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Abstract
In earlier days, the only way to resist the lateral loads was to increase the lateral strength of the structure obtained by making 
larger cross sections and massive buildings. Structural control is one of the solutions and important topics in both points of 
view of security and comfort in recent years. To reduce the effect of seismic energy, one of the structural forms used is the 
outrigger. In recent years, supplementary devices are installed into the outrigger structure so that damping of the structure 
increases and helps in mitigating the vibration, this concept is called damped outrigger. In this study, a damped outrigger 
structure replicating St. Francis Shangri-La Place skyscraper is excited for the El-Centro earthquake, and the Kobe earthquake 
is numerically modeled with viscous dampers and Magneto-Rheological damper to compare its effectiveness. The finite 
element approach is used for the analysis of the structure using Bernoulli’s Euler beam theory in modeling the core of the 
structure as a beam element. The state-space approach is used in modeling the structure, dampers, and controller interface 
in MATLAB and Simulink, then results are obtained for the peak value of displacement, acceleration, and mean values of 
the response of the structure. The results are discussed, which shows the significant distinction between uncontrolled and 
controlled responses.
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List of symbols
A	� System matrix
Ac	� Area of the core, m2

a0	� a1, Constant correlated to frequency and inherent 
damping

B	� Input matrix
b	� Base length of core, m
Cd	� Damping matrix, N.s/m
C	� Output matrix
co	� Damping at large velocity, N.s/mm
c1	� Force–velocity loop non-linearity, N.s/mm
Cpdamp	� Damping calculated for viscous damper consider-

ing total number of dampers, N.s/m
Cvis	� Damping coefficient of the viscous damper, N.s/m

D	� Direct transmission matrix
E	� Input matrix as earthquake
Ec	� Modulus of Elasticity of concrete, Pa
e	� Distance between the center of the core to the end 

of the outrigger, m
f 	� Force produced by the MR damper, N
g	� Base length of building, m
I	� Moment of inertia of core, m4

J	� Rotational inertia, kgm2

K	� Stiffness matrix, N/m
k1	� Accumulator stiffness, N/mm
ko	� Stiffness controlled at large velocities, N/mm
Kp	� Proportion constant
L	� Height of the floor, m
M	� Mass matrix, kg
m	� Mass of the structure per floor, kg
mf 	� Mass of the floor, kg/m
mc	� Mass of the core, kg/m
N	� Vector corresponds to unity for all the transla-

tional degree of freedom
P	� Lateral force, N
R	� Location matrix of the damper
T 	� Natural period, s
Ti	� Integral time, s
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Td	� Derivative time, s
t	� Thickness of the core, m
U	� Floor displacement, m
U̇	� Floor velocity, m/s
Ü	� Floor acceleration, m/s2

Üg(t)	� Earthquake acceleration, m/s2

u	� Output of the current driver to produce the 
required force, A

u
⌢
(t)	� Input vector

u
⌢
(t)	� Output of the controller, V

v	� Voltage to the MR damper commanded by the 
controller, V

x	� Total displacement of Magneto-Rheological 
damper, mm

	� State vector
y	� Displacement within Magneto-Rheological 

damper, mm
y
⋅

(t)	� Output vector
ya	� Angle of reference with global coordinate
z	� Evolutionary variable
�c	� Density of concrete kg/m 3
�	� Angular frequency, rad/s
�2	� Eigenvalues
�	� Eigenvectors represent the mode shape

	� Parameter that represents a ratio of outrigger 
height to the total height of the core

Introduction

Structures designed by engineers serve different functions 
as buildings, towers, aircraft, space shuttles, bridges, roads, 
and water vessels. All these engineered structures includ-
ing buildings are the systems that carry and/or also transmit 
loads. These external sources imply static load, dynamic 
load, blast load, and impact load to all the structures depend-
ing on the exposure of the structure. These buildings are 
engineered to achieve stability and strength throughout their 
service life and ensure occupant’s safety under expected 
loads. The building is an integration of many structural ele-
ments like foundation, column, beam, slab, and other ele-
ments. The structural elements under the static load and 
dynamic load deform invariably according to the type and 
intensity of the load, this structural behavior is called the 
response of the structure. The response of the structure 
should be under certain limits as specified by different 
codes throughout the globe [1], therefore some modifica-
tion has to be done in its design to withstand the uncertainty 
load. Earlier the stiffness and strength of the structure were 
increased by ductility/strength method by increasing the 
cross-section of the structural members that makes them 
heavier and bulky, intern increasing the mass of the struc-
ture will increase the force attraction, thus constrains the 

