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Abstract.  In this paper, Simple Adaptive Control (SAC) method is used to mitigate the detrimental effects 
of earthquakes on MR-damper equipped structures. Acceleration Feedback (AF) is utilized since measuring 
the acceleration response of structures is known to be reliable and inexpensive. The SAC is simple, fast and 
as an adaptive control scheme, is immune against the effects of plant and environmental uncertainties. In the 
present study, in order to translate the desired control force into an applicable MR damper command voltage, 
a neural network inverse model is trained, validated and used through the simulations. The effectiveness of 
the proposed AF-based SAC control system is compared with optimal H2/LQG controllers through 
numerical investigation of a three-story model building. The results indicate that the SAC controller is 
substantially effective and reliable in both undamaged and damaged structural states, specifically in reducing 
acceleration responses of seismically excited buildings. 
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1. Introduction 

 

Over the past four decades, the approach for improving the response of civil structures under 

natural hazards, such as earthquakes and strong winds, has been moving from conventional passive 

control systems to effective and smart active or semi-active systems (Casciati et al. 2012). While 

any of these systems have well-known merits and demerits, control strategies based on semi-active 

devices have allegedly combined the best features of both passive and active methods; namely, by 

offering the inherent reliability of passive systems and the adaptability and versatility of active 

systems (Casciati et al. 2012, Housner et al. 1997, Choi et al. 2004). In contrast with the active 

systems, a semi-active device does not require large power sources and therefore cannot inject 

mechanical energy into the controlled system, which results in inherent stabilizing behavior of 

such devices (Spencer Jr and Nagarajaiah 2003). 

One of the most promising semi-active devices which belong to a family of controllable-fluid 

dampers is Magneto-Rheological (MR) damper. Having equipped with just one moving part, i.e. 

the piston, these dampers are mechanically simple and reliable. They use MR fluids which are able 

to reversibly change from a free-flowing linear viscous fluid to a semi-solid with controllable yield 
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strength when exposed to a magnetic field. As another merit of MR dampers, this process is so fast 

(i.e., it happens in milliseconds) and requires a low power which can be readily supplied by 

batteries (Housner et al. 1997, Bitaraf et al. 2010, Spencer Jr and Nagarajaiah 2003). 

Extensive studies have been carried out on MR dampers both analytically and experimentally 

for large-scale as well as model prototypes (Rodriguez et al. 2009a, 2009b, Bahar et al. 2010). Due 

to highly non-linear characteristic of MR dampers, establishing a dynamic model to reflect their 

accurate behavior is rather challenging. Spencer et al. (1997a) have conducted a number of 

laboratory experiments and proposed a phenomenological model for MR dampers based on Bouc-

Wen hysteresis model which has been widely used afterwards. Similar applications of Bouc-Wen 

model also have been reflected in literature (Domaneschi 2009, 2012).  In addition, neural network 

model (Chang and Roschke 1998), fuzzy model (Schurter and Roschke 2000) and polynomial 

model (Choi et al. 2001) are also developed subsequently. Spencer Jr et al. (Spencer Jr et al. 

1997b, Spencer Jr et al. 1998b) reported the design of a full-scale 20 ton MR damper and showed 

the capability of these devices for being used in practical civil engineering structures. In 2001, the 

first full-scale implementation of MR dampers for civil engineering applications was achieved in 

the Tokyo National Museum of Emerging Science and Innovation (Spencer Jr. and Nagarajaiah 

2003). Implementation of these devices for bridge structures has been investigated in China (Chen 

et al. 2003, Li et al. 2007). 

One of the challenges associated with the design and implementation of a control system with 

MR dampers, is determining the damper command voltage in order to produce the desired control 

force. Many proposed control algorithms modify the voltage by adopting on-off rules without 

taking into consideration any model for the MR damper behavior. These model-free strategies 

comprise clipped-optimal control, decentralized bang-bang control, control algorithm based on 

Lyapunov stability theory and modulated homogenous friction control (Dyke and Spencer Jr 1997, 

Ha et al. 2008). Another category of control methods based on an inverse model to provide 

required voltages also have been developed. Examples include inverse models based on neural 

networks (K-Karamodin and H-Kazemi 2010, Vadtala et al. 2013), fuzzy logic (Choi et al. 2004) 

and simplified mathematical inversions of MR damper phenomenological model (Tsang et al. 

