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SUMMARY: 
To guarantee function of vulnerable equipment during earthquake, response acceleration, relative velocity 
and base displacement of system should be simultaneously limited to allowable levels. These contradictory 
limitations cannot be achieved by using traditional strategies for broad range of ground motions. Accordingly 
semi-active control system because of reliability and adaptability with very low power supply are preferred to 
active and passive strategies.  
In this paper, efficacy of semi-active devices that employs magnetorheological (MR) dampers to control 
seismic response of equipment is investigated by using robust and optimum control algorithms. The results 
demonstrate, semi-active control effectively decreases response acceleration and velocity of equipment in 
compare to other strategy and hold its relative displacement to floor in least value. Furthermore it was shown 
active control strategy with H  algorithms in compare to passive strategy (isolation system) and semi active 
control with H /LQG algorithm show better performance to protect equipment. 
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1.  INTRODUCTION 
 
While security improvement of bridges, power plants, and dams against earthquake has drained 
special attention during recent years to itself, fewer efforts are launched for the improvement of the 
operation of critical equipment and its process during and after earthquake. According to historical 
records, economical loss of earthquakes as nonstructural damages can be more than structural ones. 
In Northridge Earthquake, for example, many facilities and devices were damaged and 
malfunctioned (Johnson, 2003). 
 
Application of passive control strategy in form of isolation system is one of the common methods 
in the protection of equipment. Lambrou and Constantinou (1994), underwent some comprehensive 
shake table on Friction Pendulum isolation Systems of raised floor under seismic loads and 
demonstrated efficacy of isolated raised floor to reduce input acceleration to equipment over 
flooring. However, excessive displacement for the isolator during high-amplitude and long period 
ground motions, such as near-fault excitations, could damage the isolation system and the 
equipment. Thus, in order to secure function of vulnerable equipment in earthquake their response 
acceleration and base displacement should be simultaneously limited to allowable levels. These 
contradictory performance objects cannot be achieved without smart and adaptable protecting 
system. In recent years many researchers have been conducted towards evaluation of active control 
for earthquake protection of sensitive equipment. Xu et al. (2003) studied on hybrid platform 
consisting of passive mounts and actively controlled hydraulic actuators to protecting high tech 
equipments against traffic induce micro vibration without considering earthquake. In 2000 a 
comprehensive numerical study carried out by Yang and Agrawal on applicability of various 
protective systems for both micro vibration control and seismic response control of sensitive 
equipment. Xu and Li (2006) explored the possibility of using double-layer passive isolation 
platform and hybrid platform with magnetostrictive actuators to ensure the functionality of high-
tech equipment when an earthquake occurs. They established Linear Quadratic Gaussian (LQG) 



 
 

algorithms to control magnetostrictive actuators. Active control strategy is in fact by correcting 
actuators specifications including stiffness and damping against the external dynamic loads in order 
to minimize dynamic responses enable equipment to continue servicing after earthquake. However 
there are serious questions about their reliability and power supply to protecting sensitive 
equipments during earthquake.  
 
Meanwhile, semi-active control strategy while holds adaptability of active system in effective 
reduction of response during extensive arrangement of the dynamic loading conditions without 
need of big energy resource, it insures stability of the system at the time of loading like passive 
strategy (Christenson, 2001). The semi-active device is in different forms; such as a variable 
friction damper (Yang and Agrawal, 2002; Lu et al., 2004; Chen and Chen, 2004), or variable fluid 
devices, like MR or ER damper (Sahasrabudhe and Nagarajaiah, 2005; Symans and Constantinou, 
1997; Dyke et al., 1998). Magnetorheological (MR) damper as a variable fluid device has number 
of attractive characteristics viz. small power requirements, reliability, and stability (Jansen and 
Dyke, 2002). However researches on application of semi active control and related algorithm for 
seismic protection of equipments are not many. In 2007, Shook et al. had an analytical and 
experimental study on hybrid isolation system that is comprised of a bidirectional roller–pendulum 
system and MR dampers to reduce the potential for damage to structures and sensitive equipment. 
They examined three contrasting control techniques include neural network, LQR/clipped optimal 
and fuzzy logic control. They revealed all considered control methods are effectively alleviated the 
seismic response of equipment but The LQR/clipped optimal controller with variable gains is 
superior to the other controllers. Fan et al (2009) investigated performance of passive and semi-
active control in the equipment isolation system for earthquake protection by conducting a shaking 
table tests on full-scale 3-story structures. Three control algorithms including the decentralized 
sliding mode control, LQR-H2 control, passive-on and passive-off control were examined under 
EL Centro, Kobe And Chi-Chi earthquake. Their results illustrate the effectiveness of decentralized 
sliding mode control however LQR control performance is poor if both building responses and 
equipment response are consider as feedback signals.  
 