development of the tall structure. To overcome this con-
straint, external devices came into existence that could be 
connected to the structure to mitigate its vibrational response 
by making the structure flexible and tall [2]. The structural 
control topics involve multiple disciplines like control engi-
neering, mechanics, material science, mathematics, and 
civil engineering. The different disciplines work together 
to get a structural control response in which mathematics 
provides structural load calculation, material science cal-
culates the properties and predicts behavior under different 
circumstances, mechanical provides the mechanical strength, 
equilibrium, and stability of the structure. All the disciplines 
work together to discover the naturally available materials 
and manage to produce all the possible materials and devices 
that help in the simplification of the work in structural con-
trol. As the result of the advanced research, smart material 
devices are combined with the systems to adapt themselves 
to environmental changes, and those structures are called 
smart structures. These smart devices can themselves sense 
changes in the system or the environment, detect the prob-
lem in any part of the system, locate the problem, store all 
the data, and proceed with the appropriate action to increase 
system performance to preserve the integrity, serviceabil-
ity, and to safeguard the structure [3]. These smart devices 
are developed to tackle the uncertainty in the system. In 
structural control, earthquakes are considered as uncertainty 
which has instigated huge destruction to the structure that 
has resulted in remarkable suffering in human beings and 
also a tremendous economic loss. In this case, the control 
of structure is the practical solution to improve the struc-
tural performance in the presence of natural hazards. In the 
structural engineering community, the control strategies are 
not completely accepted because of their stability, depend-
ability, external power supplies, and cost-efficiency. In the 
design of a tall building, the significant criteria governing 
the dynamic response of the building are wind and seis-
mic energy. In tall buildings, adopting a control strategy by 
adding robust supplementary devices is important than the 
conventional method of increasing the size of the element 
because increasing the stiffness only performs in reducing 
the wind load whereas it increases seismic force because of 
the increase in the mass [4]. The installation of supplemen-
tary control devices is more effective, light in weight, and 
construction cost reductions add to the structural response 
mitigation [5]. There are many different techniques in struc-
tural control but the principle remains the same of installing 
the control devices to the structural components to dras-
tically increase the damping in the structure rather than 
increasing the stiffness in mitigation of structural response 
[6]. Semi-active dampers are considered in this study as 
control devices, that are most promising one because it tries 
to join the positive characteristics of passive devices like 
low energy consumption, intake of less external power but 
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it has also the advantage of active devices like adaptability, 
optimality, flexibility in turning and monitoring.

There are different structure forms designed to maintain 
the stability and safety of the occupants. One of the inte-
rior structural forms called as conventional outrigger struc-
ture, where outriggers are rigidly connected to the core, 
and perimeter column have proven as lateral load resisting 
structure [7]. For the better performance of conventional 
outrigger, the buckling restrained braces are incorporated 
by [8] for single and multi-outrigger analysis, which reduce 

the structural response for seismic energy by energy dissipa-
tion because of high buckling restrained braces elastic stiff-
ness [9, 10]. These conventional outriggers are surpassed by 
damped outriggers where outrigger structures are modified 
by adding the supplementary damping devices in between 
the outrigger and perimeter column connection, this con-
cept is called a damped outrigger [11–13]. The connection 
between the perimeter column and outrigger is not rigid as 
shown in Fig. 1. In many studies, damped outrigger system 
is considered to study its behavior under earthquake with 

Fig. 1   a Elevation of the struc-
ture [24]. b Side view of the 
outrigger floor, damped connec-
tion between the outrigger beam 
and perimeter column [20]
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different conditions like single damped outrigger, double 
damped outrigger, damping coefficient, rigidity ratios, etc., 
in reducing the structural response [14, 15].

From the literature survey done damped outrigger by add-
ing the supplementary devices in between the outrigger and 
perimeter column, there will be an increment in stiffness for 
a small amount but the damping of the structure will increase 
drastically [16]. The practical application of the damped out-
rigger concept was proved by installing a viscous damper 
between the perimeter column and outrigger beam to the 
structure in the Philippines named St. Francis Shangri-La 
Place, the image of the structure is shown in Fig. 2. [17, 18]. 
The study has been conducted by using the viscous damper in 
damped outrigger along with the buckling restrained braces 
that show better performance in mitigating the structural 
response with comparing viscous damped outrigger [19]. St. 
Francis Shangri-La Place in the Philippines is a residential 
structure with a height of 210 m in a region of typhoon winds 
and UBC-97 seismic Zone 4. In real-time, fluid viscous damp-
ers are vertically connected in the building to increase the 
damping of the building to reduce the vibrations as the build-
ing is located in the seismic and typhoon wind region [20].