2006, Zhang et al. 2011, Bitaraf et al. 2010). Most recently, research studies have been conducted 

to develop appropriate models as well as control algorithms that better adapt to MR damper 

devices in order to improve dynamic structural responses (Casciati et al. 2012, Mohajer Rahbari et 

al. 2013). 

The Simple Adaptive Control (SAC) method, as a type of Direct Model Reference Adaptive 

Control (DMRAC), was first introduced by Sobel et al. (1982) and further developed by the works 

of Bar-Kana and Kaufman (Bar-Kana and Kaufman 1985a, b, 1993, Kaufman et al. 1998), Bar-

Kana (Bar-Kana 1987, 1991), Bar-Kana and Guez (1990) and Iwai et al. (Iwai and Mizumoto 

1992, Iwai et al. 1993, Iwai and Mizumoto 1994, Iwai et al. 2006). The appealing advantages of 

SAC method with respect to other adaptive control methods include: (a) simplicity and speed, (b) 

applicability to large and complicated systems (e.g., non-minimum phase MIMO plants), (c) the 

ability to cope with internal uncertainties (e.g., unknown plant parameters and dynamics) and 

environmental disturbances and (d) successful experimental validation (Kaufman et al. 1998, 

Bitaraf and Hurlebaus 2013). 

In this paper, the SAC method is adopted for seismic control of MR-damper equipped structure 

using limited AF. In the literature, AF control strategies for active control of seismically excited 

structures have been developed theoretically and experimentally (Spencer Jr et al. 1994, Dyke et 

al. 1996a, Dyke et al. 1996b, Jabbari et al. 1995). Due to reliability and cost-efficiency of absolute 
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acceleration measurement using accelerometers, this paper tends to provide a practical and reliable 

semi-active control scheme. A Neural Network Inverse Model (NNIM) for MR damper is also 

developed to translate the SAC control force into actual damper force. The effectiveness of the 

proposed system is studied and evaluated through the numerical investigation of a three-story 

model building presented by Dyke et al. (1996b). 

 

 

2. Control algorithms 
 

2.1 Simple Adaptive Control (SAC) 
 
As a DMRAC scheme, SAC method was proposed by Sobel et al. (1982) as an attempt to make 

adaptive controllers simple. The “simple” here means that the method does not use identifiers or 

observers in its feedback loop and that the order of reference model can be much smaller than the 

order of controlled plant. This algorithm requires neither full state access nor prior knowledge of 

plant dynamics, but asymptotic stability requires the plant to satisfy Almost Strictly Positive 

Realness (ASPR) condition (Kaufman et al. 1998). 

The controlled plant is represented by 

pppp dux=x  pp BA
                                                            

(1a) 

0dux=y ppp  pp DC
                                                            

(1b) 

where xp is the plant state vector, up is the control input vector, yp is the output vector and dp and d0 

are plant and output disturbances, respectively. 

For a plant represented by the triple {A, B, C} the ASPR condition holds when there exists a 

constant feedback gain Ke (not needed for implementation) such that the transfer matrix 

    BAICG cs

1
s=s

                                                               
(2) 

where Ac=A+BKeC, is Strictly Positive Real (SPR). The SPR condition holds if there exist two 

positive definite symmetric matrices, P and Q, such that the closed-loop system using Ke satisfies 

simultaneously the following equations 

    0<Q=PCBKACBKAP ee 
T

                                            
(3a) 

T
C=PB                                                                        (3b) 

The ASPR condition can be identified by some plant characteristics as (Bar-Kana 1991): 

(a) The plant is minimum-phase (i.e., all zeros have negative real parts) 

(b) The product C×B is positive definite 

The ASPR condition for proper systems {A, B, C, D} also can be declared as: 

(a) The plant is minimum-phase  

(b) The D is positive definite 

Whenever the acceleration feedback is used, the plant is not strictly proper (i.e., D≠0) and the 

product C×B is not positive definite; thus the ASPR condition does not hold; however, due to 

inherent stability of MR damper system the plant must be able to be satisfactorily controlled 

despite mentioned limitation, which has to be verified through simulations. 
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The plant output yp must track the output of a desired well-behaved reference model 

mmm ux=x mm BA 
                                                        

(4-a) 

mmm ux=y mm DC 
                                                             

(4-b) 

where xm is the model state vector, um is the command input vector and ym is the model output 

vector. Defining an appropriate reference model that always behaves better than the plant is an 

important part of the SAC method. 

