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Abstract:  This paper compares the control performance of a base-isolated building and that when active structural 

control (ASC) is installed in the building, and shows that the HSC is more practical than ASC. If a building employs base 

isolation, the natural period becomes longer. As an effect, the deformation of the base isolation may become longer than 

that of the allowable. Hence, it is difficult to simply use a base isolation for a high-rise building. This paper uses the 

combination with ASC and base isolation. 
 

 
1.  INTRODUCTION 

 

In the last a few decades, there are many studies about 

active structural control (ASC). The first implementation 

of full-scale ASC was the Kyobashi Center Building in 

1989  (B. F. Spencer et al. 2003). Many high-rise 

buildings have been constructed around the world in the 

past a few decades. Nowadays, many advanced control 

strategies are applied for ASC to improve control 

performance. For example, robust control (ex Yamada et 

al.1993, Bai at el. 2009 Zhang at el. 2014, Li et al 2014), 

fuzzy control(ex S. Pourzeynali 2006, Kwan-Soon Park et 

al. 2015), prediction control (Fall et al. 2006) and adaptive 

control(Amini et al 2013) are already applied for ASC. 

   On the other hand, passive structural control (PSC) 

has been used for many buildings to suppress vibration 

caused by winds and earthquakes.  

If a building employs base isolation, the natural 

period becomes longer. As an effect, the deformation of 

the base isolation may become longer than that of the 

allowable. Hence, it is difficult to simply use a base 

isolation for a high-rise building. Hybrid structural control 

(HSC), which combines PSC with ASC, provides us a 

possible way to solve this problem. However, to our 

knowledge, there are only very few studies on hybrid 

control (ex Avila, S.M et al. 2004). Moreover, those 

studies did not compare the control performance between 

ASC, PSC, and HSC. So, it is unclear if the HSC is 
superior to ASC and PSC. 

HSC uses less energy to mitigate vibrations of a 

building than ASC does. So, the HSC is practical. 

This paper compares the control performance of a 

base-isolated building and that when ASC is installed in 

the building, and shows that the HSC is more practical 

than ASC. 

 

2.  MODEL OF BASE-ISOLATED N-STORY 

STRUCTURE 

 

This study uses an N degree-of-freedom (DOF) shear 

building mode (Sato et al. 2014). Let Tu be the natural 

period of the first mode. Then, the height of the building 

is given by  

02.0/uTH  . (1)  

Let the damping of the first mode be ξ and the stiffness 

of the i-th story, ki (i = 1,…,N), is given by 
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where s  is the s-th natural frequency, is  is the s-th 

natural mode, N is number of the stories, and mi is the 

mass of the i-th floor. A isolated base is attached at the 

basement floor of the N- DOF building. Let the density of 

the base be ρb, the damping ratio for the period of base be 

ξb, the period of base be Tf, and the mass of the base be 

mb. 

 

The stiffness, Kb, and the damping factor, Cb, of the base  

are given by 
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where ms is the total mass of the N-DOF building. 

The dynamics of the N-story building are described by 
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where [x] is the vector of displacement of each story; [M] 

is the mass matrix; [D] is the damping factor matrix; [K] 

is the stiffness matrix; and [E] is the input matrix for u(t) 

when ASC is applied, otherwise, it is zero 

The state-space representation of (5) is  
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where ei = 1 if an ASC device is installed at the i-th story, 

otherwise, ei = 0 (i = 1, …, N). 

In (6), C is the output matrix, 
PRy is the measured 

output of the system, and Eu is the control input matrix 

determined by the placement of the active structural 

controller. 

 

3.  DESIGN OF ASC SYSTEM 

A state-feedback controller 

)()( tFztu   (7) 

is considered in this paper. The block diagram of the ASC 

system is shown in Fig. 1.Note that F = 0 if the ASC is 

not applied. 

This study designed the controller using the linear 

quadratic regulator (LQR) method, which has been used 

in many ASC systems. (A. Preumont et al. 2008). 

The following performance index 

 dttRututQztzJ TT






0
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has been widely used in the design of an LQR controller. 

In (8), Q > 0 and R > 0 are weighting matrices. F is given 

by 

,1 PBRF T  (9) 

where P is a positive symmetrical solution of the Ricatti 

equation 

.01   QPBPBRPAPA TT  (10) 

Note that this design does not take the absolute 

acceleration or the story drift into consideration, even they 

are important for the ASC of civil structures. 

In contrast, this study considered an LQR controller 

that minimizes the absolute acceleration and the story 

drift. 

First, let  be a linear transformation matrix that 

 

Figure 1. Block diagram of ASC system, (6) and (7). 

 

transforms q (t) into x (t), the vector of the story drift of 

each story 
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The following performance indexes J1 and J2 that take 

into consideration story drift and acceleration, respectively, 

are used: 
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where Q1 and Q2 are weighting matrices for absolute 

acceleration and story drift, respectively; and R1 and R2 

are weighting matrices for the control input. 

It is clear from (5) that 
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   (15) 

where 

).()()( 11 txDMtKxMtz    (16) 

Substituting (15) into (14) yields  
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On the other hand, since 

 

Figure 2. Accelerogram of ART Hachinohe earthquake. 

