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Abstract: A method is presented to design and tune the modified linear
quadratic Gaussian (LQG) controller to obtain increased efficiency during
an earthquake. It utilises swarm intelligence to tune the parameters of LQG
based on quasi resonance between the natural frequencies of the structure
in first two modes and the predominant frequencies of the seismic signal.
The modified controller thus developed minimises the energy of structure
by altering its parameters online. For testing of this modified controller, a
benchmark prototype structure is numerically tested under different seismic
signatures recorded in near/far fault sites in the different soil conditions.
A parametric study comparing the efficiencies of modified LQG, and other
contemporary controllers is presented. It is observed for El-Centro earthquake
that the modified controller achieved reductions of 22%, 33% and 27% in
relative displacement, inter-storey drift, and absolute acceleration respectively
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as compared to the conventional LQG controller. Similar results are observed
for Gebze and Chi-Chi earthquakes. The modified controller is also evaluated
in a situation where power vanishes at the peak of the seismic excitation.
Based on the results and discussion, the performance of the proposed
controller is observed to be superior among all controllers considered in this
study.

Keywords: semi-active control; magneto-rheological damper; seismic
vibrations; optimal control; particle swarm optimisation; linear quadratic
Gaussian; LQG.
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1 Introduction

The seismic vibrations can cause the failure of the infrastructures resulting in huge
monetary losses and loss of human lives. Generally, the inherent low damping of
the structure makes these structures prone to the damage amid a seismic occurrence.
Therefore, during the earthquake, altering stiffness and damping of the structure using
control schemes could be a very useful measure for mitigating the seismic vibrations
(Housner et al., 1997). However, the structural control is well documented in the
literature (Symans and Constantinou, 1999; Amezquita-Sanchez et al., 2014; Saaed
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et al., 2015; Kandasamy et al., 2016), Table 1 summarises the control schemes based
on their characteristics and devices used. Referring to Table 1, the performance of semi
active control (SCS) matches to that of active control (ACS) without requiring high
electric power to operate. Moreover, it maintains structural integrity by absorbing the
seismic energy from the structure without adding any extra energy. Thus, the bounded
input and bounded output (BIBO) property inherently exists in the SCS (Garrido et al.,
2018).

Table 1 Characteristics of the structural control schemes and example devices

S. no. Classification Characteristics Example devices

1 Passive control Requires no additional energy Tuned mass damper (TMD),
tuned liquid column damper
(TLCD), visco-elastic damper
(VED)

2 Active control Need high power to generate
the restoring force

Active mass damper (AMD),
active tendons

3 Semi-active control • It requires very less power
to operate

• It can produce only
dissipative forces

Semi-active TMD,
magneto-rheological dampers
(MRDs), electro-rheological
dampers (ERDs)

Figure 1 demonstrates the block diagram of SCS which consists of a structure-actuator
assembly (MR damper in the present study) and the controller. It is observed that the
efficiency of SCS depends on the controller (Bhaiya et al., 2019; Fessi and Bouallègue,
2019). The fellow researchers explored the possibilities for incorporating modern control
theory in the field of vibrations control to make the SCS more effective. Moreover,
the phenomenal growth of the signal processing techniques and the advent of highly
efficient digital signal processors facilitate the deployment of complete control system
on a single silicon chip. These fast-computing devices not only helped to reduce the
chance of possible damage to the installations in the seismic environment but also
enable engineers to design real-time systems. Impediments during the development of
a controller depend on the modelling of structure, uncertain and noisy environment,
stability, feedback planning (centralised/decentralised) and the nonlinearity present in
the structure (Kumar et al., 2018).

The controller viz. sliding mode (SMC), quasi bang-bang (QBB), linear quadratic
regulator (LQR), simple passive control (SPC), neural network, fuzzy controller, etc.
are discussed in literature (Jansen and Dyke, 2002; Collins and Selekwa, 2002; Choi
et al., 2004; Dong et al., 2010; Choi et al., 2016; El-Sayed et al., 2021; Boulaaras, 2017;
Boulaaras and Doudi, 2020). As observed, these controllers are successful for a specific
class of structures but may be inadequate for another class (Casciati et al., 2012).
This unpredictable performance of the controller is obtained due the assumptions made
by the developers while design the controller (Chandrasekar et al., 2021). Therefore,
prior knowledge of the structure and its mathematical model, nature of uncertainties,
elements of the used actuators are necessary to design an optimal controller (Spencer
and Nagarajaiah, 2003).
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Figure 1 Semi-active control scheme
Excitation

