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This paper presents themodeling and control of amagnetorheological (MR) damper, installed in Chevron configuration, at the base
of a 20-story benchmark building.The building structural model is created using the commercial software package ETABS.TheMR
damper model is derived from Bouc-Wen hysteresis model which provides the critical nonlinear dynamics that best represents the
MR damper under a wide range of operating conditions. System identification is used to derive a low-order nonlinear model that
best mimics the nonlinear dynamics of the actual MR damper. Dynamic behavior of this low-order model is tested and validated
over a range of inputs. The damper model has proven its validity to a high degree of accuracy against the nonlinear model. A
Kalman filter is designed to best estimate the state of the structure-damper system for feedback implementation purposes. Using
the estimated states, an LQG-based compensator is designed to control the MR damper under earthquake loads. To demonstrate
the effectiveness of this control strategy, four historical earthquakes are applied to the structure. Controlled and uncontrolled floor
accelerations and displacements at key locations are compared. Results of the optimally controlled model demonstrate superior
performance in comparison to the uncontrolled model.

1. Introduction

Protection of large structures against external disturbances
such as earthquakes and wind has been a major concern to
researchers for decades. Seismic isolation with and without
supplemental damping for energy dissipation has proven to
be very effective in protecting civil structures during seismic
events. Most classical isolators are of the passive type, such
as natural rubber bearings (NRBs) [1–3]. These isolators
are capable of providing adequate damping during low-to-
moderate earthquakes. With high-velocity pulses and high
displacement demands, many Near-Field (NF) situations
require impractical isolator bearing dimensions and designs.
In such occasions, utilizing high-damping rubber (HDR)
bearings, lead-rubber (LR) bearings, or friction pendulum
system (FPS) alone is not the best engineering solution.
Typical FF response of base-isolated structures ismanageable,
compared to the high demands of an NF event [4–8]. The

combined isolation system of HDR or LR bearings with
viscous dampers seems to work well in the NF regions where
the ground shaking characteristics are capable of producing
pulses with velocity of 0.5–1.5m/sec and durations of 1–3 sec.
Unfortunately, this combined system does not perform desir-
ably in moderate or strong Far-Field (FF) events due to the
secondary forces produced by the dampers and their complex
coupling effects [9]. Consequently, supplemental damping
is needed to reduce the horizontal displacement demands
otherwise structural integrity could be jeopardized [10]. For
moderate-to-severe earthquakes, semiactive dampers, such
as Magnetorheological (MR) dampers, have proven to be
significantly more effective. Jangid [11] investigated the opti-
mum use of the FPS isolators for NF earthquake motion in
multistory buildings. He evaluated the response of the system
to six records of NF earthquakes and derived the optimum
friction coefficient of the FPS.This was performed so that the
top floor acceleration and the total horizontal sliding distance
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are minimized. It was concluded that the optimum friction
coefficient for FPS for NF earthquake motions is in the range
of 0.05 to 0.15.

When considering the challenge of limiting the total
maximum displacement (𝐷TM) to practical limits, especially
in NF sites, somtimes the designer relies on fluid viscous
dampers (FVDs). The state of the practice involves carrying
out preliminary calculations and analyses using typical HDR
bearings. These preliminary calculations could readily show
whether or not supplemental damping is required. Once
supplemental damping is deemed necessary, many designers
would prefer utilizing the linear behavior of NRB isola-
tors combined with the supplemental damping provided by
FVDs; the use of such a system often results in additional
uniformity in the induced superstructure story forces. This
system has also been used in many projects in the USA [12–
19]. Recently, AlHamaydeh et al. [20] developed simplified
design equations for seismic isolation systems with dampers.
Several researchers [21–23] proposed a cost effective real-
time hybrid simulation to evaluate different control strategies
for advanced MR dampers. Four semiactive control strate-
gies based on the clipped-optimal controller were evaluated
experimentally. Force-tracking type controllers were found
to achieve excellent control performance, while maintaining
relatively lowMRdamper forces. Recently, Zhao andZhu [24]
introduced a stochastic optimal semiactive control law for
cable-stayed bridges by solving the dynamical programming
equation produced by utilizing the Bingham model for an
MR damper. Since supplemental damping devices generally
provide higher damping levels which are inversely propor-
tional to their stiffness, Høgsberg [25] demonstrated thatMR
dampers can be used to minimize dampers stiffness and even
have equivalent negative stiffness. Using linear equivalent
models obtained by harmonic averaging, improvement in
response reduction is shown when compared to the corre-
sponding case with optimal passive viscous dampers. Most
recently, Assaleh et al. [26] utilized group method of data
handling (GMDH) to model the MR damper behavior.