Then the measured tracking error 

    (t)ytyte pmy 
                                                               

(5) 

has to be minimized by the adaptive control system. The control command is then calculated by 

    )(= trttup K
                                                                    

(6) 

where 

    )(= ttt Ip KKK 
                                                               

(7) 

   TT

m

T

m

T

y (t)u(t)x(t)e=tr
                                                        

(8) 

The proportional and integral terms of adaptive gain K(t) are calculated as 

     TK p trt=et T
y                                                                   

(9) 

      (t)σtrt=et T
y II KTK 

                                                        
(10) 

where the positive definite matrices T  and T  and the positive value   are design parameters of 

SAC algorithm and should be tuned by the designer (Bar-Kana and Kaufman 1988). The block 

diagram of SAC method is shown in Fig. 1. 

 

2.2 H2/LQG optimal control 
 
A type of clipped-optimal controller based on AF has been proposed by Dyke et al. (1996b). 

The approach is to design a linear optimal controller Kc(s) that provides a desired control force fc 

based on measured responses y and measured damper force f. Due to stochastic nature of seismic 

ground motions, experimentally-verified H2/LQG strategies may be used to obtain the controller 

Kc(s). The desired control force is: (L{∙} is Laplace transform) 
































f

y
(s)L=Lfc cK

1

                                                         

(11) 

The state-space form of the controller Kc(s) is represented by 

    









f

y
x=x LDBLˆLCÂ

                                               

(12-a) 

x=fc
ˆK

                                                                  
(12-b) 

where x̂  is the estimated state vector using Kalman filter, matrix L is the observer gain matrix for  
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Fig. 1 Block diagram of SAC method for MR-damper equipped structure 

 

 

LQG (Linear Quadratic Gaussian), matrix K is the optimal gain matrix for LQR (Linear Quadratic 

Regulator) and A, K, C and D are plant state-space matrices. The L and K matrices can be 

calculated using MATLAB via kalman.m and lqr.m functions, respectively. 

The regulator is designed such that the cost function: (E denotes expected value) 

    








 dtrfzz
τ

J=E c

Tτ

τ

2

0

1
lim CQC

                                           

(13) 

is minimized and the weighting matrix Q and r are appropriately selected to get the best results. 

 

2.3 Clipping algorithms 
 

The command voltage v of MR damper is the only parameter that can be directly controlled to 

produce the desired control force. When no inverse model is considered for MR damper, clipping 

algorithms may be utilized to translate required control force into a voltage input. Several clipping 

approaches have been proposed in the literature (Dyke et al. 1996b, Yoshida and Dyke 2004, 

Purohit and Chandiramani 2011). In the original clipping algorithm (Dyke et al. 1996b), the 

optimal force is compared to the damper force and the command voltage is then calculated by 

  mrmrLQGi fffH=Vv max                                                        
(14) 

where Vmax is the saturation voltage of MR damper and H{∙} is the Heaviside step function.  

A modified version of this clipping algorithm has been subsequently proposed in (Yoshida and 

Dyke 2004) where a linear relationship between the applied voltage and the maximum damper 

force max
mrf  is considered and the command voltage is then calculated by 

  mrmrLQGcii fffHVv =
                                                      

(15) 

and 

 




 

max
mrLQGmax

max
mrLQG

max
mrLQGmax

ci
ffV

ffffV
V

>

/
=

                                            

(16) 
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Fig. 2 Realizable MR damper force zone in first and third quadrant of f−ẋ plane 

(Purohit and Chandiramani 2011) 

 

 

Recently, Purohit and Chandiramani (2011) have proposed a new algorithm based on realizable 

region of MR damper force and velocity that is named Inverse Quadratic Voltage Law (IQVL). In 

their work, a MR damper similar to the present study has been used and the realizable zone is 

defined graphically as shown in Fig. 2. Further, in the realizable zone, the inverse relation between 

damper force and voltage is approximately governed by the following quadratic equation 

0=2  vv                                                                 (17) 

where ( x  denotes damper velocity) 

xcczc bbubb


011=  
                                                           

(18a) 

      mrbbabbauabba fccxcccczcc 10010111=  
                            

(18b) 

  mraaaauaa fccxcczc 10011=  
                                             

(18c) 

n

u

A
z

1/

= 












                                                              

(18d) 

and zu is positive in first quadrant and negative in third quadrant. In addition to MR damper force, 

this algorithm requires the measurement of damper velocity. 

