results for the three earthquakes are presented in Table 2. 

Table 2. Optimization results 

Earthquake 𝑐3 𝑘3 𝑓𝑜𝑏𝑗𝑡𝑜𝑡𝑎𝑙 

El Centro 751190 0.00 0.004025 

Northridge 222790 1.9838E+06 0.016184 

Kobe 319670 2.9395E+06 0.025621 

 

Due to the different frequency ranges of earthquakes considered, the determined constants are 

distinct. For the El Centro earthquake, the constant 𝑘3 = 0 indicates a viscofluid damper, while for the 

Northridge and Kobe earthquakes they are viscoelastic dampers. A comparison between the 

displacements time history in structures 1 and 2 for the uncoupled, passive control, active control and 

hybrid control system is presented in Fig. 4 for the El Centro earthquake, in Fig. 5 for Northridge 

earthquake and Fig. 6 to Kobe earthquake. The velocities are shown in Fig. 7, Fig. 8 and Fig. 9, for El 

Centro, Northridge and Kobe earthquakes, respectively. In Fig. 10, Fig. 11 and Fig. 12 the accelerations 

are shown in the same way.  

For passive control, in the El Centro earthquake there was a 65% increase in the maximum 

displacement of structure 1. However, for structure 2, there was a reduction of 49%. For Northridge 

earthquake there was a 50% of reduction in the maximum displacement of structure 1. In structure 2 this 

reduction was 43%. In the Kobe earthquake, structure 1 achieved an insignificant reduction. However, 

for structure 2, there was a 67% of reduction in the largest displacement. 

Unlike passive control, efficiency was obtained in reducing the displacements in both structures for 

the three earthquakes considering active control. For El Centro earthquake there was a 52% of reduction 

in the displacement of structure 1. In structure 2, 73% of reduction in maximum displacement was 

achieved. For the Kobe earthquake, there was a 51% and 77% of reduction in the maximum 

displacement of structure 1 and structure 2, respectively. In the Northridge earthquake, the reductions 

in displacements were 62% in structure 1 and 66% in structure 2. These percentages are in agreement 

with the values obtained by Graham [10]. 

Hybrid control showed slightly lower efficiency than active control, but more efficient than passive 

control in reducing vibration amplitude. 

By coupling the structures with a hybrid control system, there was a 20% reduction in the vibration 

amplitude of structure 1 for de El Centro earthquake. In structure 2, the reduction was 76%. In the 

Northridge earthquake, the reductions were on average 65%. In the structure 2, for the Kobe earthquake, 

the reduction in vibration amplitude reached 77%. 
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Structure 1 Structure 2 

  

 Figure 4. Displacement response for El Centro earthquake.  

Structure 1 Structure 2 

  

Figure 5. Displacement response for Northridge earthquake.  

Structure 1 Structure 2 

  

Figure 6. Displacement response for Kobe earthquake.  

In the velocities, for passive control, there was a slight increase of 6% in structure 1 for the El 

Centro earthquake. In Northridge earthquake, there was a 54% of reduction in structure 1 and 18% of 

reduction in structure 2. For Kobe earthquake, in structure 1 velocities reduced by 22% and for 

structure 2 reduced by 60%. 

 Reductions of 70% were obtained in the active and hybrid control. In the Northridge and Kobe 

earthquakes, the efficiency of the active and hybrid controls are close, with reductions of up to 81% in 

maximum velocities.  
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Structure 1 Structure 2 

  

Figure 7. Velocity response for El Centro earthquake.  

Structure 1 Structure 2 

  

Figure 8. Velocity response for Northridge earthquake.  

Structure 1 Structure 2 

  

Figure 9. Velocity response for Kobe earthquake.  

The same behavior of the displacement responses was obtained in the acceleration response. For 

the El Centro earthquake, there was a 66% increase in structure 1 acceleration when using the passive 

control system. Reductions in active control were 73% and in hybrid control 76% in structure 2. The 

largest reductions were obtained in the Kobe earthquake, reducing 77% in accelerations for active and 

hybrid control. 

Table 3 shows the maximum displacement responses in structures 1 and 2 for the three earthquakes 

studied. Table 4 shows the maximum velocity results and table 5 the maximum acceleration results. 
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Structure 1 Structure 2 

  

Figure 10. Acceleration response for El Centro earthquake.  

Structure 1 Structure 2 

  

Figure 11. Acceleration response for Northridge earthquake.  

Structure 1 Structure 2 

  

Figure 12. Acceleration response for Kobe earthquake.  

Table 3. Maximum displacement response (m) 

Earthquake Structure 
Control System 

Uncoupled Passive Active Hybrid 

El Centro 
1 0.020 0.033 0.010 0.016 

2 0.075 0.038 0.020 0.018 

            

Northridge 
1 0.085 0.042 0.032 0.030 

2 0.150 0.085 0.046 0.051 

            

Kobe 
1 0.049 0.047 0.024 0.034 

2 0.327 0.108 0.076 0.075 
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Table 4. Maximum velocity response (m/s) 

Earthquake Structure 
Control System 

Uncoupled Passive Active Hybrid 

El Centro 
1 0.42 0.45 0.19 0.23 

2 0.70 0.51 0.23 0.21 

            

Northridge 
1 1.75 0.80 0.56 0.60 

2 1.37 1.13 0.55 0.64 

            

Kobe 
1 0.80 0.62 0.36 0.38 

2 2.94 1.16 0.56 0.55 

Table 5. Maximum acceleration response (m/s2) 

Earthquake Structure 
Control System 

Uncoupled Passive Active Hybrid 

El Centro 
1 8.33 13.80 4.09 6.73 

2 6.21 3.22 1.66 1.46 

            

Northridge 
1 35.63 17.80 13.37 12.53 

2 12.51 7.06 3.86 4.23 

            

Kobe 
1 20.60 19.60 10.08 14.47 

2 27.16 9.06 6.31 6.22 

6  Conclusions 

A comparative study using different control devices in the structural coupling technique was 

performed in this work. Two adjacent structures with distinct dynamic characteristics were used. The 

structures were subjected to seismic action using the accelerations records of three different earthquakes. 

The devices compared are the passive control, optimized through the particle swarm algorithm, the 

active control using a linear quadratic regular and finally the hybrid control using the two techniques 

together. 

In passive control, the optimization results suggest different dampers, which indicates the influence 

of the frequency range of the earthquakes used. In reducing the amplitude of vibrations, this type of 

control was effective in structure 1 only for the Northridge earthquake. However, for structure 2, this 

device was suitable for all three earthquakes. 

The active control performance was satisfactory in all three earthquakes for structures 1 and 2. 

Velocity and acceleration reductions of 80 % were established. These results are in agreement with 

authors who also used active control in vibration mitigation [10, 15, 24]. 

Hybrid control proved to be more effective for the Northridge earthquake when compared to the 

separate use of each control device. It can be noted the dynamic characteristics along with the 

characteristics of earthquakes, influence the performance of each device. Importantly, active control 

devices require an external power source for their operation. This can become a major disadvantage in 

a seismic action. Depending on the purpose, choosing to use both devices together may be a solution to 

this difficulty, as active control has little effect on passive control performance. 
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