Ccontrol law

Adder

Adder

MR Damper Structure

Structural Responses

Noise

MR Damper`s Force

C
om

m
an

d 
si

gn
al

 
Relative Displacement 

Inputs to the controller

MR Damper Structure

Structural Responses

Noise

MR Damper`s Force

C
om

m
an

d 
si

gn
al

 
Relative Displacement 

Inputs to the controller

MR Damper Structure

Structural Responses

Noise

MR Damper`s Force

C
om

m
an

d 
si

gn
al

 
Relative Displacement 

Inputs to the controller

In optimal control theory, there is a cost function which has to be minimised to achieve
the optimal results. This cost used to be a function of variable(s) of the system under
consideration. A popular optimal controller (viz. LQR) based on the linear quadratic
theory, has been used extensively in structural control (Symans and Constantinou,
1999; Wu, 2017; Sari et al., 2020; Miladi et al., 2021; Abdalla et al., 2021). This
controller in conjunction with the on-off switch-based control mechanism (viz. clipped
control law) determines a command signal to the MRD. The damper’s force is used
as a feedback to generate an appropriate command signal (Dyke et al., 1996a, 1996b).
The performances of the popular controllers viz. decentralised bang-bang controller,
moderated homogeneous friction procedure and the Lyapunov stability criteria-based
controller to the clipped optimal (CO) LQR has been carried out by Jansen and
Dyke (2002). It is observed that the LQR control algorithm does not consider the
measurement/sensor noise and the process noise even though these remain present all
the time. For theoretical purposes, researchers modelled this noise as the Gaussian white
noise. A filter known as Kalman observer is used to estimate the future states of the
system adequately in presence of the noise in LQG controller (Dyke et al., 1996a; Askari
et al., 2011; Barkefors et al., 2014).

In LQG controller, the selection of appropriate weighting matrices for minimisation
of the cost function is difficult. These are determined by the trial-and-error method.
These matrices [equation (3)] have global values and these matrices cannot be altered
with the varying circumstances during the earthquake. The alteration in these matrices is
a necessity because the counter-force requirement from the damper may change during
its operation. The control weighting matrix (CWM) R in LQG controller is directly
related to the counter-force determination. Thus, the fellow researchers investigated
effective methods to update these matrices when required during the earthquake
(Miyamoto et al., 2018; Shafieezadeh et al., 2008). An algorithm based on a repository
of the earthquakes was presented by Panariello et al. (1997). The authors uprooted
the necessity of trial-and-error to ascertain suitable gain matrices. However, the online
alteration of weighting matrices was not possible since these were chosen on the basis
of repository. The properties of discrete wavelet transform (DWT) were utilised to
develop a time variable LQR (TVLQR) method by Basu and Nagarajaiah (2008). The
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CWM (R) was updated online by multiplying with a constant. The multiplier was
determined on the basis of energy content in different sub-intervals of the structural
response to regulate the control force. An offline repository of known earthquakes same
as presented in Panariello et al. (1997) was used to choose the constant multiplier of
R (Basu and Nagarajaiah, 2008, 2010). Further, a modified LQR tuned with genetic
algorithm (GA) was proposed to alter R, where the GA was employed to determine the
weighting matrices (Wongsathan and Sirima, 2008). The use of GA optimisation enabled
the alteration of R almost online. The slow convergence in the GA was a limitation in
this method.

For seismic environment, developing a fast, optimal, realisable and robust controller
is necessary to dispense an appropriate command signal to the MRD. Present work
aims at the development of modified LQG control algorithm for SCS to attain better
performance in reducing the structural responses. The quasi resonance between the
earthquake and the natural frequency of structure is computed using a fast Fourier
transform (FFT). It is known that the magnitude of the vibrations become large at
resonance consequently, a high counter-force will be needed and vice-versa. The LQG
controller is modified to dispense a more appropriate control-force in the resonance
conditions. The proposed controller is validated on a three-storey structure under
El-Centro, Gebze and Chi-Chi earthquake time histories by comparing its results to
the conventional LQG controller and other popular controllers presented in Dyke et al.
(1996b).

