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ABSTRACT: The effectiveness of an adaptive control strategy to control the 

performance of tall buildings under seismic loads is investigated in this study. The 

adaptive controller used in this research is based on the simple adaptive control method 

(SACM), which is a type of direct adaptive control approach. This method is applicable 

to multi-input multi-output systems. Also, it does not depend on plant parameter 

estimates. The SACM requires less prior knowledge of controlled structural systems. In 

addition, it is practical for online control of large-scale structures. These characteristics 

show that the SACM can be an appropriate method to control tall buildings with many 

degrees of freedom. The objective of the SACM is to make the plant, the controlled 

system, track the behavior of the structure with the optimum performance. In this study, 

the response of a 20-story building is controlled by a direct adaptive control strategy 

using ideal active devices. The SACM is employed to obtain the required force which 

results in the optimum performance of the structure. Time-history analyses of the 20-story 

building are performed to evaluate the performance of the adaptive controller. The SACM 

performance is compared to the performance of LQR. Results show that SACM can 

successfully improve the seismic response of controlled buildings against external 

loadings. 

 

1 INTRODUCTION 

Many severe events such as earthquakes and winds might happen to a structural system, impacting its 

structural performance and causing extensive damage. Structural damage resulting from natural 

hazards may cause human tragedies and enormous economic repercussions (Huang et al. 2004). For 

example, the Kobe earthquake (in January 1995 in Japan), with a 6.9 Richter magnitude, was very 

devastating. It took an estimated 5,500 lives, more than 36,000 people were injured, and over 200,000 

buildings were either damaged or destroyed. The economic damage amounted to roughly $200 billion. 

One of the challenging tasks for civil engineers is to mitigate the response of a structure subjected to 

dynamic loads in order to reduce the risks of damage and injuries caused by extreme hazards such as 

earthquakes and strong winds. Supplemental control devices can reduce the deformation or 

acceleration response of civil engineering structures and protect them from damage under external 

loadings and reduce tragic consequences of natural hazards (Adeli and Saleh 1999; Soong and Spencer 

2002; Chase et al. 2006; McCormick et al. 2006; Padgett and DesRoches 2008). There are mainly 

three classes of control devices, which are passive, active and semi-active devices (Housner et al. 

1997; Hurlebaus and Gaul 2006). One of the challenges in the application of active and semi-active 

control devices is using an appropriate control algorithm to determine the control command to the 

control device. Many control algorithms have been proposed to control the performance of structure 

equipped with active devices. Different control methods such as feedback control algorithms, fuzzy 

logic control, Linear Quadratic Regulator (LQR) theory (Chung et al. 1989; Reinhorn et al. 1989), 

Linear Quadratic Gaussian (LQG) control, and LQG/H2 (Suhardjo et al. 1992; Kozodoy and Spanos 

1994; Quast et al. 1995; Zhu et al. 1997) have been used to actively control the structural response of 

civil engineering systems (Wilde et al. 2001). 

Each of the above mentioned control strategies has its own merits and limitations depending on the 

application and desired response, and comparative studies are needed to evaluate the performance of 
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each control method. In this research, the Simple Adaptive Control Method (SACM), which is a type 

of direct adaptive control approach, is used to control the structural performance using ideal active 

devices. The SACM is chosen to control the performance of the structural systems subjected to 

external dynamic loads which can perform well in the presence of noise or any change in structural 

characteristics (Bitaraf et al. 2010a; Bitaraf et al. 2010b). An adaptive control method can 

continuously monitor its own performance in relation to a given condition and has a means of 

modifying its own parameters by a closed loop action to approach optimum performance (Wen and 

Balas 1989; Barkana and Kaufman 1993). In SACM, the desired behavior is characterized by a well-

defined model. The objective of this method is to force the plant to track the behavior of the model. To 

make sure that the plant trajectory tracks the model behavior, the system output is compared with the 

reference model output and necessary parameter adjustments are carried out. A system with a large 

degree of uncertainty in the presence of sudden load changes or with significant variation in its 

characteristics might benefit from using SACM (Sobel et al. 1982).  