In this study, damped outrigger structure replicating St. 
Francis Shangri-La Place skyscraper is considered with topi-
cal vibration control technique in it, to mitigate the response 
of the structure is the research gap found from the literature 
survey. The Bernoulli’s Euler theory is considered for the mod-
eling of the core of the structure as beam element, and the 
damped structure is analyzed using finite element approach. 
The mathematical modeling of the damped outrigger struc-
ture is formulated using the equation of structural motion [21]. 
Then mechanical model is transferred to linear parametric 
time-invariant state-space form as it is the efficient modeling 
form of the system that needs to be controlled. The dynamic 
structural system is considered as damped outrigger structure 
excited with the input earthquake load as the El-Centro earth-
quake and Kobe earthquake. The Magneto-Rheological (MR) 
damper is modeled according to the dynamic equations to pro-
duce the required force with passive-on mode and regulated 
by Proportional Integral Derivative (PID) controller in MAT-
LAB and Simulink. A parametric time domain continuous 
analysis of an integrated damped outrigger modeling is done 
along with the MR damper as a supplementary device in it, to 
increase the damping of the structure against earthquake [22]. 
To compare the efficiency of the MR damper in controlling the 
damped outrigger structure as semi-active damper, a viscous 
damper is used as passive damper in mitigate the structural 
response. In this paper, a comparative study of the damped 
outrigger response is obtained with uncontrolled response, vis-
cous damper controlled, passive-on mode MR damper control 
and MR damper controlled with PID controller. The seismic 
response of the structure is obtained by numerical simulation, 
where displacement and acceleration of the top floor of the 

Fig. 2   a St. Francis Shangri-La Place skyscraper  [20]. b Viscous 
damper installation in St. Francis Shangri-La Place [20]
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structure with the peak values and the mean of the structural 
response are discussed in the result section.

Methodology

The structural dimension considered for dynamic analysis 
is a 60 story rectangular building with 3.5 m story height 
pertaining to a total height (H) of 210 m, and base dimen-
sion (b) is 20 m x 20 m, located in the Philippines, that is 
the first building to employ the damped outrigger concept. 
The aspect ratio will be (H/b) as 10.5 with the floor slab of 
0.15 m. The core dimension is 12 m x 12 m made of con-
crete with a thickness of 0.5 m. The structure considered 
in this study contains total of sixteen viscous dampers in 
which eight dampers control the response each in the two 
orthogonal directions. As we know the outrigger is the stiff 
arm that connects the core to the perimeter column which 
spans 4 m, and there will be two outriggers in each direction 
summing up to eight outriggers in four directions as shown 
in Fig. 3 (a) [23]. The distance between the center of the core 
to the end of the outrigger ( e ) is 12 m in length as shown in 
Fig. 3b. There are four columns in each direction two sup-
porting the outrigger, and the other two at the ends made up 
of concrete will be participating in resisting the lateral load. 
The assumption considered in this study is that the build-
ing core is considered as a cantilever beam with constant 
cross-section area throughout, and stiffness is considered 
as uniform throughout. Outriggers are considered to have a 
rigid connection to the core, and thus, the core and outrigger 
rotate the same amount. Outriggers are located at the dis-
tance of H (—parameter that represents a ratio of outrigger 
height to the total height of the core) from the ground, and it 
is assumed as massless. The columns are considered to have 
a pinned connection to the ground. For static analysis, the 
load is considered as quasi-static load uniform throughout 
the height of the building. The unidirectional excitation is 
considered in this study. The El-Centro earthquake at Impe-
rial Valley occurred in 1940 and the Kobe earthquake at 
Amagasaki occurred in 1995 are the two earthquake records 
considered in the study. The initial steps in modeling outrig-
ger structure are defining material property and sectional 
property including the moment of inertia, Young’s modulus, 
and area of the section, building overall stiffness matrix, and 
overall mass matrix developed according to finite element 
modeling. Outrigger location is considered to be the 42nd 
floor as it is found as an optimum location that provides a 
minimum response of the structure [18, 24].  