 

 

3. System dynamics 
 

3.1 MR damper dynamics 
 

The phenomenological model of MR damper is introduced by Spencer et al. (1997a) based on 

the response of a prototype MR damper through experimental studies. Fig. 3 illustrates the 

mechanical idealization of MR damper based on a Bouc-Wen hysteresis model which is governed 
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by the following simultaneous non-linear equations 

 011= xxkycF 
                                                              

(19) 

 
 )(

1
= 00

10

yxkxcz
cc

y 


 

                                                   

(20) 

   yxAzyxzzyxz
nn

 



1

=
                                            

(21) 

where F, x and x  are damper force, displacement and velocity, respectively; k1 is the accumulator 

stiffness with the initial displacement of x0; k0 is used to emulate the stiffness at large velocities; c0 

is the observed viscous damping at large velocities; c1 is included to produce the observed roll-off 

at low velocities; z is an evolutionary variable that describes the hysteretic characteristic of MR 

damper; γ and β affect the shape and A affects the slope of hysteresis loop, while n  governs the 

smoothness of linear to non-linear transition (Purohit and Chandiramani 2011). 

The voltage-dependent model parameters are given by the following equations 

uba  =
                                                                    

(22) 

uccc ba 111 = 
                                                                   

(23) 

uccc ba 000 = 
                                                                  

(24) 

 vuu =
                                                                   (25) 

where Eq. (25) is a first order filter to account for the dynamics of rheological equilibrium of MR 

fluid and v  is the command voltage sent to current driver. A total of 14 parameters for a prototype 

MR damper have been determined using constrained non-linear optimization of experimental data 

(Spencer et al. 1997a) and are given in Table 1. The saturation voltage for this prototype is 

reported as 2.25 V. The above model estimates the MR damper force based on three parameters, 

namely: (a) damper displacement, (b) damper velocity and (c) command voltage. 

In order to convert the required control force determined by SAC controller to the voltage, an 

inverse model of MR damper is indispensable. Due to the inherent non-linear characteristics of 

MR damper, it is challenging to obtain an analytical inverse model. In order to tackle this 

challenge, a feed-forward back-propagation neural network model has been suggested (Vadtala et 

al. 2013, K-Karamodin and H-Kazemi 2010). 

 

 
Table 1 Parameters for the prototype 1000 N MR damper 

Parameter Value Parameter Value 

c0a 21.0 N.sec/cm αa 140 N/cm 

c0b 3.50 N.sec/cm.V αb 695 N/cm.V 

c1a 283 N.sec/cm γ 363 cm
-2

 

c1b 2.95 N.sec/cm.V β 363 cm
-2

 

k0 46.9 N/cm A 301 

k1 5.00 N/cm n 2 

x0 14.3 cm η 190 sec
-1
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Fig. 3 The mechanical model of the MR damper 

 

 

A similar neural network architecture as the one proposed by K-Karamodin and H-Kazemi 

(2010) is adopted here that comprises two hidden layers and gets trained based on current and few 

(e.g., three) previous histories of randomly generated data of displacement, velocity and voltage 

(Fig. 4). The MR damper parameters, given in Table 1, are used for network training except that x0  

is set to zero in order to revoke initial offset caused by damper’s accumulator (Dyke et al. 1996b). 

 

3.2 Structural dynamics 
 

In this study, the model of a three-story shear building equipped with a rigidly-connected MR 

damper between the ground and the first floor of the structure is considered (Fig. 5). The motion of 

the structure in linear region is governed by the following equation 

gxfxxx   MΓKCM =
                                                   

(26) 

where M, C and K are mass, damping and stiffness matrices, respectively; Γ is the location matrix 

of MR dampers; f is the applied control force defined by Eq. (19); Λ  is a column vector of ones; ẍg 

is the one-dimensional ground acceleration and x is a vector of relative displacement of stories 

relative to ground. 
The structural measurements used in the proposed controller to generate the desired control 

force comprise only the absolute acceleration of the first floor. However, the displacement of MR 

damper which is equal to that of the first floor is also indispensable for damper force evaluation. 