 

Figure 3. Pseudo velocity of accerelogram in Fig. 2. 
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letting 

 01  (20) 

and substituting (19) and (20) into (13) yields 
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This study optimized the following performance 

index: 
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where 
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T

za   (22) 

The resulting feedback-control gain is 
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where P is a positive symmetrical solution of the Ricatti  

equation 
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4.  COMPERISON BETWEEN PSC AND HSC 

A numerical example is used in this section to 

compare PSC and HSC. 

The accerelogram of ART Hachinohe earthquake was 

used in this study. For which, the pseudovelocity response 

spectrum, pSv, is 100 cm/s after 0.64 s. The accelerogram 

and pseudovelocity response spectrum are shown in Figs. 

2 and 3, respectively. 

Table 1. Parameters of isolated base for different Tu. 

Tu (s) Tf (s) ξb ρb (kg/ms) H (m) 

5 
8 

0.05 2551 

250 
6 

3 
6 

150 
4 

2 4 50 

 

Table 2. Relationship between coefficient of story shear 

for the first story and parameters of building model. 

 

As for the model of the base-isolated N-story structure，
we chose N = 11 (10 stories and an isolated base). Tu was 

chosen to be 5.0 s, 3.0 s, and 2.0 s for verification. Note 

that the natural period is relatively long. And the mass of 

each story was set to be 70000 kg; and the damping of the 

first mode, ξ 0.02. The density of the base isolation, ρb, 

damping ratio for the period of base isolation, ξb, and the 

period of base, Tf, are shown in Table 1. 

An ASC system was installed at the base-isolated floor. 

The following weighting matrixes were used to design the 

controller gain: 
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and α was chosen to be 12. 

4.1  Results of PSC 

First, the response of the building with only the base 

isolation, that is, the PSC, for the accerelogram in Fig. 2 

was tested. The results of the peak absolute acceleration, 

Tu=5.0 Tf=8.0 0.081

Tu=5.0 Tf=8.0 0.093

Tu=5.0 Tf=8.0 0.084

Tu=5.0 Tf=8.0 0.104

Model
Coefficient related to

control input
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inter-story-drift angle, and the displacement are shown in 

Figs. 4-6. 

In these figures, NC means that the building does not 

have the base isolation. Figs. 4-6 show that the 

introduction of the base isolation reduced the peak 

absolute acceleration, story drift, and displacement. If Tf 

becomes longer, the peak displacement will become 

bigger, and both the peak story drift and the peak 

acceleration will become smaller. 

The simulation results show that displacement of the 

layer of the isolated base for Tu = 3.0 s and 5.0 s is larger 

than 60 cm. This shows that it is difficult to use only the 

base isolation for a building with a long natural period. 

 

 

 

(a) Absolute acceleration  

 

(b) Story drift angle 

 

(c) Displacement 

Figure 4. Peak absolute acceleration, story drift, and displacement for PSC for Tu = 5.0 s. 

 

 

(d) Absolute acceleration 

 

(e) Story drift angle 

 

(f) Displacement 

Figure 5. Peak absolute acceleration, story drift, and displacement for PSC for Tu = 3.0 s. 

 

 

(g) Absolute acceleration 

 

(h) Story drift angle 

 

(i) Displacement 

Figure 6. Peak absolute acceleration, story drift, and displacement for PSC for Tu = 2.0 s. 

 

 

(a) Absolute acceleration 

 

(b) Story drift angle 

 

(c) Displacement  

Figure. 7 Peak absolute acceleration, story drift, and displacement for HSC for Tu = 5.0 s. 
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(a) Absolute acceleration 

 

(b) Story drift angle 

 

(c) Displacement  

Figure 8. Peak absolute acceleration, story drift, and displacement for HSC for Tu = 3.0 s. 

 

4.2  Results of ASC 

The relationship between the coefficient of the story 

shear for the first story and the parameters of building 

model is shown in Table 2. 

Figs. 7 and 8 show the simulation results when ASC is 

combined with PSC. 

It is clear from the figures that displacement of the 

layer of the isolated base was less than 65 cm, and the 

peak absolute acceleration was also smaller than that for 

the PSC. More specifically, For Tu = 5.0 s, the largest peak 

absolute acceleration reduced in 62%; and the largest 

story drift angle, 80%. And for Tu = 3.0 s, the largest the 

peak absolute acceleration reduced in 73%;, and the 

largest story drift angle, 71%. 

In addition, the coefficient of the story shear divided 

by the 2-norm of the control input is less than 0.2. This 

means that the HSC system suppressed the vibration 

without giving damage to the structure. 

 

6.  CONCLUSION 

This paper compares the PSC (base isolation) and 

HSC (base isolation and ASC). And simulations were 

carried out for a 11-DOF building model (ten stories with 

an isolated base) using the accelerogram of Hachinohe 

earthquake. The following points were clarified: 

1) Since the peak displacement of the base-isolated 

floor was bigger than that allowable, it is difficult to 

use the PSC for the model with its natural period 

being 3.0 s or 5.0 s. 

2) When the 11-DOF model employed HSC, the peak 

displacement of the base-isolated floor was less than 

65 cm. In addition, compared to the PSC, the peak 

absolute acceleration for the HSC was reduced in 

62% , and the peak story drift for the HSC was also 

reduced in 86%. 

3) The coefficient of the story shear divided by the 

2-norm of the control input was less than 0.2. So, the 

control input was very small and did not damage the 

structure. 
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