The dimension of the structure with all the details con-
sidered in the calculation of the structural parameter is pre-
sented [25],

Modulus of Elasticity of concrete, Ec = 3.6 ∗ 1010 Pa.
The density of concrete, �c = 2400 kg/m 3.

Fig. 3   (a) Top plan of the building. (b) Elevation of the building

Fig. 4   Beam element with an active degree of freedom
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Base length of building, g = 20 m
Base length of core, b = 12 m
Thickness of the core, t = 0.5 m
Floor height, L = 3.5 m
Area of the core, A

c
= b

2 − (b − 2t)2 = 12
2 − (12 − (2 ∗ 0.5))2 = 23 

m2.
M o m e n t  o f  i n e r t i a  o f  c o r e , 

I = (b4 − (b − 2t)4)∕12 = (124 − (12 − (2 ∗ 0.5))4)∕12 = 507.91 m4.
Distributed mass along the height of the structure 

per meter = Mass of the floor ( mf  ) + Mass of the core (
mc

)
= 90308.6 kg/m.

m =  M a s s  o f  t h e  s t r u c t u r e  p e r  f l o o r 
= 90308.6 x 3.5 = 316080.1 kg.

J  = Rotational iner tia =
(

1

12

)
∗
{[
b
2 ∗ L ∗ �

c
∗(

b
2 + L

2
)]

−
[
(b − 2t)2 ∗ L ∗ �

c
∗
(
(b − 2t)2 + L

2
)]}

=(
1

12

)
∗
{[
12

2 ∗ 3.5 ∗ 2400 ∗
(
12

2 + 3.5
2
)]

−
[
(12 − (2 ∗ 0.5))2

∗ 3.5 ∗ 2400 ∗
(
(12 − (2 ∗ 0.5))2 + 3.5

2
)]}

= 4463725 
kgm2.

Outrigger structural properties

The structure is considered to have an identical mass through-
out the height as M1 = M2 = ⋯ = M60 = m. The total mass 
of the building obtained is equal to the mass of the core 
and mass of the concrete core of one floor. The rotational 
inertia is also equal through the full height of the building. 
J1 = J2 = ⋯ = J60 = J. The overall mass matrix M is given 
in the Eq. 2. The equation of motion of the structure is given,

In the above equation, M represents the mass matrix, Cd 
represents the damping matrix, K represents the stiffness 
matrix of the structure, P represents the lateral force, U rep-
resents the floor displacement, U̇ represents the floor veloc-
ity, and Ü represents the floor acceleration, respectively.

(1)MÜ + CdU̇ + KU = P

(2)M =

⎡⎢⎢⎢⎢⎢⎢⎣

M1

J1
⋱

0

0

⋱

M60

J60

⎤⎥⎥⎥⎥⎥⎥⎦

Outrigger structure is modeled as bar elements for col-
umns and beam elements for the core of the structure. The 
assumption considered is that there are no axial forces for 
the beam element, but moment and vertical force in each of 
the node is considered to give rotation and displacement as 
shown in Fig. 4.

The stiffness matrix can be divided into four parts based 
on the nodes for the convince of expression for the overall 
stiffness matrix K. The stiffness matrix of the member which 
is considered as beam element for core and bar element for 
the column is given by,

From the Eqs. 3–6, Ac represents the area of the core, Ec 
represents young’s modulus, I is a moment of inertia, L is 
the height of the floor, and ya angle of reference with global 
coordinate.

To build the final stiffness matrix of the outrigger 
structure, initially the stiffness matrix of the structure 
without considering the outrigger has to be formed, fol-
lowed by adding the spring stiffness to the matrix at 
the location of the outrigger level. The direct stiffness 
method is considered to get the final stiffness matrix 
[26]. The building in this study has 60 floors, where the 
single node is considered to have two degrees of free-
dom constituting 120 degrees of freedom as stated in 
Eq. 7, the dimension of the global stiffness matrix K  is 
120 × 120, where u1..u60 and �1..�60 are deflection and 
rotation of the element.