Rewriting Eq. (26) in state-space form gives 

gxEfzz  BA=
                                                            

(27a) 

dfzy  DC=                                                               (27b) 

where
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where n=number of degrees of freedom, r=number of control forces, p=number of outputs and d is 

measurement noise which is neglected in this study. 
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Fig. 4 NNIM for MR damper; x(t−i) refers to displacement record at previous i
th

 time step, etc 

 

 

Fig. 5 Three-story model building equipped with the MR damper 

 

 

4. Numerical example 
 

To evaluate the performance of the proposed AF-based SAC controller, the three-story building 

(Fig. 5) is numerically studied. Responses of the SAC-controlled structure are then compared to 

those of the uncontrolled system, passive-on system (i.e., command voltage to MR damper is held 

at the saturation value: Vmax) and two optimal controllers. 

The system matrices are given as: (Dyke et al. 1996b) 

msecNkg /.

50500

5010050

050175

=;

98.300

098.30

0098.3

=







































CM
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Table 2 Earthquake records used in numerical study 

Earthquake name and date Station and component PGA (m/sec
2
) 

Imperial Valley (1940) El Centro (N-S) 3.417 

Takochi-oki (1968) Hachinohe (N-S) 2.25 

Northridge (1994) Sylmar County (N-S) 8.268 

Kobe (1995) KJMA (N-S) 8.178 

 

 

   TT5 111=;001=;/10

6.846.840

6.8413.76.84

06.8412

= 























mNK  

and MR damper parameters given in Table 1 are used in numerical study except for x0=0. 

Four earthquake records are studied in the simulations (Table 2) and as suggested in (Dyke et 

al. 1996b), because the considered building is a scaled model, the earthquakes are reproduced at 

five times the original recorded rate, i.e., time scale of 0.2 is applied. Three magnification factors 

of Peak Ground Acceleration (PGA) are considered (i.e., MF=0.5, 1 and 1.5) for each record. 

Since the significant aftershocks may occur soon after the main earthquake, the impact of 

degradation should not preferably affect the desired control performance. In order to evaluate this 

matter, a 20% reduction in stiffness matrix (i.e., 10% increase in fundamental period, 

approximately) is applied as a potential damage effect and the results are evaluated for both pre-

earthquake and post-earthquake structures. 

In SAC method, the reference model exhibits the desired behavior which should be tracked by 

controlled plant. Although the order of reference model is allowed to be smaller than the order of 

plant, the output orders should be the same since yp tracks ymp. Defining an appropriate reference 

model that always behaves better than the plant is an important part of the SAC algorithm. In this 

study, the reference model is chosen as a 2-DOF shear building with the system matrices given 

below 

)(10%=;/10
11

12
=;

10

01
= 5 modesallformNkg m




















mm KM  

where the acceleration of the first floor is taken as ym.  

The reference model has been designed through several iterations such that the high damping 

ratio guarantees the desired behavior of reference model. For the worst case of the all ground 

motion records which are considered in the simulations, the maximum relative displacement of the 

reference model is less than 4% in contrast with the uncontrolled plant and the maximum absolute 

acceleration of the reference model is less than 73% of the uncontrolled plant peak acceleration. 

The reference model must be chosen such that it fits to safety and serviceability requirements of 

acceleration and displacement responses. Fig. 6 compares the first story response histories of the 

reference model, uncontrolled structure and SAC controller for El Centro earthquake (MF=1), 

which shows the plant’s prefect model tracking.  