A 20-story building designed for the SAC Phase II project are used in this research to study the 

effectiveness of SACM in controlling the behavior of the structure subjected to the earthquake. SAC is 

a joint venture of three nonprofit organizations: The Structural Engineers Association of California 

(SEAOC), the Applied Technology Council (ATC), and California Universities for Research in 

Earthquake Engineering (CUREE) (Ohtori et al., 2004). SAC buildings were designed for the Los 

Angeles region and also utilized for the third generation of the control benchmark problem. Linear 

behavior of the building is considered in this study.  

This article is organized as follows. The basis of the SACM is briefly described in Section 2. Section 3 

describes the case study used in this article. The performance of the SAC building controlled with 

SACM and LQR and subjected to different ground motions is studied in Section 4 followed by 

concluding remarks. 

2 SIMPLE ADAPTIVE CONTROL METHOD 

Figure 1 shows the block diagram of the adaptive control system. In addition to the feedforward of the 

model states and inputs,  the feedback of the error between the plant and model outputs are used in this 

methodology to control the performance of the controlled system (Barkana 1987). 
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Figure 1: Block diagram of adaptive control system 

 

The governing equations for the plant (the controlled system) and the model (the system with the 

desired performance) are (Barkana and Kaufman 1993) 

( ) ( ) ( ) ( )p p p p p ix t A x t B u t d t  (1) 
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0( ) ( ) ( )p p py t C x t d t  (2) 

( ) ( ) ( )m m m m mx t A x t B u t  (3) 

( ) ( )m m my t C x t , (4) 

where Ap and Am are state matrices, Bp and Bm are input matrices and Cp and Cm are output matrices for 

the plant and the model, respectively. The vectors xp and xm are the n×1 plant state vector and nm ×1 

model state vector. Also, yp and ym denote the plant output vector and the model output vector. The 

vector up is the m×1 input control vector, and um is the m×1 input command vector. The plant order is 

considered to be n, with m inputs and m outputs. The order of the model is nm, and ym is an m-order 

vector. It can be noted that for large structures with large number of states, there is no need to measure 

all of the states because the order of plant output, m, can be less than the order of the plant state, n. The 

variables di(t) and d0(t) represent input and output disturbances.  

Time-varying adaptive gains are used in the SACM to bring the tracking error to zero. The control 

command can be calculated by (Barkana and Kaufman 1993). 

T T T[ ( ), ( ), ( )] ( ) ( ) ( ) [ ( ) ( ) ]p e x u I P m p m mu K t K t K t r t K t K t y y x t u t . (5) 

The integral gain KI(t) and proportional gain Kp(t) can be calculated from (Barkana and Kaufman 

1993) 

T( ) ( ( ) ( )) ( ) ( )I m p IK t y t y t r t T K t  (6) 

T( ) ( ( ) ( )) ( )p m pK t y t y t r t T .                                                                                  (7) 

The scale matrices T and T are selected to be positive definite matrices and can control the rate of 

adaptation. The coefficient σ in Equation (6) is used to prevent the integral gain from reaching very 

high values or diverging in the presence of the disturbance and it can be extremely small (Barkana 

2005).  

3 CASE STUDY  

To study the performance of the SACM to control the behavior of tall buildings, a numerical 

simulation of a 20-story building with linear behavior is performed and the responses of the controlled 

structure are evaluated. This building is a steel moment resisting frame (SMRF) designed as part of a 

SAC steel project for the Los Angeles area; it has been used as a benchmark control problem (Ohtori 

et al. 2004). The North-South frame of the 20-story structure has five fully moment-resisting bays and 

its East-West frame has six moment-resisting bays (Figure 2). It is 30.48 m by 36.54 m in plan, and 

80.77 m in elevation (Ohtori et al. 2004). The seismic mass of the ground, first and 20th level are 

5.32×105 kg, 5.63×105 kg and 5.84×105 kg, respectively. The seismic mass of the second level to 

19th level is 5.52×105 kg. 