A semi active control strategy may employ number of recently proposed however a proper 
selection of the control algorithm may be dependent on the available feedback measurements, the 
number of devices to be implemented and the type of nonlinearity presented in the semi-active 
device and structure. In this paper, protection of sensitive equipment inside building against 
earthquake as non structural element that may be damaged is studied. The protection method 
subject to study is about equipment stand on raised floor as one of common issues is controlled 
making use of smart semi-active strategy employing MR damper with H  and H /LQG control 
algorithms. To date many researchers have been performed on application of H  and H /LQG 
control algorithms and their stability in civil engineering structures (Yang and Lin (2004), 
Narasimhan and Nagarajaiah (2006), Spencer and Ramallo (2002) ,Nagarajaiah et al.(2002)). 
Semi-active device with H  and H /LQG algorithms because of robust and optimal properties of 
each algorithm and also considering external excitations provides the desired damping force and 
would be able to suppress the equipment responses semi-actively.  
 
Herein, MR damper with H  and H /LQG algorithms in combine with a clipped optimal algorithm 
is used to reduce response acceleration of equipment, while maintaining base drifts within an 
acceptable limit. To demonstrate the efficacy of this system, responses due to simulated ground 
motions with several intensities are presented. The effectiveness of the proposed smart semi-active 
system is demonstrated through comparison with passive isolation platform. 
 
 
2. MODULATION AND STATEMENT OF PROBLEM 
 

2.1. The Model of Study 
 
 

Dynamic specifications of equipment such as stiffness or damping may influence decision making 
in case of modulation and designing method. However any semi-active control device should be in 



 
 

combination of base isolators to provide flexibility for lateral movement of equipment (See Fig. 
2.1). 
 
Accordingly, Almazan et al. (1998) compared the parameters of rigid and flexible structure (period 
of 0.5 second) on FPS isolator. Result of such comparison showed that difference between the drift 
of the isolator for both of these superstructures is very low. Although most of the equipment parts 
are rigid, even if they become flexible they will not have considerable effect on the response of 
isolation system. Therefore, in isolated equipment, response of the seismic isolator system is 
acquired with acceptable precision with the assumption of 'equipment+ raised floor' in the form of 
rigid mass. On the other side, based on studies of Kulkarni and Jangid (2001) on variety of 
isolators, we may modulate superstructure for inconsiderably flexible structures (such as multistory 
buildings) in which condition, response of displacement of isolator and acceleration of 
superstructure corresponds to the response of the actual model with higher precision.  
 
In this study, the 'equipment+ raised floor' model presented by Lambrou and  Constantinou (1994) 
over computer centers has been used. Equipments, which are modulated in the form of 1-degree of 
freedom over the raised floor, hold the main frequency of 40 Hz and this corresponds to the former 
issues indicating use of rigid model for equipment. 
 
Fig. 2.1. represents the smart equipment isolation using MR dampers considered in this study for 
seismic protection of equipment. An MR-damper together with a friction pendulum isolation 
system is installed between the equipment and the floor to reduce the vibration of the equipment. 
The purpose of installing the MR-damper is to limit the relative displacement of the isolator under 
floor motion while reducing the acceleration response of the equipment. 
 

 
 

 
 
 

 
Figure 2.1. Schematic model of smart isolation system with MR damper  

 
According to Lyan and Ging ,2007 the characteristic of MR damper used in this study like 
maximum stroke, maximum force and electric current are assumed as 63.5 cm, 50 N and 1.8A 
respectively. 
 
