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Abstract 

This paper proposes a Linear Quadratic Guassian Design (LQG) with based semi-active control algorithm for vibration reduction of building 
structures. The controlled damper force required by the structure has been calculated from an MR damper of load capacity 100N. A building frame 
has been selected to illustrate the performance of the proposed algorithm. Four different earthquake acceleration data has been used as input vibration 
data to the numerical frame. The proposed method of damping on the frame has been found to be more effective to reduce the structural response 
significantly in comparison with the conventional tuned liquid column damper. The developed method is efficient in providing the optimum control 
force required to the frame. Therefore, it minimizes the need of high damping capacity and the number of dampers. As a result, it reduces the cost of 
maintenance and structural control during earthquakes.  
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1. Introduction 

Different control systems and dampers have been studied to 
reduce the effect of seismic hazards in structures by 
researchers. Structural control is the one of the most effective 
way to achieve this goal. Semi-active control is found to be 
more effective than passive and active system.1, 2 Effective 
performance of the damping devices has become very 
important to ensure structural safety and serviceability criteria.  
Magneto rheological (MR) damper 3,4,5 appears to be 
promising for seismic protection of structures. It has 
advantages such as very low power consumption; ability to 
provide a readily controllable damping force, large achievable 
force capacity, low sensitivity to temperature changes and 
different control algorithms can be used for optimum 
performance. A magneto rheological damper 6 is filled with 
magneto rheological fluid which is controlled by magnetic 
field generated by passing electric current. When MR fluid is 
exposed to a magnetic field, dispersed micron-size iron 
particles align themselves along magnetic flux lines 
throughout the fluid.7 The iron particles resist being moved out 
of their respective flux lines and act as a barrier to fluid flow. 
The fluid viscosity increases within the damper as the current 
intensity increases and therefore the resistance to flow. 

Throughout the years, different researchers have tried to 
perform the vibration control of building structures by 
installing MR damper combining with various control 
algorithms8, 9 conducted a comparative study of different 
algorithms i.e., lyapunov stability theory, decentralized bang 
bang control, clipped optimal control, decentralized output 
feedback polynomial controller, simple passive control 
algorithms to evaluate control force and required voltage for 
the MR dampers. Kwok et al.10 developed multi objective 
binary coded GA to compare with passive control. Uz11 

performed a coupled building control where two adjacent 
shear buildings were considered with semi-active dampers 
installed in between those buildings. Aly12 developed control 
algorithms37,38,39,40 which were inspired by different other 
existing algorithms. The variation of input voltage of MR 
damper with respect to time was also considered. Kim13 
studied the effectiveness of smart top story isolation method 
for vibration control of the structures during seismic effect of a 
20 DOFs shear building with MR damper. Chang et al.14 
installed MR dampers in outrigger system to their building 
model. MR dampers were located between the outriggers and 
the perimeter columns. Bathaei et al.15 have implemented both 
tuned mass damper and MR damper together on a 11 degree of 
freedom building model as semi-active control using two types 
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of Fuzzy controllers. Hu et al.16 used clipped optimal control 
based on linear quadratic regulator algorithm to evaluate MR 
damper control forces. Gendeshmin et al.17 have done 
numerical simulation of an MR damper attached building 
frame using block pulse function as control algorithm. 
It can be observed from the aforementioned literature that the 
researchers have studied mainly on the following points. 

 Until now, the parameters of damping devices were 
the main area of focus in the field of structural 
control in civil engineering. 

 The behavior of the building frame has not been 
stabilized and controlled by proper control theory. 

 A linear optimal controller has been attached with the 
damper to generate the required control force to the 
structure.  

The present study proposes a semi-active control combining 
LQG control with clipped optimal control. LQG controller is 
unique and is simply a combination of Kalman filter i.e., a 
linear quadratic estimator (LQE) and linear quadratic regulator 
(LQR). Both the filters can be designed independently. LQG 
control applies to both linear time varying systems and linear 
time invariant systems. LQG Controller operates on a linear 
dynamic feedback law and works as a dynamic system like the 
system it controls. LQG Controller and the system both have 
the same state dimension. Therefore, this controller can be 
easily implemented and computed numerically in comparison 
with conventional control algorithms i.e., clipped optimal 
control. Clipped optimal controller has been popular to 
compute the voltage required to the damper to generate control 
force. The voltage required by MR damper to generate the 
required damper force is calculated by Clipped optimal control 
method. 