This work presents a technique for seismic isolation of a
20-story building adaptive control of anMRdamper, installed
in Chevron configuration, between the base and first floor
of a 20-story building. The building structural model is
derived from a benchmark structure model using ETABS.
TheMRdampermodel considered is derived fromWien-Boc
hysteresis model. This model provides the critical nonlinear
dynamics that best represents the MR damper under a wide
range of operating conditions. System identification is used
to derive a low-order nonlinear model that best mimics
the nonlinear dynamics of the actual MR damper. Dynamic
behavior of this low order model is tested and validated over
a wide range of inputs. The damper model has proven its
validity to a high degree of accuracy against the nonlinear
model. A Kalman filter is designed to best estimate the
state of the structure-damper system for feedback imple-
mentation purposes. Using the estimated states, an LQG-
based compensator is designed to control the MR damper
under earthquake loads. To demonstrate the effectiveness of
this control strategy, a wide range of historical earthquakes
are applied to the structure and the MR damper is set

active. Accelerations and drifts, at all building floors, are
computed over the duration of each earthquake. Results of
the controlledmodel are compared to the uncontrolledmodel
and the superior performance of the optimally controlled
model is demonstrated.

2. Structural Model

The proposed structure model was derived from a 20 story
benchmark building well studied in literature. A full descrip-
tion of the structure details is provided by others: Spencer et
al. [27] and Ohtori et al. [28]. The building parameters were
fed into ETABS and natural frequencies and mode shapes
were computed. Figure 1 shows a sample mode of vibration
of the 20-story building under consideration.

The structure is discretized into finite element model,
forming an 𝑛-dimensional discrete spring-mass-damper sys-
temwhose dynamics is described by the second-ordermatrix
differential equation:

𝑀�̈� + 𝐶�̇� + 𝐾𝑥 = 𝑢 (𝑡) , (1)

where 𝑀, 𝐶, and 𝐾 are the (20 × 20) square and symmetric
mass, stiffness, and damping coefficient matrices, respec-
tively. The variables 𝑥(𝑡) and 𝑢(𝑡) are the displacement and
force vectors, respectively. For systems with proportional
damping, the matrices 𝑀, 𝐾, and 𝐶 can be diagonalized by
employing a proper normalized orthogonal transformation.
This transformation yields

̈𝜂
𝑖 (𝑡) + 2𝜍
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where 𝜂
𝑖
, 𝜔
𝑖
, and 𝜍

𝑖
represent the transformed coordinates,

natural frequency, and damping ratio of the structure’s 𝑖th
vibration mode, respectively. When the input is a point
force (i.e., actuators), 𝑉

𝑖
is the vector of the 𝑖th mode shape

evaluated at the force input location.
For flexible structures having point force(s) as the input(s)

and point displacement(s) as the measured output the state-
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follows:
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Figure 1: Representation of building modes of vibration (5th
horizontal translational mode).
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The state-spacemodel of (3) can be expressed in the following
compact form:

�̇� = 𝐴
𝑠 (𝜃) 𝑧 + 𝐵

𝑠 (𝜃) 𝑢, (6)

𝑋
𝑡
= 𝐶
𝑠 (𝜃) 𝑧 + 𝐷

𝑠 (𝜃) 𝑢, (7)

where 𝑋
𝑡
is a vector of nodal displacement(s) at sensor(s)

location(s), and 𝐴
𝑠
, 𝐵
𝑠
, 𝐶
𝑠
, and 𝐷

𝑠
matrices are functions

of the system (natural frequency, damping ratio, and mode
shapes) (i.e., if we assume 𝜃 = 𝑓(𝜔

𝑖
, 𝜍
𝑖
, and 𝜓

𝑖
)
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).
Information needed to construct matrices 𝐴

𝑠
, 𝐵
𝑠
, 𝐶
𝑠
, and𝐷

𝑠

of (6) and (7) (i.e.,mode shapes andnatural frequencies)were
all obtained using ETABS.