2 Theory

2.1 Linear quadratic Gaussian controller

In the implementation of the LQR controller, availability of all states is assumed at every
instant. Practically, this is difficult in case of earthquake as sudden changes in structural
responses may occur. The controller may not function properly without knowing the
correct states. In these circumstances, a more intelligent controller like LQG is required
which is capable of observing the next state if it is not available. The LQG controller
is the combination of the LQR controller and the Kalman filter.

Further, a structure is assumed as a linear time-invariant (LTI) system represented
in state space domain by equations (1)–(2).

żt = Azt + Bu+ Ew (1)
yt = Czt + Du+ v (2)

where u is force, zt is state vector, yt is measured output. For n-DOF system, these
matrices A,B,C,D and E are given by equations (17)–(21). w and v are the disturbance
input and measurement error respectively. Both are assumed as uncorrelated and white
Gaussian random process with zero means. For this system, an infinite horizon global
cost function is defined as given in equation (3).

J(zt, u) =

∞∫
0

(zTt Qzt + uTRu)dt (3)
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The Q is the state weighting matrix (SWM) and it is semi definite whereas R is the
control weighting matrix (CWM) and it is a positive definite matrix. The LQG controller
that solves the LQG control problem is formulated as in equations (4) and (5).

˙̂zt = Aẑt + Bu+ LKal(yt − Cẑt − Du) (4)
u = −KLQRẑt (5)

Here, ẑ is the observed state or the next estimated state. The calculation of the Kalman
filter gain LKal and the LQR controller gain KLQR are carried out separately using
the algebraic Riccati equation (ARE) by calculating covariance estimate matrix (PKal).
These gains are given independently by equations (6) and (7) assuming V is the spectral
density matrix related to the measurement noise v.

LKal = R−1BTPLQR (6)
KLQR = V−1CTPKal (7)

The Kalman filter is used as an observer by measuring the available data. This observer
minimises the spread of the estimate error probability density in the process. The block
diagram for the LQG controller is shown in Figure 2.

Figure 2 LQG controller (see online version for colours)

 

Structure  

 

(LQR Controller + Kalman Observer) 

 

LQG Controller 

 KLQG zො-  = ݑ

    Control action 

w 

 ݕ

 ݕ

 ݒ

 ݑ

 measured response = ݕ measurement noise = ݒ process noise = ݓ
zො = Observed state  
KLQG  = LQG Gain 
 

2.2 Particle swarm optimisation

Particle swarm optimisation (PSO) is a heuristic approach and, it was proposed by
Kennedy and Eberhart in 1995. This approach resembles the social behaviour of the
birds to find a new route. There is a group of individuals called the population. Each
individual (i.e., particle) is equivalent to a bird in its group (i.e., population). Particle
alters its position and velocity regularly to identify the best possible value (i.e., particle
best) in the exact same way as the bird alters its path in a group. Further, there
is a global best of the entire population which decides the final value of alteration
at any given instant. The particle best as well as the global best are calculated by
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minimisation of a cost function. So, it can be said that the PSO is a collaborative
optimisation technique. However, several variants of PSO have been developed by the
fellow researchers which have very good convergence speed, stable solution for different
cost functions and do not trap in local optima. The classical PSO is sufficient for present
work as the number of variables is less and it is easily implementable. The details on
the PSO algorithm may be studied in Amini and Samani (2014), Ullmann et al. (2017),
Maiti et al. (2018), Abderrezek et al. (2019) and Hu et al. (2020). Table 2 represents
the parameters employed here.

Table 2 Parameters used for implementation of PSO

Parameter Value

Inertia weighting factor δ 0.6

Acceleration constants c1 and c2 2

Random sample b1 and b2 0.3

Loops 50

Population size 50

The cost function (JPSO) minimised in this work is a function of inter-storey drift
between nth and (n− 1)th and mathematically represented as in equation (8)

JPSO =

t∫
0

[zn − zn−1]dt (8)

We know that, the inter-storey drift is defined as the difference between two subsequent
floors. In equation (8), the zn and zn−1 are the displacement of nth and (n− 1)th floors
of the structure respectively.