A linear MR damper18 designed based on Bingham model and 
is installed to a three storey frame to reduction the vibration 
effect on the frame. MR damper location was optimized. The 
efficiency of MR damper over a TLCD controlled building 
frame was evaluated. Efficacy of the proposed algorithm has 
been evaluated in comparison with the conventional LQG 
controlled MR damper-building frame system. Parametric 
study has been carried out for four different earthquakes in 
two different Building frame models. 

2. Semi-active control of frame 

One symmetric was modeled and dynamic and state space 
modeling of the frame was performed. An MR damper of 
100N load capacity is introduced to model Linear Quadratic 
Gaussian (LQG) control designed The LQG algorithm 
optimize the damper force generate from the MR damper 
according to the need of the vibrated structural frame for 
different seismic excitations. Therefore, the optimized MR 

damper force reduces the vibration of structural frames up to 
optimal level. A comparison of the proposed semi-active 
method is performed with that of a TLCD installed structural 
frame case.  The equation of motion19, 41 of the frame with 
structural Rayleigh damping for the nodal displacements 𝑢 is 
given in Equation 1.  

𝑀𝑢̈ + 𝐶𝑢̇ + 𝐾𝑢 = 𝑓௚(𝑡) 
 

(1) 

Where, 𝑀 is the mass matrix, 𝐶 is the damping matrix as given 
in Equation 2, 𝐾 is the stiffness matrix, 𝑢 is the displacement 

response due to 𝑓௚(𝑡)  dynamic load with time 𝑡 . Rayleigh 

damping is used with damping ratio 1% -2% for high rise 
building.  

𝐶 = 𝑎଴𝑀 + 𝑎ଵ𝐾 
 (2) 

where, 𝑎଴  and 𝑎ଵ  have units of s-1 and s, respectively. The 
damping ratio in nth mode is calculated as per the following 
Equation 3.19  

𝜉௡ =
𝑎଴

2

1

𝜔௡

+
𝑎ଵ

2
𝜔௡ 

 (3) 
 

where, ωn is the natural frequency of nth mode. Equation (1) 
can be further modified to Equation (4) to show the 
contribution of two dynamic input forces to the structural 
frame such as earthquake vibration force and feedback-
controlled MR damper force. 
𝑀𝑢̈ + 𝐶𝑢̇ + 𝐾𝑢 = Г𝑓 − 𝑀𝛬𝑥̈௚  (4) 

Г = [1 0 0]்;  𝛬 = [1 1 1]்  (5) 
The state space model of a dynamic system20 described in 
Equation (1) and Equation (4) can be represented with state 
space equation and output equation as shown in Equation (6) 
and Equation (7) respectively. 
𝑧̇ = 𝐴𝑧 + 𝐵𝑓 + 𝐺𝑥̈௚  (6) 

𝑦 = 𝐶𝑧 + 𝐷𝑓 + 𝑣୫  (7) 

The vectors 𝑧  and x  in this model can be represented as 
Equation (8). 

𝑧 =  ቂ
𝑢̇
𝑢

ቃ ;  x =  ൤
𝑓
𝑥௚̈

൨ 
 (8) 

 
𝑓 is the measured force generated between the structural frame 
and MR damper. 𝑣୫  is the measurement noise vector. The 
state space model has been prepared according to the Equation 
(6) and Equation (7) are shown in Equation (9). 
  

𝐴 = ቂ−𝑀ିଵ𝐶 −𝑀ିଵ𝐾
0 𝛬

ቃ ; 𝐵 = ቂ−𝑀ିଵГ −Г
0 −𝛬

ቃ ; 𝐶

= ቂ−𝑀ିଵ𝐾 −𝑀ିଵ𝐶
Г 0

ቃ ; 𝐷

= ቂ−𝑀ିଵГ
0

ቃ 𝐺 = − ቂ
0
𝛬

ቃ 

 (9) 
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Here, the displacement response of the frame has been 
calculated through linear simulation of the dynamic system. 
Controllability21 property plays a crucial role in many control 
structural frames, for stabilization of unstable systems by 
feedback, or optimal control. 