2.2. Mathematical Model for Analysis 
 
Fig. 2.2. demonstrates a model with two-degrees of freedom which has been assumed for the 
control plan. Behavior of equipment and isolated raised floor are both assumed being linear. The 
motion equations in the state space for the seismic isolator system are presented as below: 
 
 
 
 
 



 
 

 
 
 
 
 
 
 

 
 

Figure 2.2.  Mathematical model for analysis 
 

Ẋ = AX + BU + Ex ̈                                                                                                              (2.1) 
 

	X = [x 			x 			ẋ 		ẋ ]                                                                                                            (2.2) 
 

In this model, x1 and x2 are respectively displacement of the raised floor and equipment in to floor, 
u and x ̈  are the damper practiced control force and seismic acceleration of the storey. m1, m2, k1, 

k2, and c1, c2 are respectively mass, damping, and stiffness coefficient for the raised floor and 
equipment. The other parameters in equation 26 are defined in following equations:  
 

A = [0] [I]
−M K −M C

					퐵 = 0					0			 1 푚 			0 						퐸 = [0					0		 − 1		 − 1]        (2.3) 

 

M = m 0
0 m 						퐾 = 푘 + 푘 −푘

−푘 푘 								퐶 =
푐 + 푐 −푐
−푐 푐                            (2.4) 

 
Mathematical model of the MR damper is represented with a combination of the Bouc-Wen model 
and a viscous damping element. The force generated by the MR damper shall be modeled as 
follows (Spencer et al. 1997): 
 

퐹 = c ẋ + αz                                                                                                                   (2.5) 
 

푧̇ = −훾|푥̇|푧|푧| − 훽푥̇|푧| + 퐴푥̇                                                                                  (2.6) 
 

The parameters of the MR damper model were identified to be 퐴 = 1 , 푛 = 1 , 훾 = 훽 =
58.622푐푚  and 푐 = 0.3327푁푠/푐푚 . A small time lag exists between the command and the 
damper force due to the inductance in the coil in the damper’s electromagnet and the time constant 
of the fluid. This lag is modeled with a first-order filter between the control voltage 휈 and the 
parameter 훼( ) representing the damper yield level given by: 
 

훼̇(푡) = −[훼(푡) − 푝 휈(푡) − 푝 ]휂                                                                                    (2.7) 
 

where 휂 = 2휋 × 11.0( ) ; 푝 = 3111.7( ) ; and 푝 = 161.47( ) . For brevity, only the 
responses of the MR damper at 1Hz sinusoid with an amplitude 15mm excitation are shown in Fig. 
2.3. for five constant electric current levels. The force-velocity loops show that with the increase of 
the electric current the damper force will markedly increase. It is also noted that in force-velocity 
loop due to the presence of an accumulation in the MR damper the damper force is not exactly 
centered at zero velocity.  As it shown at 0A the MR damper primarily exhibits the characteristics 
of a purely viscous device and the force-displacement relationship is approximately elliptical. 



 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.3. Characteristics of MR damper: Force-velocity  
 

MR dampers are nonlinear semi-active control devices that have significant potential to mitigate 
vibration and shocks. Because of their mechanical simplicity, high range, low power requirements, 
low cost, large force capacity, and robustness, these devices are suitable for various applications. 
Although they can only remove the energy from system, recent studies have shown that the MR 
dampers can achieve the majority of the performance of fully active systems.(Jimenez et al., 2002; 
Gavin et al., 2005). Since smart damping devices such as MR dampers have highly nonlinear 
characteristics, a number of different control strategies have been proposed. Dyke and Spencer 
(1997) compared several control algorithms appropriate for a MR damper and concluded that a 
clipped-optimal controller is most suitable for this class of dampers. The clipped optimal controller 
employs a desired optimal control force that is determined using linear optimal control design 
strategies such as H , H /LQG, and then subsequently clips the force to accommodate the intrinsic 
dissipative nature of smart damping devices. 
 