2.3 Development of modified LQG controller

It is evident that the structural responses have similar properties as earthquake time
histories. These are non-stationary signal having numerous frequency components. It is
possible that frequency components of the earthquake signal and the natural frequencies
of the structure may coincide or come in the proximity. This can cause a quasi-resonance
where the magnitude of structural responses will be the largest. In such circumstances, a
higher control force is needed for effective mitigation seismic vibrations. To get optimal
results from conventional LQG controller a quadratic cost function [see equation (3)]
is minimised by varying the SWM ‘Q’ and CWM ‘R’. These matrices are determined
while designing the controller through trial-and-error method. There is no mechanism
to update these matrices during operation to deliver apt control force. It is a serious
drawback that needs to be resolved appropriately.
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Figure 3 Development of modified LQG controller using PSO-FFT approach
(see online version for colours)
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For solution, the structural response having total time length from 0 to t is divided into
smaller sub-time intervals. These intervals are known as window having length 1 sec.
The frequency having maximum amplitude (i.e., dominant frequency) for each window
is calculated using the fast Fourier transform (FFT). Now, the PSO algorithm is used
to tune up the value of CWM in the selected range at these quasi resonances which
provides the optimal value of CWM for optimum structural response with lesser control
effort. The PSO algorithm has computational cost but, the phenomenal growth of digital
signal processors made it possible to do the calculation in real time and a negligible time
delay will not affect the methodology. Using PSO for sub time intervals can be thought
as if the CWM has a local solution instead of a global solution. The advantage of this
local solution is that it can alter the CWM as per the requirement. For modified LQG,
the cost function is formulated for any wth window and, it is given by equation (9).

Jw(z, u) =

t∫
0

(zTQwz+ uTRwu)dt (9)



Development of modified LQG controller 27

where z is the displacement of the structure, u is the control force, Qw is the SWM
and Rw is the CWM for the wth window respectively. A control law presented by
equation (10) is the solution of cost function Jw(z, u) for any window.

u = −[Gw]z (10)

The gain matrix Gw can be obtained by solving the Ricatti differential equation all
small time windows which initiates the command signal for the MRD. The distinction
of the PSO-FFT-based modified LQG controller is that CWM is computed online as per
requirement of the system by PSO algorithm contrary to the method discussed in Basu
and Nagarajaiah (2008).

3 Case study

3.1 Modelling of the three-storey structure

A prototype structure (see in Figure 4) is employed here for validation of the proposed
controller. It is widely used scaled model of the benchmark three-storey structure having
scaling factors same as reported in Dyke et al. (1996b) and Choi et al. (2004). The first
two fundamental frequencies are compared with the dominant frequency of each interval
(i.e., 1 sec). The displacement of each floor is x1, x2 and x3 respectively whereas the
accelerations of the respective floors are denoted as xa1, xa2 and xa3 as shown in
Figure 4.

Figure 4 Test structure comprised of accelerometers and MR damper (see online version
for colours)

 

Considering the overall system (structure and MRD) linear and time-invariant for
simplicity, the dynamic behaviour of the system can be expressed mathematically in
equation (11).

Mtz̈t + Ctżt +Ktzt = Γu+MΛẍag (11)

where Mt is a mass matrix, Ct is damping matrix, Kt is the stiffness matrix. The
parameters shown in equations (12)–(14) are alike as presented in Dyke et al. (1996b).
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The relative displacement response vector z due to the unidirectional excitation ẍag has
a dimension (3× 1). The variable u specifies the control force and Λ specifies a column
vector of ones. The column vector Γ ascertain the MRD’s position in the structure. The
MRD’s displacement zMR is assumed equivalent to the displacement of the first floor
z.

Mt =

98.3 0 0
0 98.3 0
0 0 98.3

 (12)

Ct =

175 −50 0
−50 100 −50
0 −50 50

 (13)

Kt =

1,200,000 684,000 0
−684,000 1,370,000 −684,000

0 −684,000 684,000

 (14)

Another representation of mathematical equation (EOM) of the system in time domain
is exhibited through equations (15)–(16).

_zt = Azt + Bu+ Exag (15)
y = Czt + Du (16)

where u is force produced by the MRD, zt is state vector, y is measured output. For
n-DOF system, these matrices A,B,C,D and E are given as in equations (17)–(21).

A =

[
0n×n In×n

−M−1
tn×n

Kt −M−1
tn×n

Ct

]
(17)

B =

[
01×n

−M−1
tn×n

Γ

]
(18)

E =

[
01×n
Λ

]
(19)

C =

−M−1
tn×n

Kt −M−1
tn×n

Ct
In×n 0n×n
0n×n In×n

 (20)

D =

[
−M−1

tn×n
Γ

01×n

]
(21)

The accelerations of all floors and MRD displacement measurements are essential to
calculate suitable control action. These structural measurements are easily obtainable
using appropriate sensors in the laboratory.