3. Linear MR damper 

 A model of three storey frame is considered with a single MR 
damper to develop a suitable method to control the responses. 
In this model, in the post-yield area (for a stress greater than 
the shear stress, which depends on the magnetic field strain H, 
i.e. for (𝜏 ≥ 𝜏௬)  ,the MR fluid behaves like a visco-plastic 

material. For positive values of the shear rate, 𝛾̇  , the total 
stress is given in Equation (10). 

𝜏 = 𝜏௬(௙௜௘௟ௗ) + 𝜇𝛾̇
                                                               

(10) 

Where, 𝜏௬(௙௜௘௟ௗ) is the yield stress induced by the magnetic (or 

electric) field and 𝜇 is the viscosity of the fluid. The Bingham 
model [26] consists of a Coulomb friction element placed in 
parallel with a viscous damper. In this model, for nonzero 
piston velocities, the force generated by the device is given in 
Equation (11). 

𝐹 = 𝑓௖𝑠𝑔𝑛(𝑥̇) + 𝑐଴𝑥 + 𝑓଴                                                    
(11) 

Where, 𝑐଴  is the damping coefficient and 𝑓௖ is the frictional 
force, which is related to the fluid yield stress and 𝑓଴ is the 
accumulator force generated due to piston movement. An 
offset in the force is included to account for the nonzero mean 
observed in the measured force due to the presence of the 
accumulator. The parameters considered for modeling the MR 

damper numerically are 𝑓௖ = 95N, 𝑐଴ = 50N.
ୱୣୡ

ୡ୫
, 𝑓଴ = −10𝑁. 

The command voltage has a maximum value of 10v. The 
linear MR damper force is modeled in MATLAB 
programming. The initial damper force generated considering 
the parameters are shown in Fig. 1. The damping force 
generated from the linear model is further optimized by the 
developed algorithm (LQG) as per the requirement of the 
vibration structural frame in the study. 
 
 

 
Fig. 1 Force of a linear MR damper  

 

 
 

Fig.2 Linear time –invariant system 
 

4. Linear Quadratic Gaussian (LQG) controller 

Optimal control design is based on obtaining a system that is 
the best possible with respect to a certain performance index 
or design criterion.20 An optimal control structural frame uses 
the state space representation of the system as in equations 
Equation (6) and Equation (7) and it can be mathematically 
represented by the following Equation (12). A linear time 
invariant system is shown in Fig. 2. 
 

𝐽 = න 𝐹[𝑧(𝑡), 𝑥(𝑡), 𝑡]𝑑𝑡

௧మ

௧భ

 

 
    (12) 

Equation (12) is subjected to the constraint described in 
Equation (6). The initial state is considered as 𝑧(𝑡ଵ) = 𝑧଴. The 
performance index 𝐽 is a scalar quantity and consists of the 
integral of scalar function of state vector and control vector. 
The state equation of the dynamic system in Equation (6) 
which is to be controlled is interpreted as constraints in this 
control design problem. In a linear system, the design 
objective is to keep the states of the system at an equilibrium 
state and the system should be able to return to its equilibrium 
state from any initial state. Therefore, the performance index 
of a Linear Quadratic Gaussian problem can be written by 
means of a linear regulator problem. The objective is to find 
the control input force 𝑓 which at every time 𝑡 only depends 
upon the past output 𝑦(𝑡ଵ), 0 ≤ 𝑡ଵ < 𝑡 such that the following 
quadratic cost function in Equation (13) is minimized for 𝐹 ≥

0; 𝑄(𝑡) ≥ 0; 𝑅(𝑡) ≥ 0; 

𝐽 = 𝐸ௗ[𝑧்(𝑡ଵ)𝐹(𝑡ଵ)𝑧(𝑡ଵ) + න (𝑧்𝑄𝑧 + 𝑥்𝑅𝑥)𝑑𝑡

௧భ

௧మ

 

where, the constraints are placed on both the state and control 
vectors. 𝐸ௗ  denotes the expected value. The final time 
(horizon) 𝑇 may be either finite or infinite. If the horizon tends 
to infinity the first term 𝑧்(𝑡ଵ)𝐹(𝑡ଵ)𝑧(𝑡ଵ) of the cost function 
becomes negligible and irrelevant to the problem. The LQG 
controller solves the LQG control problem specified by a set 
of equations in Equation (14). 