3. MR Damper Model

To make the simulation realistic, the MR damper has to
be properly modeled. The damper model must be accurate
enough to capture the dynamic characteristics of the real
damper, yet simple enough carry the computation in real time
on a low-power microprocessor. To bridge the gap between
these two competing requirements, system identification (SI)
was used to derive an 8th-order nonlinear auto regression
(Narx) model. Spencer et al. [27] have presented a model of
theMR damper based on the Bouc-WenHysteresis model. In
this model, the force displacement, force velocity, and force
as a function of time were computed. The damper model
equations are presented here for convenience:
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1
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𝑢
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�̇� = −𝜂 (𝑢 − V) . (14)

In this work, numerical solutions of (8)–(14) have been
performed and time history of all states was validated by
checking against previously published solutions by Spencer
et al. [27].

System identification (SI) relating input to output has
been performed to derive a simple nonlinearmodel. Different
SI techniques, using the Matlab System Identification tool-
box, were employed yielding excellent matching.The derived
models have been thoroughly tested and proved to match
the nonlinear model behavior to a high degree of accuracy
over a wide range of inputs. Among the different methods
employed, the Narx method provided the best matching.
Responses of various models obtained by the different SI
techniques are shown in Figure 2.

The polynomial model obtained from Narx is converted
to state-space format and compared to the nonlinear model.
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Figure 2: MR damper response versus different identified models.
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The comparison is shown in Figure 3. The state-space model
of the damper is expressed as

𝑥
𝑓
= 𝐴
𝑓
𝑥
𝑓
+ 𝐵
𝑓
𝑢
𝑓
,

𝑌
𝑓
= 𝐶
𝑓
𝑥
𝑓+𝐷
𝑓
𝑢
𝑓

,

(15)

where 𝑥
𝑓

is the state vector of the MR damper state-
space model, 𝑢

𝑓
is the input, and 𝑌

𝑓
is the output (i.e.,

damper force). The quadruple (𝐴
𝑓
, 𝐵
𝑓
, 𝐶
𝑓
, 𝐷
𝑓
) represents

the dynamic, input, output, and direct input matrices of the
MR damper model. The following figure shows the results
obtained from the Narx model and the nonlinear model.
Excellent matching of dynamic behavior is demonstrated in
Figure 3.

The state-space model obtained from Narx polynomial is
utilized in the control scheme of the multidegree of freedom
structure found in the preceding. The controller design is
presented next.

4. Controller Design

Assuming that the control effort will be utilized to isolate
the passive structure from ground excitation as shown in
Figure 4. A schematic of the control process implemented on
the structure is shown in Figure 5.

The (KAFB) dynamic model is formed from the com-
bined dynamics of the MR damper transmitted force repre-
sented by (15) and the dynamics of the structure represented
by (6) and (7).

The equivalent continuous state-spacemodel of the trans-
mitted forcewhere acceleration is the input to the forcemodel
is

�̇�
𝑓
= 𝐴
𝑓
𝑥
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+ 𝐵
𝑓
𝑌𝑌,

𝐹 = 𝐶
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𝑌𝑌,

(16)

where (𝑌𝑌(𝑡)) is the base acceleration and 𝑥
𝑓
is a vector of the

transmitted force states. 𝐴
𝑓
, 𝐵
𝑓
, 𝐶
𝑓
, and 𝐷

𝑓
are dynamics,

input, output, and direct input matrices of the transmitted
force block of Figure 5, respectively. The term 𝐹 denotes the
force transmitted to the structure through its elastic base and
is a function of time.

Using the above analysis, we can express the continuous
state-space model of the structure described by (7) and (8) as
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𝐹,

(17)

where that the term 𝑢(𝑡) of (6) and (7) has been replaced
by 𝐹 in (17) to indicate that the input to the structure is the
force transmitted to it through its elastic base and includes
the seismic excitation and the damper control force.

A state-space model of the beam-base system (the trans-
mitted force represented by (16) and the structure represented
by (17)) can now be constructed by augmenting the two parts
together such that

𝐴
𝑎
= [

𝐴
𝑓

0

𝐵
𝑠
𝐶
𝑓

𝐴
𝑠

] ,

𝐵
𝑎
= [

𝐵
𝑓

𝐵
𝑠
𝐷
𝑓

] ,

𝐶
𝑎
= ⌊𝐷𝑠𝐶𝑓 𝐶

𝑠⌋ ,

𝐷
𝑎
= ⌊𝐷
𝑓
𝐷
𝑠
⌋ ,

(18)

where 𝐴
𝑎
, 𝐵
𝑎
, 𝐶
𝑎
, and 𝐷

𝑎
represent the state-space matrices

of the augmented base-beam system in which the first two
states belong to the transmitted force part and the remaining
states belong to the structure mounted on the base.
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(KAFB) matrix of gains (𝐾
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) such that
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= 𝑆
∘
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𝑇