3.2 Modelling of the MR damper

The MRDs of different sizes and capacities are available in the market. The appropriate
MRD is determined according to the structure.
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Figure 5 MR Damper, (a) hardware structure (b) working principle (see online version
for colours)

Figures 5(a)–5(b) show the hardware and the working principle of MRDs considered
in this numerical study. A nominal magnetic field is generated by a tiny electromagnet
which is enough for the operation of MRD. It is also reported in literature that a force
up to 200 kN can be generated very quickly (in 60 ms) with a very small power (50 W)
(Yang et al., 2004). Different models such as Bouc-Wen, Bingham, polynomial, and
tangent hyperbolic model have been discussed in Spencer et al. (1997) and Ismail et al.
(2009).

A comprehensive diversity of hysteric behaviour is shown in simple Bouc-Wen
model in Figure 6(a). This model provides the force-displacement behaviour and retains
force-velocity characteristics of the MRD like the experimentally obtained results
presented in Spencer et al. (1997). The force-velocity characteristics of the MRD is
nonlinear and there is no roll-off at low velocities where force and velocity have
opposite signs.

Figure 6 (a) Simple Bouc-Wen model (b) Modified Bouc-Wen model

(a) 

 

(b) 

 

To conjecture the damper’s response at small velocities as shown in Figure 6(b) a
modified Bouc-Wen model was presented in Spencer et al. (1997). The upper section
of this model drives the dynamic equations of the MRD. The forces on any side of
the rigid bar are comparable. The MR damper force is a function of the velocity and
displacement of the MRD. Equations (22)–(28) are used to simulate this model. During
the simulation, damper produces a force u is directly linked to the voltage enforced to
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the damper and is defined in equation (22). From equations (25)–(29), it can be inferred
that these variables quantities are proportional to the effective voltage u0.

u = c1y + k1(zx − z0) (22)
ż1 = −γ|żx| − żyz1|z1|n−1 − β(żx − ży)|z1|n +A(żx − ży)|z1 (23)

zy =
1

c0 + c1
αz1 + c0żx + k0(zx − zy) (24)

α = αa + αbu0 (25)
c0 = c0a + c0bu0 (26)
c1 = c1a + c1bu0 (27)
u̇0 = −η(u0 − v) (28)

Here, k1 is accumulator’s stiffness, k0 is stiffness at large velocities, z0 is displacement
of spring due to k1, c0 and c1 are low velocities, z1 is an evolutionary variable, γ, β, n
and A are used to take care of nonlinearity of the MR damper called as the controllable
parameters. Equation (28) is used to drive the electromagnet in the MRD. It is an output
of first order filter showing the process of achieving the rheological equilibrium. Its
output is difference of effective voltage u0 and command voltage v with parameter η
having unit sec−1. Table 3 provides the parameters obtained using MATLAB (2019b)
optimisation toolbox which is very close the experimentally obtained values given in
Spencer et al. (1997) and the performance of this model is evaluated through simulation
using these parameters in same environment as done in Dyke et al. (1996b) and Spencer
et al. (1997) to ensure estimable validation process. The input to simulation process is a
standard sinusoidal signal having frequency 2.5 Hz and an amplitude 1.5 cm. Figure 7(a)
shows that the force is not zero when the input is zero. This residual force is due to the
accumulator section of the MRD as shown in Figure 7(b).

Table 3 Parameters of the generalised MR damper

Parameter Value Parameter Value

c0a 21.0 Nsec/cm αa 140 N/cm
c0b 3.50 Nsec/cmV αb 695 N/cmV
k0 46.9 N/cm γ 363 cm2

c1a 283 Nsec/cm β 363 cm2

c1b 2.95 Nsec/cmV A 301

k1 5 N/cm n 2

z0 14.3 cm η 190 sec−1

The results shown in Figures 7(a)–7(c) are very close to the experimentally obtained in
the work carried out previously (Spencer et al., 1997). This testing established that this
mathematical model can be considered for controller design in the present work.



Development of modified LQG controller 31

Figure 7 (a) MRD force due to sinusoid signal (b) Force-displacement (c) Force-velocity
(see online version for colours)

 

4 Results and discussion

The prototype structure and the MRD model discussed in Sections 3.1 and 3.2 are
considered here to validate the results obtained by using the proposed controller. The
indicative assembly of the structure equipped with MRD, and the controller is as shown
in Figure 8. The results of the proposed controller are carried out under the following
conditions.