𝑧̇̂(𝑡) = 𝐴(𝑡)𝑧̂(𝑡) + 𝐵(𝑡)𝑥(𝑡)

+ 𝐾௔(𝑡)൫𝑦(𝑡) − 𝐶(𝑡)𝑧̂(𝑡)൯, 𝑧̂(0)

= 𝐸ௗ[𝑧(0)] 

    

 
𝑥(𝑡) = −𝐿௔(𝑡) 𝑧 ̂(𝑡)  (14) 
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Kalman gain and feedback gain are shown in the following 
Equation (15) and Equation (16). 
𝐾௔(𝑇) = 𝑃(𝑡)𝐶்(𝑡)𝑊ିଵ(𝑡)  (15) 
 
𝐿௔(𝑡) = 𝑅ିଵ(𝑡)𝐵்(𝑡)𝑆(𝑡)  (16) 

𝐾௔(𝑡)  can be computed by solving the following Ricatti 
equation in Equation (20) that solves Linear quadratic 
estimation problem (LQE). 
 

𝑃̇(𝑡)

= 𝐴(𝑡)𝑃(𝑡)+ 𝑃(𝑡)𝐴்(𝑡)

− 𝑃(𝑡)𝐶்(𝑡)𝑊ିଵ(𝑡)𝐶(𝑡)𝑃(𝑡) + 𝑉௠(𝑡) 

  

 
𝑃(0) = 𝐸ௗ[(𝑧(0)𝑧்(0))]  (17) 
 
𝐿௔(𝑡)  can be calculated similarly by solving the following 
Ricatti equation in Equation (18) that solves Linear quadratic 
regulator problem (LQR).  
 

−𝑆̇(𝑡) = 𝐴்(𝑡)𝑆(𝑡)+ 𝑆(𝑡)𝐴(𝑡)

− 𝑆(𝑡)𝐵(𝑡)𝑅ିଵ(𝑡)𝐵்(𝑡)𝑆(𝑡)

+ 𝑄(𝑡) 

  

 
𝑆(𝑇) = 𝐹  (18) 
 
Given the solution 𝑃(𝑡), 0 ≤ 𝑡 ≤ 𝑇 and  𝑆(𝑡), 0 ≤ 𝑡 ≤ 𝑇. The 
controller 𝐾௖(𝑠)  has been developed using LQG methods8 
which was defined previously. The major advantage of the 
LQG design is that it not only controls the output response of 
the controllable states for desired values but also reduce the 
response of uncontrollable states. A structural frame control 
with MR damper on top floor is depicted in Fig. 3. 
 
 

 
Fig. 3 A three story structural frame control system with MR 

damper on top floor 
 

5. Clipped optimal controller 
The control force and the voltage required for the MR damper 
to generate the optimal LQG controlled damping force is 

calculated and controlled using a clipped-optimal controller 
throughout the simulation. The control force, 𝐹௢ based on the 
measured responses 𝑦 , and the measured force 𝐹௠  from the 
Equation (19). 

𝐹௢ = 𝐿ିଵ ቈ𝐾௖(𝑠)𝐿 ቂ
𝑦

𝐹௠
ቃ቉                                                     (19) 

Where, 𝐿 is a Laplace Transform. The compensator gain has 
been obtained from LQG strategy. The force generated by the 
MR damper cannot be changed directly only the voltage 
applied to the current driver for the MR damper can be directly 
changed. The algorithm for selecting the command signal is 
graphically represented in Fig. 3 and can be concisely stated in 
Equation (20). 

𝑣 = 𝑉௠௔௫𝐻{(𝐹௢ − 𝐹௠)𝐹௠}                                                 (20) 

Where,  𝑉௠௔௫  is the voltage to the current driver associated 
with saturation of the magnetic field in the MR damper and 

H  is the Heaviside step function and v is the voltage 
required. 