(3)kAA =

[
(
AcEc

L
sin2ya +

12EcI

L3
cos2ya)

6EcI

L2
cosya

6EcI

L2
cosya

4EcI

L

]

(4)kAB =

[
(−

AcEc

L
sin2ya +

12EcI

L3
cos2ya)

6EcI

L2
cosya

−
6EcI

L2
cosya

2EcI

L

]

(5)kBA =

[
(−

AcEc

L
sin2ya +

12EcI

L3
cos2ya) −

6EcI

L2
cosya

6EcI

L2
cosya

2EcI

L

]

(6)kBB =

[
(
AcEc

L
sin2ya +

12EcI

L3
cos2ya) −

6EcI

L2
cosya

−
6EcI

L2
cosya

4EcI

L

]

(7)K =

⎡⎢⎢⎢⎢⎢⎢⎣

k1BB + k1AA k1AB
k1BA k1BB + k2AA k2AB

k2BA k2BB + k3AA

0

0

⋱ k58AB
k58BA k58BB + k59AA k59AB

k59BA k59BB + k60AA

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣

u1
�1
⋮

⋮

u60
�60

⎤⎥⎥⎥⎥⎥⎥⎦
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The structure with the outrigger arm is considered as 
spring, and the rotational stiffness of the spring is added at 
the location of the outrigger arm. The rotational stiffness of 
the spring is added to the node representing the outrigger 
location.

When the structural mass and stiffness are known, the 
mode shape and Eigen valves are found by Eigen valve 
problem solution, where frequency and natural period of 
the building are calculated as shown in Eqs. 8–9,

�—Eigenvectors represent the mode shape.
�2–Eigen values.
�–Angular frequency (rad/s).
The natural period is inverse of frequency and can be 

obtained as follows,

The damping of the structure is calculated based on the 
concept of Rayleigh damping. There is an assumption in 
Rayleigh damping that stiffness and mass of the structure 
are proportional to its damping. The equation connecting the 
stiffness, damping, and mass of the structure is,

Cd - Damping of the structure (N. s/ m).
M  - Mass of the structure (kg).
K  - Stiffness of the structure (N/m).
This a0 and a1 in the Eqs.11–12 are related to damping 

ratio and angular frequency of the structure for any two dif-
ferent modes. The inherent damping considered as 2% for 
each mode, and the unit of a0 is (s−1) and a1 is (s).

In Rayleigh damping, the initial natural frequency can 
be selected as reference frequency to calculate a0 and a1 , as 
considered in the traditional method to obtain damping of 
the structural.

Viscous damper

Viscous dampers are passive type device which dissipates 
energy with structural motion as input that has a piston, ori-
fices, and seals arranged to obtain the forces with the flow 
of liquid within them. The force produced by the damper 
will be the velocity function between the ends of the device.

(8)K� = �2M�

(9)T =
1

frequency
=

2�

�

(10)Cd = a0M + a1K

(11)a0 = �(
2�i�j

�i + �j

)

(12)a1 = �(
2

�i + �j

)

For the multi-degree of freedom model based on finite 
element modeling, the supplement damping of viscous 
damper considered in the structure is given as,

Cpdamp–Damping calculated for viscous damper consider-
ing total number of dampers and distance, Cvis—Damping 
coefficient of the viscous damper, e—the distance between 
the center of the core to the end of the outrigger. Cpdamp 
is added to the rotational degree of freedom at the outrig-
ger floor. Eight dampers are considered in each of the two 
orthogonal directions, similar to the existing configuration 
in the St. Francis Shangri-La Place. From the literature, the 
damping coefficient ( Cvis ) in the range of 5–800 M.N.s/m 
is chosen to find an efficient coefficient by trial and error 
method, and in this study 90 M.N.s/m as the designed damp-
ing coefficient [16]. The damping of the passive device is 
added to the system matrix in state-space modeling of the 
damped outrigger structural modeling as represented in the 
Eq. 14.

Magneto‑rheological damper performance 
and modeling

In the construction industry, the MR damper is considered a 
capable device in reducing the structural response because 
of the property of MR fluid. MR dampers are semi-active 
devices because of their flexible characteristics of active 
dampers and the dependability of passive dampers. These 
dampers can work with the minimum amount of energy, 
that is even with the battery power, it has a capacity of high 
force production, workability in a wide range of tempera-
ture, etc. This behavior of the MR damper is because of 
MR fluid properties of an instant transformation of its states 
[27]. MR fluids are the magnetic analogs of electrorheologi-
cal fluids that are of micron sized, magnetically polarized 
particle which is spread in mineral or silicon oil in between 
different chambers through a small orifice in the piston. 
Electrical circuit in the form of coil winding is introduced 
in the device, that in the presence of the current produces 
the magnetic field. This magnetic field in turn participates 
in the activation of the carrier magnetic particles in the 
fluid to form a chain that changes the fluid from viscous to 
semi-solid state to produce yield strength, hence exhibits the 
damping forces with altering inter-particle attraction con-
tinuously to produce the force. Consequently, the resistance 
of the damper can be continuously changed in real-time by 
modulating electrical current that permits continuous control 

(13)Cpdamp = {8 ∗ Cvis ∗ e2}

(14)A =

[
0 I

−[M]−1[K] −[M]−1
[
C + Cpdamp

]
]

240X240
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of the fluid properties in the damper to produce the required 
force by the system [24].