For this study, a clipped-optimal controller employing H  and H /LQG  strategy is used to reduce  
responses of equipment. Spencer et al. (2000) and Ramallo et al. (2000a,b) showed through 
simulation that this approach is effective for smart semi-active systems. The basic concept of this 
methodology is shown in Fig. 2.4. 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.4. Semi-active algorithms with clipped-optimal switching 

 
To track the optimal force, Dyke et al. (1996) proposed a clipped-optimal switching, defined by: 
 

휈 = 푉 퐻 (푓 − 푓 )푓                                                                                    (2.8) 
 

Where 휈 is voltage to the current driver associated with saturation of the magnetic field in the MR 
damper, and H(•) is the Heaviside step function. This control algorithm has the benefit that a model 
of the damper is not required in the control design. In this study, an alternative clipped-optimal 
control (on-off type) with a threshold is proposed in which the control voltage remains zero below 
minimum force, f min. Thus voltage shall be obtained as follows:  



 
 

휈 = {푉 .퐻 푓 − 푓 푓 ,				 푓 > 푓                                                      (2.9) 
 
휈 = 0																																																													표푡ℎ푒푟푤푖푠푒                                                      (2.10) 

 
The force generated by MR damper with and without clipped-optimal control under El Centro 
ground motion is shown in Fig. 2.5. As it seen, in the case of clipped-optimal control, if the 
magnitude of the force produced by the damper is smaller than the magnitude of the desired 
optimal force and the two forces have the same sign, the voltage applied to the current driver is 
increased to the maximum level so as to increase the force produced by the damper to match the 
desired control force. Otherwise, the commanded voltage is set to zero. 
 
 

 
 
 
 
 
 
 
 
 

 
 

 
Figure 2.5. MR damper force with and without clipped-optimal under El Centro ground motion 

 
Force applied on equipment inside building depends on the input seismic wave and structural 
specifications inside it. Therefore, in this study, the structural model assumed by Hamidi and 
ElNaggar (2007) are used for the study of the performance of sliding concave isolated raised floor 
system for the isolation of internal equipment of building. Fig. 2.6. represents seven-storey building 
and raised floor, including mass, stiffness, and damping matrices, and Table 2.1. demonstrates 
specification of “equipment+ raised floor” model has been used in this study. 
 
Here the records selected as the ground motion imposed on structure are El Centro (1940), Kobe 
(1995), Northridge (1940), Tabas (1978). The ground motion response of 4th and 7th storey is used 
as input motion to investigated effect of storey level on efficiency of semi-active system in 
protecting equipment. 
 

 
 
 
 

 
 

 
 
 
 
 

 
 
 

 
 

Figure 2.6.  Shear building as the primary structure and the sliding concave isolated raised floor system 
 



 
 

Table 2.1. Specification of “equipment+ raised floor” model 
 
 
 
 
 
 
 
 
 
 
 

 
 
3. DISCUSSING ON RESULTS 
 
At the beginning, response of equipment along with the seismic isolator and without MR damper 
settled over raised floor was studied under four different ground motions recorded on 4th and 7thstories 
by assuming natural period of two seconds for isolation system. Then by using MR damper with two 
different algorithm and two measuring displacement and velocity sensors, which  are lied on the first 
floor of mathematical model (see Fig. 2.2.), responses were compared with passive strategy. 
 
3.1. Comparing Obtained Results with Isolation Systems 
 
In Fig. 3.1.(a) and Fig. 3.1.(b) force generated by MR damper with clipped-optimal control and H  
algorithm are compared with H /LQG algorithm. As it shown force developed in MR damper under El 
Centro ground motion in the 7th storey based on clipped optimal control and by use of  H  algorithm 
is higher than H /LQG algorithm and it causes lower responses in equipment by using H  algorithm 
than latter one. Same results under three ground motions indicate that, in earthquake with higher 
acceleration level like Kobe earthquake, the difference between two algorithms will increase and MR 
damper with  H  algorithm can gain higher force and could have better performance in suppress 
responses of equipment. This result in other floors, since the input excitation induced to floor decrease 
in lower stories, damper force is decline and effectiveness of H  algorithm is reduced in compare with 
H /LQG algorithm. 