𝑎
𝑅
−1
. (19)

The column vector 𝐾
𝑎
in this case is a (2 + 2𝑛) × 1 column

vector, and the first two rows are the Kalman gains of the
states of the transmitted force, and the remaining 2𝑛 gains
are those of the states of the structure. 𝑆

∘
is the steady-state

solution of the following filter algebraic Riccati equation:

̇𝑆 = 𝐴
𝑎
𝑆 + 𝑆𝐴

𝑇
− 𝑆𝐶
𝑇

𝑎
𝑅
−1
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𝑎
𝑄𝐵
𝑇

𝑎
. (20)

Matrices 𝑅 and 𝑄 are positive definite and positive semidef-
inite matrices, respectively [29, 30]. Proper choice of 𝑅 and
𝑄 is important because both matrices are heavily involved
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Figure 6: Simulated acceleration and displacement response of top
floor of the structure with control (red) and without control (blue):
El Centro earthquake input.

in the construction of the cost function. In this work, the
value of 𝑄/𝑅 ranges from 1 to 100. This ratio is limited
by the maximum force that can be provided by the MR
damper and keep the control force within its saturation
limit. If the 𝑅 is very high, sensitivity to measurement
noise will be accentuated and the controller performance
might be degraded. After many iterations and driven by
the objective of minimizing accelerations and displacements
while maintaining damper force with allowable limits, the
final 𝑅 and 𝑄matrices were selected.

For a specific value of 𝑅 and 𝑄, Kalman matrix of gains
(𝐾
𝑎
) of (19) is

𝐾
𝑎
= [

[𝐾
𝑓
]

[𝐾
𝑠
]

] =

[
[
[
[
[
[
[

[

[
𝐾
1

𝐾
2

]

[
[

[

𝐾
3

...
𝐾
2𝑛+2

]
]

]

]
]
]
]
]
]
]

]

. (21)

Equation (21) shows that 𝐾
𝑎
is partitioned into two parts,

namely, 𝐾
𝑓
which corrects the estimates of 𝑥

𝑓
in (16), and

𝐾
𝑠
which corrects the estimates beam states (i.e.,𝑋

𝑡
of (17)).

In general, the structure of the Kalman estimator takes
on a particularly simple structure that closely resembles the
original dynamic system [29, 30]. The complete vibration
isolation scheme proposed by this study is shown in Figure 5.
𝐾
𝑐
in Figure 5 is the linear quadratic regulator (LQR) gain,

obtained with a similar procedure used to obtain𝐾
𝑎
.

It is well known that the Kalman estimator is subject to
all deterministic inputs that the plant is subject to, including
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the estimated damper control force shown in Figure 5. This
is why the realization of the structure inside the controller
in Figure 5 is subject to the estimated transmitted damper
force twice. These two forces have the same magnitude,
and, like the two forces acting on the structure (plant), they
are opposite in sign, nullifying the net force seen by the
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Figure 9: Simulated acceleration and displacement response of top
floor of the structure with control (red) and without control (blue):
Northridge earthquake.

realization of the structure inside the controller. Therefore,
the Kalman estimate of the acceleration, of any point on
the beam, is identically zero, which eliminates the need for
realizing (including) the structure inside the controller, which
subsequently yields a second-order control scheme regardless
of the order of the plant model. This lowers the complexity
of the controller and therefore significantly reduces the
computational time. Simulated results of the 20th floor are
presented in Figures 6, 7, 8, and 9. Each figure has two plots,
one for acceleration and the other for displacement. Each plot
shows the uncontrolled and the controlled response.

5. Conclusions

To demonstrate the advanced performance of a semiactive
MR damper used in the protection of a 20-story structure
from earthquake damage, a control strategy based on a
linear quadratic Gaussian regulator is proposed. First, a linear
model of the structure is derived using ETABS. Second,
System identification is used to derive a linear low-order
model of the MR damper from the Bouc-Wen nonlinear
model. Third, a Kalman filter is designed to best estimate
the states of the system for feedback implementation pur-
poses. Finally, an LQG controller is designed to minimize
dynamic loads and structural damage. Extensive simulation
is performed to test and validate the effectiveness of the
MR damper control strategy. Four historical earthquakes are
applied to the structure and theMRdamper is set active. After
successful simulation, accelerations and drifts at all structure
floors are computed. Proposed optimal control ofMRdamper
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effectiveness is demonstrated by significantly reducing the
accelerations and displacements at all floors of the structure.
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