The mechanical model and schematic diagram of the MR 
damper is shown in Figs. 5 and 6, and the force output for-
mulas of the MR damper are shown in the Eqs. 15–21, [28]. 
The applied force predicted by this model is given by,

where the evolutionary variable is z governed by

(15)f = 𝛼z + co(ẋ − ẏ) + ko(x − y) + k1(x)

(16)ż = −𝛾|ẋ − ẏ|z|z|n−1 − 𝛽(ẋ − ẏ)|z|n + a(ẋ − ẏ)

  
In the above formulas, k1 and ko are accumulator stiff-

ness and stiffness controlled at large velocities, co and c1 
are damping at large velocity and force–velocity loop non-
linearity [29]. � and � are constants, and the equations for 
the current driver are represented further,

From the above equations, v is the voltage to the MR 
damper commanded by the controller, and u is the output of 
the current driver to produce the required force.

Accordingly, the MR damper is formulated, and the 
model is rigged up in Simulink which is shown in Fig. 7.

There is an assumption made in the MR damper to 
obtain force to match the capacity of the building, i.e.,: the 
MR damper force originally got is multiplied by 2500 to 
get the required force by the structure, and it is scaled as 
25.4 mm is equal to 1 m in the model of damped outrigger 
structure [24].

MR damper acts as a passive damper when constant volt-
age and displacement are fed into the input of the damper. 
The Magneto-rheological damper when fed with the con-
stant voltage that is 5 V it acts as a passive-on mode damper. 
The MR damper is considered in this study in passive-on 
mode and MR structured with PID controller [30].

State‑space representation

State-space is one of the efficient modeling forms that give 
the input and output behavior of the system with its internal 
structural description of a dynamic system that is required 
to be controlled. Systematic analysis and synthesis of higher 
system, the nonlinear system can be modeled using state-
space. The equation of the State-space is the set of order 
systems without truncation of system dynamics, and it is a 
good system for the representation of a multi-input multi-
output system. The representation of a continuous, discrete 
system, time-varying, time-invariant system, and the com-
binations can be represented by the state-space method. The 
structural motion equation of controlled structure along with 
the earthquake is given in Eq. 22,

(17)ẏ =
1(

co + c1
) ×

{
𝛼z + coẋ+̇ko(x − y)

}

(18)� = �(u) = �a + �bu

(19)a = a(u) = aa + abu

(20)co = co(u) = coa + cobu

(21)u̇ = −𝜂(u − v)

Fig. 5   Mechanical model of MR damper [24]

Fig. 6   Schematic diagram of MR damper [30]
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In the above equation, M represents the mass matrix, Cd 
represents the damping matrix, K represents the stiffness 
matrix of the structure, U(t) represents the floor displace-
ment, U̇(t) represents the floor velocity, and Ü(t) represents 
the floor acceleration, respectively. f (t) is MR damper force, 
R120X1 is the location matrix of the damper, N120X1 is column 
vector with alternate ones and zeros, corresponds to unity 
for all the translational degree of freedom, and Üg(t) is earth-
quake acceleration.

For the uncontrolled case without the damper, the force 
produced f  is zero, and for the controlled case, the force 
produced is calculated from the MR damper.

To model the benchmark outrigger problem in Sim-
ulink, the general expression of the structural system 
is converted to the state-space formulation. To express 
the dynamic behavior of multi-degree of freedom sys-
tem, a linear second-order differential equation is writ-
ten in matrix form in Eq. 23, assuming the equation of 

(22)MÜ(t) + CdU̇(t) + KU(t) = Rf (t) −MNÜg(t)
the motion of the structure is linearly invariantly ([M], 
[C], and [K] are constant) observable system with the MR 
damper.

The continuous time-invariant state-space equation is a 
set of the linear differential equation, and a set of the alge-
braic equation is given in the standard form is as follows,

Here  is the state vector, u
⌢
(t) is the input vector, and 

y
⋅

(t) is the output vector. Here A is system matrix, B and E are 
input matrix, C is output matrix, and D is direct transmission 
matrix and are represented in Fig. 8.