• using different earthquake time histories

• using an earthquake recorded in different soil conditions

• considering a hypothetical situation where power is lost at the peak of the
earthquake.

Moreover, a new parameter of the performance analysis known as cumulative energy is
introduced to compute the energy confined in the displacement signal recorded at the
top floor. It indicates the damaging capability of the signal. The cumulative energy (W )
is mathematically defined in equation (29).

W =

t∫
0

|zt|2dt (29)

4.1 Using different earthquake time histories

Comprehensive performance analysis of the adaptive controller is carried out by
comparing the structural responses obtained using the proposed controller and normal
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clipped optimal LQG controller on a prototype structure. For proper validation, the value
of CWM ‘R’ as well as SWM ‘Q’ is kept unchanged as in Dyke et al. (1996b). The
responses are obtained using different earthquake time-histories. Figures 8(a)–8(c) show
the earthquake acceleration time-histories used for this analysis.

Figure 8 (a) El-Centro (b) Chi-Chi (c) Gebze (see online version for colours)

(a) 

 

(b) 

 

(c) 

 

Two popular methodologies (i.e., qualitative and quantitative analysis) are employed
to examine the efficacy of the proposed controller. For qualitative analysis, a visual
inspection of the time histories of the relative displacements of the third floor of
the structure using adaptive LQG (PSO-FFT-modified-LQG) and clipped optimal-LQG
(CO-LQG) is performed. Whereas the comparison of the reductions in the peak values of
the structural responses for all three floors using a proposed controller and the CO-LQG
controller is carried out for quantitative analysis.

Initial 5 sec of time histories of structural responses of the third floor of test structure
subjected to El-Centro earthquake is shown in Figure 9. The reason is that the maximum
energy is confined in the initial five seconds of the El-Centro earthquake. Figure 9(a)
shows the displacement time history of the structure without using any controller (i.e.,
uncontrolled). Figure 9(b) shows the comparison of displacement time histories of
uncontrolled and using the proposed controller as well as the CO-LQG whereas the
comparison of the time histories obtained using CO-LQG and PSO-FFT-modified-LQG
is demonstrated in Figure 9(c). Figures 9(a)–9(c) indicate that the relative displacement
is reduced significantly using the controller. Quantitatively, the proposed controller
reduces the uncontrolled relative displacement 5% more than CO-LQG. Further, the
changes in the CWM R are shown in Figure 9(e). The value of R is changed in real time
and determined optimally using the PSO algorithm whereas for CO-LQG it remains the
same throughout the time. In this way, the control force is used intelligently.

All reductions in the structural responses are achieved using lesser control force as
shown in Figure 9(d). The proposed controller utilised 24% lesser force (peak value)
to achieve the above-mentioned results as compared with the CO-LQG. Comparison of
the energy confined in the signal of the relative displacement of the third floor due to
CO-LQG and the proposed controllers is shown in Figure 9(f) which confirms that the
displacement signal due to the proposed controller has the lesser energy for destruction
as compared with that of CO-LQG.
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Figure 9 Structural responses of the third floor using CO-LQG and PSO-FFT-modified-LQG
under El-Centro earthquake, (a) displacement response of uncontrolled structure
(b) comparison of uncontrolled response with controlled responses (c) comparison of
controlled responses (d) comparison of control forces (e) variation of R with time
(f) comparison of cumulative energies (see online version for colours)

(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
 

Figure 10 Percentage reduction in the peak values of the responses of the structure subjected
to the different time histories using CO-LQG and PSO-FFT-CO-LQG, (a) relative
displacement (b) inter-storey drift (c) absolute acceleration (d) control force
(see online version for colours)
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Table 4 Peak structural responses under different seismic signatures
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Similar patterns of the results are observed for Chi-Chi and Gebze earthquakes.
Figures 10(a)–10(d) demonstrate percentage of reductions in the peak values of the
structural responses under different time histories viz. El-Centro, Chi-Chi, and Gebze
earthquakes.