6. Tuned Liquid Column (TLCD) Damping  

To evaluate the ability of MR damper over passive dampers, a 
passive tuned liquid column damper has been developed and a 
comparative study is done in the present work. Tuned liquid 
column damper27 is generally used as a passive damper for 
vibration reduction for many years. Compared to other passive 
dampers, the advantages of TLCDs comprise low installation 
costs, easy application to either new buildings or retrofitting 
existing structural frames, a simple tuning mechanism and 
virtually no maintenance requirements. In the present study, a 
tuned liquid column damper has been designed numerically 
and attached to the top floor28,29,30 of the aforementioned 
structural frame. A model of a structural frame with a TLCD is 
shown in Fig. 4. 
The dynamic equation of the structural frame (Equation 1) 
attached with TLCD and the TLCD alone was represented in 
Equation (21 to 24). 
 
Primary mass: 
 (𝑀 + 𝑚ௗ)𝑢̈ + 𝐶𝑢̇ + 𝐾𝑢 = −𝑀𝛬𝑥̈௚ − 𝑚ௗ     (21) 

𝛬 = [1 1 1]்  

Damper:  

 𝑚ௗ𝑢ௗ̈ + 𝑐ௗ𝑢ௗ̇ + 𝑘ௗ𝑢ௗ = −𝑚ௗ𝑢̈       (22) 
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Fig. 4 A three story structural frame control system with 

TLCD on top floor 
 
Both the equations are combined to form the following 
equation of motion of the structural frame with TLCD shown 
in Equation (26) –Equation (27). 
 

𝑀ᇱ𝑈̈ + 𝐶𝑈̇ + 𝐾𝑈 = −𝑀∗𝛬𝑥̈௚   
    (23) 

where the matrices are defined as: 
 

𝑀ᇱ = ൤
𝑀 + 𝑚ௗ 𝑚ௗ𝐵𝑖/𝐿𝑖
𝑚ௗ𝐵𝑖/𝐿𝑖 𝑚ௗ

൨ ; 𝐾 = ൤
𝐾 0
0 𝑘ௗ

൨ ; 𝐶

= ൤
𝐶 0
0 𝑐ௗ

൨ ; 𝑀∗ = ൤
𝑀 + 𝑚ௗ

𝑚ௗ𝐵𝑖/𝐿
𝑖൨ ;  

   
(24) 

 
The parameters31 considered to model the numerical TLCD are 
given in Table 1. 
A state space representation for TLCD-structural frame 
dynamic model (Equation 21 to 24) has been developed 
simultaneously. The vibration response of this combined 
model of the structural frame taken in the paper was calculated 
through linear simulation. They are compared with that of the 
proposed MR damper controlled structural frame for the 
efficiency of the later. 

1. Three Storey frame 

A structural frame is considered to demonstrate the efficiency 
of the developed algorithm using four different earthquake 
data. One three story structural frame has been adopted from 
Dyke et al.34 and is shown in a Fig. 5. The system matrices of 
the frame are shown in the table (Table 2). 
 

 

Table 1 Parameters for TLCD used in the study 

ms  normalized mass of the structural frame considered 

mu (mass ratio)  0.002 (assumed) 

mୢ (total mass of liquid)  mu ∗ ms 

den ( density of liquid)  1000 

fr (frequency ratio)  (sqrt(1 − (mu/2)))/(1 + mu) =  0.98432 

w0 (frequency of structural frame)  First natural frequency of the structural frame 

g  9.81 

aa  Maximum absolute acceleration 

del (head loss coefficient)  3.58 ∗ mu/(aa/g) =  0.7 

Li ( Total length of the liquid)  (2 ∗ g)/(fr ∗ fr ∗ w0 ∗ w0)33 

Alpha (liquid length ratio)  0.8(assumed) 

Ai (area of the TLCD)  mu ∗ ms/(den ∗  Li) 33 

mୢBi/Li  (mass of liquid in horizontal direction)  den ∗ Ai ∗ Bi 

Bi (horizontal length of liquid)  Alpha ∗ L 

stdev (standard deviation of liquid velocity)  0.1 (calculated through trial and error method) 

kୢ (stiffness of TLCD)  2 ∗ density ∗ Ai ∗ g 30 

cୢ (damping coefficient)  density ∗ Ai ∗ del ∗ stdev/sqrt(2 ∗ 3.141)33 
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Table 2 System Matrices of Structural frame 