(23)
[M]

{
Ü(t)

}
+
[
Cd

]{
̇U(t)
}
+ [K]{U(t)} = [R]{f (t)} − [M][N]

{
Üg(t)

}

(24)

(25)

Fig. 7   Simulink model of MR damper (Created by Author)
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Here the state vector  of dimension n × 1, the input 
vector u

⌢
(t) of dimension m × 1 and the output vector y

⋅

(t) of 
dimension p × 1. Here A represents system matrix of dimen-
sion n x n, B represents input matrix of dimension n x m, C 
represents output matrix of dimension p x n, and D repre-
sents direct transmission matrix of dimension p x m.

(26)

(27)Input vector u
⌢
(t) =

{
u
⌢
1

u
⌢
2

}

2X1

=

{
Üg

f

}

2X1

(28)Iutput vector, y
⋅

(t) =

⎧⎪⎨⎪⎩

y
⋅
1

⋮

y
⋅
120

⎫⎪⎬⎪⎭
120X1

=

⎧⎪⎨⎪⎩

U
1

⋮

U
120

⎫⎪⎬⎪⎭120X1

(29)A =

[
0 I

−[M]−1[K] −[M]−1
[
Cd

]
]

240X240

(30)B =

[
0

[M]−1[R]

]

240X1

(31)E =

[
0

−N

]

240X1

(32)C =
[
−[M]−1[K] −[M]−1

[
Cd

] ]
120X240

Proportional integral derivative (PID) controller

PID controller is the oldest and widest used control system 
in the industry. In this study, the PID controller is used in the 
feedback loop, and it is tuned by trial and error method to 
command voltage required by the MR damper. Equation 34 
shows the formula of PID, in which ê(t) is the error calcu-
lated,u

⌢
(t) is the output of the controller as voltage,Kp is the 

proportion constant, Ti is integral time, and Td is deriva-
tive time. In this study, PID controller is interfaced with the 
MR damper and damped outrigger structural model. This is 
simulated in MATLAB and Simulink [31, 32].

Results and discussions

By adopting the methodology discussed in this paper, the 
outrigger structural response in the presence and absence 
of the controller is obtained. The seismic response of the 
damped outrigger structure is plotted for two different earth-
quakes in this study to know the performance of the structure 
in the absence and presence of the damper. Displacement of 
the top floor of the damped outrigger structure for El-Centro 
and Kobe earthquake considering uncontrolled structure, for 
the structure with viscous damper, MR damper in passive-
on mode (i.e., maximum constant voltage of 5 V is feed to 
damper) and MR damper with PID controller are shown in 
Figs. 9 and 10, respectively.

The acceleration of the top floor of the damped outrigger 
structure for El-Centro and Kobe earthquake considering 
uncontrolled structure, for the structure with viscous damper, 
MR damper in passive-on mode (i.e., maximum constant 
voltage of 5 V is feed to damper) and MR damper with PID 
controller are shown in Figs. 11 and 12, respectively.

Figures 13 and 14 represent the acceleration profile of top 
floor for El-Centro and Kobe earthquake, considering the 
various condition in a single plot to show its effectiveness in 
vibration mitigation. The result depicts that in the presence 
of the passive viscous damper, the vibration reduces both in 
the case of displacement and acceleration when compared to 
uncontrolled conditions. In the presence of the MR damper, 
the vibration of the structure reduces more than the viscous 
damper. In the passive-on mode of the MR damper, the 
vibration is mitigated, but when this is compared with the 
MR damper controlled by the PID controller the vibrations 

(33)D =
[
[M]−1[R] 0

]
120X2

(34)

u
∼

(t) = Kp ×

{
∹(t) +

(
1

Ti
×

t

∫
0

∹(t) × d(t)

)
+

(
Td ×

d∹(t)

dt

)}

Fig. 8   State-space representation of St. Francis Shangri-La Place 
(Outrigger structural system) (Created by Author)
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are quite reduced to the least of all the controlled conditions 
mentioned. Thus, the PID controlled MR damper perfor-
mance is better in controlling the damped outrigger struc-
tural vibration.