In order to increase the compatibility level of controller to ground motion characteristics, 

command input um is chosen to be the earthquake input applied to the structure which is monitored 

via an accelerometer. The SAC parameters are set through iterations to get the best results as: 
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Fig. 6 Comparison of the first story response histories of reference model, SAC controller and 

uncontrolled structure under El Centro earthquake (MF=1) 

 

 

Fig. 7 The validation process of trained NNIM 

 

 

Fig. 8 Validation of trained NNIM for a 3 Hz sinusoidal displacement with an amplitude of 1.5 

cm and randomly generated target voltage 

 
 

   0.01=;=;101111171= 66
2  ITT .diag

 

For LQG algorithm, as described in (Dyke et al. 1996b), the best results were obtained by using 

r=10
-17

 and choosing all the elements of the weighting matrix Q4×4 zero except for Q3×3=1. In 

designing the controller, the measurement noise is assumed to be identically distributed, 

statistically independent Gaussian white noise processes and 50=/
i

v
i

v
g

x
g

x SS   (i.e., 

    mI=50,= T
oo

T
pp ddEddE ; where m  is the number of outputs). 

285



 

 

 

 

 

 

F. Amini and M. Javanbakht 

Table 3 Summary of the first nine evaluation criteria for the benchmark problem 

Floor Displacement Inter story drift Floor Acceleration Base Shear 
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Fig. 9 Evaluation criteria for the undamaged structure controlled via SAC, CO, IQVLO and Passive-on 
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Fig. 10 Evaluation criteria for the damaged structure controlled via SAC, CO, IQVLO and Passive-on 

 

 

The validation process of NNIM is carried out using a flowchart shown in Fig. 7 (Zong et al. 

2012) and the results confirm that the predicted voltages and forces track the target ones suitably 

well (Fig. 8). 

Among the previously described optimal algorithms, Clipped-Optimal and IQVL-Optimal are 

considered here for comparing purposes and are referred to here as CO and IQVLO, respectively. 

As reported by (Purohit and Chandiramani 2011), IQVLO illustrates better performance when the 

Eq. (17) is substituted with the constant maximum voltage Vmax and therefore Eq. (17) is neglected 

in the simulations.  

Different evaluation criteria sets have been used in structural control studies to compare the 

performance of competitive control approaches. In this study, the first nine criteria defined in 
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benchmark problem (Spencer Jr. et al. 1998a) is used in which J1 to J9 stands for the criterion of 

floor displacement, inter story drift, floor acceleration, base shear, normed floor displacement, 

normed inter story drift, normed floor acceleration, normed base shear and control force, 

respectively (Table 3). Sufficient simulation time must be considered in order to compute normed 

criteria. 

Figs. 9-10 summarize the calculated evaluation criteria for different control strategies and 

different types of ground motion (e.g., both far-field: El Centro and Hachinohe, and near-fault: 

Northridge and Kobe, with different intensities) for undamaged and damaged structure, 

respectively.  

Although a less number of output measurements are used in SAC in contrast with CO and 

IQVO, and despite the simplicity of its structure, it shows to be efficient in both pre-earthquake 

and post-earthquake situations, specifically in reducing acceleration responses (J3). The SAC’s 

independency of plant parameters is verified through the post-earthquake evaluation as can be seen 

in Fig. 10. In almost all the cases, the SAC does not exhibit a worse behavior than other controllers 

while producing smaller control force as suggested by J9 criterion. The evaluation criteria suggest 

that the reference model and SAC parameters are selected appropriately and that the non-ASPR 

plant is suitably controlled via AF-based SAC method. 

 
 
5. Conclusions 
 

In order to provide a practical semi-active control system, in this study, a simple adaptive 

controller using AF is proposed to enhance the seismic response of a MR-damper equipped 

building. Numerical simulations are conducted to investigate the performance and superiority of 

the proposed control scheme for both pre- and post-earthquake structures under the effect of 

different ground motions. As the results indicate, compared to the optimal H2/LQG controllers, the 

SAC shows very desirable and efficient control performance even by using fewer output 

feedbacks. In almost all the simulation cases, the SAC exhibits a satisfactory result in contrast with 

the other controllers while producing smaller control forces. Another advantage of using the SAC 

method for a semi-active control scheme, which is verified through the simulations, is the inherent 

stability of such systems that allows the designer to tackle non-ASPR plants especially as the case 

of AF-based controller (where D≠0 and C×B<0). By combining AF which utilizes cost-effective 

and reliable sensors and the proposed SAC control algorithm, this research aims at proposing an 

applicable semi-active control system. 
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