 Values 

Mass Matrix, 
[M] 


















3.9800

03.980

003.98

M kg 

Stiffness 
Matrix,[K] 

m

N
K 510

84.684.60

84.67.1384.6

084.612





















  

Damping 
Matrix, [C] 

m

Ns
C























50500

5010050

050175

 

Location 
Matrix of MR 
Damper force 

T]001[  

External force 
distribution 

matrix 

T]111[  

2. RESULTS AND DISCUSSION 

Four recorded earthquake data (Fig. 5) are considered to excite 
the structural frame.  These data are NS component of El-
Centro (South California, USA) earthquake acceleration data 
(1940), Lomapreita earthquake (North California, USA) 
acceleration data (October, 1989), EW component of Arizona 
earthquake acceleration data (June, 2008), and EW component 
of Fukushima earthquake acceleration data (November, 2011) 
respectively.  
 

 
Fig. 5 Different types of earthquake acceleration data 

3. LQG controlled MR damper 

In this section, the efficacy of the proposed method i.e., LQG 
controlled MR damper on the response of the structural frame 
have been assessed against an uncontrolled frame and TLCD 
placed on top of frame.  
Top floor responses for all the above cases were obtained in 
terms of time domain responses (acceleration (Fig. 6) and 
displacement (Fig. 7) response of the structural frame) and 
frequency domain responses i.e., frequenc response function 
(FFT) (Fig. 8) and power spectral density (PSD) (Fig. 9)) of 
displacement response). Table 3 - 4 shows the maximum 
displacement and RMS value of PSD curve for displacement 
in top floor for all the above mentioned models using four 
different earthquake data.  
 

 
Fig. 6 Acceleration for Fukushima EW component of 

earthquake 
 

 
Fig. 7 Displacements for Fukushima EW component of 

earthquake 

 
Fig. 8 FFT for Fukushima component of earthquake 
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Fig. 9 PSD curve for Fukushima component of earthquake 

 

Table 4 RMS of PSD (displacement) curve in top floor (mm)  

Earthquakes Uncontrolled 
structural frame 

TLCD 
controlled 

LQG 
controlled 

El Centro NS 10.7 6.0 1.2 

Lomapreita 10.5 6.0 1.2 

Arizona EW 10.9 6.0 1.2 

Fukushima 10.8 6.0 1.2 

 
Table 3 Maximum displacement in top floor (mm)  

Earthquakes Uncontrolled 
 structural 

frame 

TLCD  
controlled 

LQG 
controlled 

El Centro NS 21.98 13.5 7.5 

Lomapreita 22 14.6 6.8 

Arizona EW 21.9 13.4 7.2 

Fukushima 22 13.5 7.2 

 
It is observed from Table 3-4 that for Fukushima EW data, 
TLCD and LQG controlled MR damper have reduced the 
uncontrolled maximum amplitude of displacement up to 62% 
and 32% whereas RMS displacements are reduced up to 55% 
and 11% respectively. Similarly, when LQG-PSO controlled 
MR damper has been used, the maximum amplitude of 
displacement and RMS displacements have reduced up to 17% 
and 4.6% of uncontrolled maximum amplitude of 
displacement and RMS displacement respective. It can be 
finally concluded that the proposed LQG-PSO controlled MR 
damper is more effective in reducing the earthquake induced 
displacement compared to conventional LQG controlled MR 
damper and conventional TLCD. 
LQG based MR damper-structural frame have reduced the 
responses of the structural frame significantly compared to a 
TLCD–structural frame model. The simulation results of 
confirms that the combined LQG control algorithm has 
performed effectively better in reducing the structural response 
to a greater extent in TLCD controlled structural frame. 
Therefore, it can be concluded that the developed 

methodology is effective enough to reduce the responses in 
different loading condition of structural frame. 