It is assumed that one ideal active device with the capacity of 1000 kN is located on each story. To 

evaluate the proposed adaptive control strategy, the performance of the 20-story building is studied 

when the structure is subjected to the El Centro and the Hachinohe earthquakes. The absolute peak 

acceleration of the earthquakes records are 3.42 and 2.25 m/s
2
, respectively. For the SACM, the value 

of σ, T and T are chosen to be 0, 1 I20×20 and 10000 I20×20, respectively. The output of the plant is 

defined as the velocities of each story. 

In this simulation the matrices Ap, Am, Bp and Bm are defined as 

1 1

0
p

I
A

M K M C
 (8) 
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1 1

0

(10 )
m

I
A

M K M C
 (9) 

0
p mB B

I
 ,                                                                                                            (10) 

where M, C and K are the mass, damping  and stiffness matrices of the 20-story building, respectively. 

As shown in Equation (9), the model is defined as a structure with the damping matrix equals 10 times 

the damping matrix of the 20-story building. The reason that the SACM model is chosen in that way is 

that the structure with larger damping matrix has smaller structural displacement, drift and 

acceleration. Also, more energy can be dissipated by the structure with more damping.   

 

Figure 2: 20-story benchmark building 

To study the effective of the SACM, the responses of the building controlled with the SACM are 

compared with the responses of the building controlled with the LQR. The weighting matrices, R and 

Q, for the LQR for both the active and semi-active devices are chosen as 

1000 40 40Q I  (11) 

100 20 20R I .                                                                                                               (12) 

3.1 Results and discussions 

Tables 1 and 2 compare the maximum displacement, velocity, acceleration and interstory drift of the 

controlled structure with the response of the uncontrolled structure when the structure is subjected to 

the El Centro and the Hachinohe earthquakes. It can be seen that the SACM significantly reduces the 

maximum acceleration. The maximum acceleration of the controlled structure is about 40% less than 

the maximum acceleration of the uncontrolled structure. The results show that the SACM is also 

effective in decreasing the maximum displacement and drift. In particular, the maximum floor 

displacements decrease by 35% and 37% for the El Centro and the Hachinohe, respectively. The 

profiles of maximum story drift and acceleration are shown in Figures 3 and 4. 
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Figure 3: Maximum interstory drift and absolute acceleration for each floor of the structure subjected 

to El Centro earthquake. 
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Figure 4: Maximum interstory drift and absolute acceleration for each floor of the structure subjected 

to Hachinohe earthquake. 
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 It can be seen that the SACM decreases the maximum drift of each floor and it never increases the 

interstory drift comparing the performance of the uncontrolled structure. Comparing the performance 

of the SACM and the LQR, it can be concluded that the SACM is more effective in reducing the 

maximum acceleration of each floor while the LQR is more successful in decreasing the maximum 

displacement and drift. 

 

Table 1. Maximum structural responses when structure is subjected to the El Centro earthquake 

 SACM LQR 
Uncontrolled 

Structure 

Maximum Displacement (m) 0.20 0.14 0.31 

Maximum Velocity (m/s) 0.56 0.55 0.93 

Maximum Interstory Drift (m) 0.019 0.02 .031 

Maximum Acceleration (m/s
2
) 3.3 4.0 5.7 

Maximum Force (kN) 1000 1000 - 

 

 

Table 2. Maximum structural responses when structure is subjected to the Hachinohe earthquake 

 SACM LQR 
Uncontrolled 

Structure 

Maximum Displacement (m) 0.22 0.14 0.35 

Maximum Velocity (m/s) 0.59 0.48 0.91 

Maximum Interstory Drift (m) 0.022 0.019 0.027 

Maximum Acceleration (m/s
2
) 2.4 2.7 4 

Maximum Force (kN) 1000 1000 - 

 

4 CONCLUSIONS 

In this study, the SACM was used to actively control the structural response of a tall building 

subjected to earthquakes. The effectiveness of the SACM to control the structural performance was 

investigated by a numerical example. In the control process, the reference model was defined as a 

structure with larger damping matrix which resulted in smaller maximum displacements, drifts and 

accelerations. The goal of SACM was to force the controlled structure behave like the reference 

model. The results show that the SACM can improve the performance of the structure with many 

degrees of freedom and the reference model chosen in this research helped the SACM to be more 

effective.  
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