The peak values of the structural response for various 
condition pertaining to the graph as mentioned above, 
are shown in Table 1 for El-Centro and Kobe earthquake. 
The peak value of the uncontrolled structural response 
is higher in amplitude for displacement and acceleration 
while comparing it with the controlled conditions con-
sidering the viscous damper and MR damper. The peak 
value of the structural response reduces with the introduc-
tion of a viscous damper, and further, the semi-active MR 
damper will decrease the vibration to the maximum. When 
the PID controller is interfaced with the MR damper, the 

response of the structure is reduced to the minimum of 
all the controlled and uncontrolled conditions because 
PID controller correlates the output feedback, integral, 
and derivative to the error by mitigating the response in 
the progressive loop. As PID controller tuning is properly 
done by trial and error process, it aggressively reduces 
the structural response in the presence of the earthquake. 
The mean value of the displacement and acceleration of 
the structure for various conditions for the El-Centro and 
Kobe earthquakes are shown in Table 2. The mean value 
displayed in the table shows that displacement and accel-
eration decrease for outrigger structure with damper, out 
of all condition the mean value is minimum for damped 

Fig. 9   Displacement profile of the top story of the outrigger structure 
for El-Centro earthquake

Fig. 10   Displacement profile of the top story of the outrigger struc-
ture for Kobe earthquake
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outrigger structure controlled with MR damper regulated 
by PID controller.

From the tabular value, main finding of this research is 
reduction of the structural displacement, with the addition 
of viscous damper up to 50% for El-Centro earthquake and 
Kobe earthquake excited for the damped outrigger struc-
ture. When MR damper is used in the structural response 
reduction the displacement of the structure is reduced to the 
maximum of more than 90% for both El-Centro earthquake 
and Kobe earthquake. In the case of acceleration reduction, 

the viscous damper controls more than 60% of the vibra-
tions, When MR damper is used with constant current more 
than 80% reduction is obtained. When MR damper with PID 
controller is used the maximum reduction (90%) in vibration 
is observed for structural acceleration. Thus, the main aim 
of this research of reducing the response of the structure 
is attained by performance enhancement of the outrigger 
structure with the addition of dampers with PID controller 
with proper tuning.

Fig. 11   Acceleration profile of the top story of the outrigger structure 
for El-Centro earthquake

Fig. 12   Acceleration profile of the top story of the outrigger structure 
for Kobe earthquake
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Conclusions

The damped outrigger structure replicating St. Francis Shan-
gri-La Place Skyscraper is considered for numerical simu-
lation excited for earthquake, is modeled using Bernoulli’s 
Euler theory for the core of the structure using finite element 
approach with MATLAB and Simulink. The study aims at 

controlling the vibrations of the structure using the passive 
system as viscous damper and semi-active system as MR 
damper considering PID controller to regulate the damper. 
The damped outrigger structure is simulated to obtain 
uncontrolled vibration due to the earthquake, then viscous 
damper and MR dampers are used in mitigating the response, 
corresponding performance of the structure is obtained for 
the efficient comparison. As reported in the result section, 

Fig. 13   Multi-variable acceleration profile for top story of the structure for El-Centro earthquake

Fig. 14   Multi-variable acceleration profile for top story of the structure for Kobe earthquake
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the use of the dampers and control system has shown the 
reduction of the structural response pertaining to the dis-
placement and acceleration with the peak amplitude value 
and mean of the response. When viscous damper is attached 
to the structure it develops the control force opposite to the 
motion of the structure that shows the vibration reduction in 
the response from that of uncontrolled case to certain extent 
but not too aggressive in its action because the damping 
characteristic of viscous damper cannot be changed as per 
the requirement. Thus, a semi-active MR damper is intro-
duced in the structure with and without PID controller and 
MR damper in the absence of controller with the pre-estab-
lished constant voltage (passive-on mode of the MR damper) 
reduces the vibration to a large extent while comparing it 

with viscous damper control. Then PID controller is used 
to modify the voltage and hence control current as per the 
requirement of the MR damper in producing control force 
required by the structure in diminishing the vibration. The 
proposed strategy of damped outrigger structure with semi-
active MR damper regulated with PID controller involves 
itself aggressively in mitigation of the structural response to 
a minimum range. The use of the PID controller in comput-
ing the required voltage has functioned predominantly in 
producing required force by MR damper against the earth-
quake force striking the structure. In this paper, the damped 
outrigger structural performance enhancement has been 
achieved by using the semi-active controller. Installation of 
the smart protective system in structures is still an upcom-
ing practice, but it has huge potential in structural health 
monitoring and structural control.
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