 
 
 
 
 
 
 
 
 
 

 
(a)                                                                           (b) 

 
Figure 3.1. MR damper force with clipped-optimal: (a) withH  ; (b) with H /LQG  

 
In Fig. 3.2.  and Fig. 3.3, time history acceleration and displacement response of equipments with and 
without MR damper using clipped-optimal control and H  algorithm are compared under El Centro 
ground motion in the 7th storey. As it shown, while maximum acceleration is reduced about 40%, the 
maximum displacement reduction in times around 7-9 seconds is more than 70%. This result expresses 

System Specification Values 

Raised Floor 

m1(Kg) 2631.53 
k1(N/m) 25946 

c1(N.sec/m) 330.5 
ξ  2% 

T1(sec) 2 
 
 

Equipment 

m2(Kg) 181.5 
k2(N/m) 11458874 

c2(N.sec/m) 1824 
	ξ  2% 

T2(sec) 0.025 



 
 

the fully effective performance of smart semi-active system under the H  control algorithm. 
Furthermore this reduction rate up to 75% is observed in the relative velocity of the system. 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
Figure 3.2. Comparison acceleration response of equipments with MR damper using H  algorithm and seismic 
isolation system (El Centro ground motion) 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 3.4. Comparison displacement response of equipments with MR damper using H  algorithm and seismic 
isolation system (El Centro ground motion) 
 
Fig. 3.5.  represents maximum acceleration under El Centro earthquake is reduced around 30% by 
using H /LQG control algorithm, while maximum displacement of system in Fig. 3.5. is about half 
value of this parameter by using seismic isolation. The reduction in relative velocity is in same order 
of displacement. 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
Figure 3.5. Comparison acceleration response of equipments with MR damper using H2/LQG algorithm and 
seismic isolation system  (El Centro ground motion) 
 



 
 

 
 
 
 

 
 

 
 

 
 
 
Figure 3.6. Comparison displacement response of equipments with MR damper using H2/LQG algorithm and 
seismic isolation system  (El Centro ground motion) 
 
The acquired results in 4th storey represent improvement in effectiveness of MR damper to reduce 
acceleration, displacement, and maximum velocity of equipment. It has to be mentioned as it was 
expected H  algorithm is more effective because of higher level of damping force and including 
robustness properties, in comparison with H /LQG  algorithm. As it is clear from the acquired results, 
making use of MR damper with clipped-optimal control and H  and H /LQG algorithms, response of 
the equipment under El Centro ground motion is controlled for the sake of both 4th and 7thstories in 
compared to the seismic isolation system. Fig. 3.7 (a) and Fig. 3.7 (b) compare the response of 
acceleration and displacement of system making use of MR damper and seismic isolator for the sake 
of 7th floor and under entire 4 seismic types respectively. The general point in case of the performance 
of the system is that for the   El Centro and Kobe earthquake, performance of system is very effective 
for the reduction of the maximum acceleration, lateral displacement and velocity. As it shown for all 4 
quakes, performance of smart system in reduction of equipment acceleration with H  is better in 
comparison with H /LQG algorithm, also this reduction for Northridge is more obvious. It has to be 
mentioned MR damper with clipped optimal control and H  algorithm perform better in comparison 
of latter algorithm in decrease of equipment displacement, specifically in case of Kobe this reduction 
is observable.  
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Figure 3.7.  Comparison:  (a) maximum acceleration response; (b) maximum displacement response 
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4. CONCLUSION 
 
In this study, protection of sensitive equipment inside building against seismic ground motion as 
members that may be damaged in earthquake and consequence of their damages may be irrecoverable 
was investigated. Efficacy of semi-active devices such as a MR damper to seismic response of 
equipment was investigated with clipped-optimal control and H  and H /LQG  algorithms in compare 
with passive seismic isolation strategy. The response comparison was carried out in seven stories 
generic building and in two different levels (4th and 7th floors) of structure. Results acquired showed 
that seismic isolator has considerably reduced acceleration of equipment but it has compensated by 
increasing response of displacement and velocity. However, by using MR damper improved response 
of the seismic isolator and besides reducing the lateral displacement of isolator it has reduced the 
acceleration as well. Considering the acquired results, it was made clear that function of the smart 
semi-active device (MR damper) with clipped-optimal control and H  and H /LQG algorithms is 
effective in reducing acceleration all ground motions. Results also indicate that function of the 
considered system is effective on reducing response of displacement and velocity under entire 
earthquake types. Finally, according to the carried out studies, as expected, it was discovered that the 
MR damper along with H  control algorithm with the consideration of the effect of external 
disturbances and excitations, has remarkably reduced response of acceleration, displacement, and 
velocity of equipment for both stories and it has effective performance. 
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