From Figure 10(a), the reductions in the peak values of displacement using the
proposed controller are by 15%, 21% and 22% for first, second and third floor
respectively as compared with the CO-LQG for El-Centro time history. Whereas the
same is 26%, 23% and 22% for the Chi-Chi earthquake and 6%, 18%, 22% for
Gebze earthquake. For inter-storey drift, the proposed controller achieved reduction by
29% between the first-second floor and 33% between second-third floor as compared
with the CO-LQG for El-Centro earthquake, whereas, for the Chi-Chi earthquake, the
proposed controller reduces the same by 20% between the first-second and 10% between
second-third floor as compared with the CO-LQG. Similarly, for Gebze earthquake, the
proposed controller achieves the same by 31% between third-second and second-third
floor as compared with CO-LQG as can be seen from Figure 10(b). Alike, the proposed
algorithm can reduce the peak values of absolute acceleration by 28%, 46% and
27% for first, second and third floor respectively as compared with the CO-LQG as
shown in Figure 10(c) when the structure is subjected to El-Centro earthquake. The
percentage reductions in the absolute acceleration for Chi-Chi earthquake are 51%, 25%,
13% whereas for Gebze earthquake, proposed control algorithm achieved reductions in
absolute acceleration by 48%, 17%, 10% for first, second and third floor respectively.
The proposed controller used 24% lesser force for El-Centro, 7% lesser force for the
Chi-Chi earthquake and 9% lesser for Gebze earthquake as compared with the CO-LQG.
The cumulative energies are calculated in the displacement time histories of the top
floor using proposed controller is observed lesser than the conventional LQG controller
for all earthquake time histories. This Indicates the lesser capability of damage in the
displacement signal obtained using proposed controller. The peak structural responses
under different seismic signatures are presented in Table 4

4.2 Using earthquake recorded in different soil conditions

The soil conditions change the characteristics of ground motions significantly. All the
three ground motion characteristics (viz. intensity, frequency and duration) are modified
by the soil conditions. The objective of selecting a ground motion recorded in hard,
medium and soft soil is to check the effectiveness of the proposed controller. The
earthquake is taken from the Kyoshin network (K-NET) recorded in Japan. The soil
type is determined according to the federal emergency management agency (FEMA)-356
based on shear wave velocity (vs) given in Table 5.

Table 5 Classification of soil type

Serial no. Shear wave velocity (vs) Soil type

1 >1,500 m/s Hard soil
2 750 m/s < vs < 1,500 m/s Medium soil
3 150 m/s < vs < 750 m/s Soft soil
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Figure 11 Structural responses of the third floor under the earthquake recorded in hard soil,
(a) displacement of uncontrolled structure (b) comparison of uncontrolled and
controlled responses (c) comparison of responses due to CO-LQG and proposed
controller (d) control forces for the CO-LQG and the proposed controller
(e) variation of R with time (f) comparison of cumulative energies of the third
floor’s displacement by applying CO-LQG and proposed controller
(see online version for colours)

(a) 

 

(b) 
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Figure 12 Percentage reduction in the peak values of the responses of the structure subjected
to earthquake recorded in the different soils, (a) relative displacement
(b) inter-storey drift (c) absolute acceleration (d) control force (see online version
for colours)
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The uncontrolled response of the structure under the hard rock base excitation is shown
in Figure 11(a). The visual comparison of uncontrolled and controlled structural response
time histories is shown in Figure 11(b). It indicates that the structural control works
efficiently for the time history recorded in hard rock soil. The proposed controller
surpasses the performance of CO-LQG as demonstrated in Figure 11(c). Variations in
the value of R are shown in Figure 11(e). According to these variations in control
force is determined and applied to the structure. The comparison of cumulative of the
energy confined in the signal of displacement of the third floor due to CO-LQG and
the proposed controllers is shown in Figure 11(f) which confirms that the displacement
signal due to the proposed controller has the lesser energy for destruction as compared
with the displacement signal due to the CO-LQG. The similar pattern of the results is
observed for earthquake recorded in medium and soft soil conditions as demonstrated
in Figures 12(a)–12(d).

It is observed from Figure 12(a), the proposed controller achieved percentage
reduction in the relative displacement by 46%, 33% and 28% for first, the second
and third floor in peak values as compared with the CO-LQG controller for hard soil
earthquake whereas the same are 53%, 47% and 43% for medium soil earthquake and
32%, 29% and 36% for soft soil earthquake. Observing Figure 12(b), for hard soil
earthquake, the inter-storey drift is reduced by 12% for the first–second floor and 25%
for the second–third floor whereas for medium soil earthquake these are 14%, 17% and
27% and 52% for soft soil earthquake respectively using the proposed controller instead
of CO-LQG in the Semi-active control scheme. Similarly, for hard soil, the percentage
reduction in absolute accelerations for the first, second and the third floor are 4%,
2% and 14% respectively using the proposed controller whereas for medium soil 15%,
14%, 13% and for soft soil the same are 7%, 14% and 10% respectively as compared
with the CO-LQG. Further, the proposed controller attains these reductions in structural
responses using 20%, 31% and 19% lesser force than the CO-LQG controller for hard,
medium and soft soil respectively as shown in Figure 12(d). Though, there are various
factors that affect the behaviour of the structure in different soil. However, the general
observation is that the structure located in the relatively soft soil will vibrate more than
the structure located in the hard and rocky soil. This is because the soft soil apparently
works as an amplifier to the ground motion.