4. CONCLUSION 

The study consists of proposing a method i.e., a combined 
Linear Quadratic Gaussian Design with clipped optimal 
control based semi-active control algorithm for vibration 
reduction of structural frame. LQG is a control method for 
semi-active control systems and is compatible with MR 
dampers. A clipped optimal controller has been used to 
minimize the voltage required by MR damper to produce 
damper force. The method shows much flexibility to produce 
desirable range of outputs in different loading conditions. A 
linear MR damper is modeled to produce the controller 
optimal force to the frame. The performance of an efficient 
controller can control the vibration of structures significantly. 
The location optimization of MR damper reveals that the MR 
damper is found to perform best when it is placed on top floor 
of the structural frame. The study reveal that the proposed 
semi-active control method is efficient in reducing the 
undesirable displacement of the structural frame due to 
different types of earthquake data. The method can also reduce 
the necessity to optimize the parameters of MR damper for 
required optimum damper force. An experimental study of 
parameters of MR dampers can also be done to evaluate the 
level of MR damper performance along with the controller 
requirement. The proposed method of controlling the structure 
itself can be implemented in higher storey space frame 
building. Suitable MR dampers can be placed to the structure 
and the responses can be studied. 
 

APPENDIX I. NOTATION 

The following symbols are used in this paper: 
𝑎଴ and 𝑎ଵ  = Rayleigh damping coefficients and have units of 
s-1 and s. 
𝑎(𝑔) and 𝑏(𝑔) are polynomials with respect to the backshift 
operator 𝑔ିଵ. 
[𝐴(. )] = state (or system) matrix; dim[𝐴(. )] = 𝑛 × 𝑛  
[B(. )]  = input matrix; dim[B(. )] = n × r; 
[𝐶(. )] = output matrix; dim[𝐶(. )] = 𝑞 × 𝑛 
Г = [1 0 0]்

= the position vector for MR damper force in 
the structural frame 
𝛬 = [1 1 1]்

= the position vector for earthquake force on 
the structural frame 
[𝐷(. )]= feed-forward matrix; dim[𝐷(. )] = 𝑞 × 𝑟 
𝐸ௗ  = the expected value 
f = measured control input force provided by MR damper; 𝐹 is 
the control input force vector required in LQG design 
𝑓௚(𝑡) = dynamic load with time t. 
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𝐽 = quadratic cost function of Linear Gaussian control; 
K= feedback matrix for stabilizability criteria. 
𝐾௔(𝑡) = Kalman gain for LQG design 
𝐾௖(𝑠) = the feedback controller 
𝐿 = a Laplace Transform 
𝐿௔(𝑡)= feedback gain for LQG design 
𝑀𝑎𝑥𝑖𝑡= Maximum iteration for PSO algorithm 
𝑜(ℎ) is the system outputs. 
𝑂 = the observability matrix. 
𝑃(𝑡)  = solution of Ricatti that solves Linear quadratic 
estimation problem (LQE) 
𝑄(𝑡) and 𝑅(𝑡) = weighting matrices  
𝑟ଵ  and  𝑟ଶ = random numbers independent of each other 
between [0,1];  
𝑆௥  = state controllability matrix 
𝑆(𝑡)= Ricatti equation that solves Linear quadratic regulator 
problem 
𝑇 = final time (horizon); 
𝑇௢ = output controllability matrix 
𝑢 = [𝑢ଵ + 𝑢ଶ + 𝑢ଷ]ᇱ is a vector of the displacements of the 
three floors relative to the ground. 
𝑢ௗ is the vertical displacement of the TLCD liquid. 
𝑉௠(𝑡)  and 𝑊(𝑡) = noise intensity matrices  
vm= measurement noise vector 
𝑊௜= domain of set of particles i.e. 𝑒௜ = (𝑒௜ଵ, 𝑒௜ଶ, 𝑒௜ଷ … … . . , 𝑒௜ௌ) 

ẍ୥= a one-dimensional ground acceleration 
x = input (or control) vector; dim[𝑥(. )] = 𝑟 × 1 
𝑦(. ) = output vector; dim[𝑦(. )] = 𝑞 × 1 
𝑧(. ) = the state vector; dim[𝑧(. )] = 𝑛 × 1 
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