4.3 Effect of the power cut off at the peak of the earthquake

In this objective, a study is carried out for the performance analysis of the proposed
controller considering the possibility of power loss during the peak of an earthquake
time history. The El-Centro earthquake time history is used for the analysis purpose. The
results shown in Figure 13 demonstrate that the semi-active control system converted
into the passive off closed loop system and provide a counter force to the structure
against the vibrations even if power vanishes. The comparison of the third floor’s
relative displacement of the uncontrolled structure and the PSO-FFT-modified-LQG
controlled structure is shown in Figure 13(a). Power loss is considered at 1 sec of
the El-Centro time history since energy in the signal is high at this instant. The
PSO-FFT-modified-LQG controller converts into the passive off controller at 1 sec as
can be seen in Figure 13(c).
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Figure 13 Comparison of the response when power is available for full time and vanishes at
the peak (at 1 sec) of earthquake for uncontrolled and proposed controller,
(a) comparison of third floor’s displacement for uncontrolled and proposed
controller (b) comparison of third floor’s displacement PSO-FFT-modified-LQG
controlled structure (c) comparison of the voltage to the MRD (see online version
for colours)

(a)  

 
(b) 

 
(c)  

The displacement response of the third floor as shown in Figure 13(a) is lesser than
uncontrolled structure. A comparison of third floor’s displacement response of structure
due to proposed controller before and after 1 sec is shown in Figure 13(b).

5 Conclusions

An algorithm to modify LQG controller is introduced which enables it to utilise
the distinctive features of the MRD more efficiently. This modification of the LQG
controller is carried out using the fast Fourier transform and the particle swarm
optimisation (FFT-PSO) approach. Firstly, the advantage of the advised approach is
that the control weighting matrix R can be altered during the earthquake to get the
optimum response from the proposed controller unlike conventional LQG controller.
Additionally, it enhances the performance of the controller by saving the extra energy
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for non-resonant bands (i.e., the time interval where no resonance occurs between
earthquake and structure). Secondly, the performance of the proposed algorithm has been
numerically tested on a three-storey benchmark structure equipped with a MRD, and
subjected time histories recorded in near, far fault sites and in different soil conditions.
Under these testing conditions, the proposed controller performs superior to the normal
LQG controller. For El-Centro earthquake the improvement in the reduction of relative
displacement, inter-storey drift and the absolute acceleration is observed 22%, 27% and
33%, respectively. Similarly, for Chi-Chi earthquake the improvements in the structural
responses are 22%, 10%, 13% and for Gebze earthquake, 22%, 31%, 10%, respectively.
In addition to this, the performance of the proposed controller is also observed better
than the conventional LQG controller in different soils viz. Hard, medium and soft
soils. Finally, the performance of the modified controller is studied when electric power
vanishes at the peak of excitation. The results indicate that the proposed controller
works similar to the Passive ON controller in this situation. The lesser cumulative
energy in the displacement signal using proposed controller indicates its lesser damage
capability as compared to conventional LQG controller. Therefore, based on the results
and discussion, the modified LQG controller can be suggested as a good choice for a
semi-active control scheme. However, very fast digital signal processors are available
for successful implementation of complex algorithms but the use of PSO introduces
time delay in the overall system which is a serious issue in seismic conditions. This
work may be extended in future to minimise this time delay. Moreover, the experimental
verification of the proposed approach is highly recommended for future work.

6 Outcome of this work

This work has the following outcomes

• an approach for modification and tuning of the conventional LQG controller is
proposed

• classic PSO and FFT are utilised to tune the weighting matrices in the proposed
controller

• a parametric study has been carried out for the evaluation of the proposed
controller

• the proposed controller is also evaluated amid the conditions where power is
vanished at the peak of the earthquake.
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