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CoDAlab

Control, Dynamics
and Applications

Doctoral Thesis in Civil Engineering

HIERARCHICAL
SEMIACTIVE CONTROL

OF BASE-ISOLATED
STRUCTURES

by

Arash Bahar
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Motivation and

objectives

Motivation

In structural engineering, one of the constant challenges is to
find new better means of protecting structures from the dam-
aging effects of destructive environmental forces. This can be
achieved by applying traditional seismic design principles, which
assume that earthquakes act upon the structure across its fixed
base, to assure partial dissipation of the induced energy. Plas-
tic deformation of certain members can occur and, as a result,
the structure is damaged to a certain degree. This disadvantage
can be avoided by using passive, active, hybrid, and semiactive
control strategies.

Passive control refers to systems that utilize the response
of structures to develop the control forces without requiring an
external power source for their operation. Active control, on the
other hand, refers to systems that require a large power source
to operate the actuators that supply the control forces. Semiac-
tive control combines the features of active and passive systems.
These systems require a small power source to operate and uti-
lize the response of the structure to develop the control forces
that are regulated by algorithms using the measured excitation
and/or response. Hybrid control implies the combined use of ac-
tive and passive control systems or semiactive and passive ones.

Passive supplemental damping strategies are well under-
stood and are widely accepted by the engineering community as

xxi



xxii Motivation and objectives

a means for mitigating the effects of dynamic loading on struc-
tures. Seismic isolation system is one of the most well accepted
passive control methods which has been shown to not only re-
duce the response of the primary structure, but also reduce dam-
age to equipment and other non-structural secondary elements.
A drawback of most isolation systems becomes apparent when
one considers the response of isolated structures subjected to
earthquakes characterized by near-field motions. Such motions
are likely to produce large isolation system deformations, which
in turn, may lead to buckling or rupture of isolators. Moreover,
these passive-device methods are unable to adapt to structural
changes and to varying loading conditions.

In order to overcome these drawbacks one way is to uti-
lize supplemental dampers together with the isolation system
(a hybrid system). However the beneficial effects of the iso-
lation system may be significantly reduced for both moderate
and strong earthquakes due to the transfer of energy into higher
modes which can result in increased interstory drift and floor
acceleration responses.

Preliminary studies indicate that appropriately implemented
semiactive systems perform significantly better than passive de-
vices and have the potential to achieve the majority of the per-
formance of fully active systems, thus allowing for the possibility
of effective response reduction during a wide array of dynamic
loading conditions. Therefore, one approach for improving the
performance of an isolation system is to incorporate a semi-
active device within the isolation system whose properties can
be adjusted in real-time during an earthquake. Specifically the
magnetorheological (MR) dampers appear to have significant
potential to advance the acceptance of structural control as a
viable means for dynamic hazard mitigation. However, because
of the inherent nonlinearity of MR dampers, the first step in the
design of a semi-active control strategy is the development of
an accurate model of the MR device. The system-identification
issue plays a key role in control problems.
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As in a passive control system, the control forces in semi-
active systems are developed as a result of the motion of the
structure itself. They can only be modified through appropri-
ate adjustment of mechanical properties of semi-active devices.
Furthermore, the control forces act to oppose the motion of the
structural system and therefore promote the global stability of
the structure.

Objectives of the thesis

The nature of this research is multidisciplinary because it deals
with two concepts, identification of a mechanical device (MR
damper) as well as a structural control problem in a civil engi-
neering perspective. In other words, this study will focus on the
development of a new parameter identification method for MR
dampers which will lead to a new inverse model for these highly
non-linear semi-active devices. The resulted inverse model will
be used in a control strategy. The proposed control strategy will
be developed to manipulate the command voltage of a group of
MR dampers installed at the base level of a base-isolated build-
ing in order to generate a control force as close as possible to the
desired one. Finally, the resulted control strategy will be applied
to improve the dynamic behavior of a benchmark base-isolated
structure subjected to near-fault pulse-type ground motions.

Therefore the main objectives of this study can be summa-
rized as follows:

• Develop a new extended parameter identification method
for MR dampers based on the normalized Bouc-Wen model.

• Define a new inverse model for MR dampers based on the
identification results.

• Design a hierarchical control strategy for a hybrid system
consisting of a set of base-isolators and MR dampers for a
building structure.

• Assess the efficiency of the control strategy in a numerical
three-dimensional model of a base-isolated buildings used
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by the structural control community as a benchmark for
assessment of seismic control systems.

Layout of the thesis

� Chapter 1 presents some general information about MR
dampers. The mechanical properties of magnetorheological
fluid and the way it changes is discussed. Different types of
MR dampers and their mathematical models are presented,
including a normalized version of the Bouc-Wen model.

� In Chapter 2 a modified Bouc-Wen based normalized model
is developed to study the behavior of a wider range of MR
dampers, specially the devices which are more effective in
the vibration control of real structures. This model then
leads to an extended parameter identification method for
MR dampers. The result of this modification is its ability
to identify a larger class of MR dampers with more accu-
racy. In order to validate the method, a black-box model
of an MR damper which comes with the benchmark pro-
gram is used as a virtual device. The output force of this
virtual damper is used as laboratory test data. The ver-
satility of the proposed parameter identification method is
tested using the MR damper as a semi-active device under
time-varying voltage and earthquake excitation.

� Chapter 3 deals with a new inverse model for MR dampers.
This model is derived from the extended normalized Bouc-
Wen model, which resulted in Chapter 2, based on two
practical simplifications and considering additional opera-
tional constraints. The inverse model will serve to deter-
mine the command voltage of the MR damper to approach
a desired control force.

� In Chapter 4 a hierarchical semi-active control strategy
is presented. This control strategy consists of a supervi-
sor block which will calculate the desired level of control
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force based on the sign of the base velocity. The number
of dampers which can apply an effective force in the same
direction of the desired control force is found and the cor-
responding command voltage will be calculated using the
inverse model.

� Chapter 5 presents the numerical application of the con-
trol strategy by considering a three-dimensional smart base-
isolated benchmark building. Performance indices as long
as time history plots and resulted damping force are pre-
sented.

� In Chapter 6 some concluding remarks and future lines
for investigations are presented.
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Chapter 1

MR dampers

1.1 Introduction

A magnetorheological (MR) damper consists of a solution that,
in the presence of a magnetic field, can reversibly change from
a free-flowing, linear viscous fluid to a semi-solid with control-
lable yield strength [10]. This feature provides simple and rapid
response interfaces between electronic controls and mechanical
systems. Normally, MR fluids are free flowing liquids having a
consistency similar to that of motor oil [43]. However, in the
presence of an applied magnetic field, the iron particles (car-
bonyl iron) acquire a dipole moment aligned with the external
field which causes particles to form linear chains parallel to the
field (Figure 1.1).

This phenomenon can solidify the suspended iron particles
and restrict the fluid movement. Consequently, yield strength
develops within the fluid. This change is manifested by change
of the damper force in which MR fluids are used. The degree of
change is related to the magnitude of the applied magnetic field,
and can occur only in a few milliseconds. A typical MR fluid
consists of 20-40 percent by volume of relatively pure, 3-10 mi-
cron diameter iron particles, suspended in a carrier liquid such
as mineral oil, synthetic oil, water or glycol [118]. In contrast
to their electrical counter-part, the electrorheological (ER), MR
fluids are not highly sensitive to moisture or other contaminants

1



2 Chapter 1. MR dampers

that might be encountered during manufacture and usage [52].
Further, because the magnetic polarization mechanism is unaf-
fected by temperature (The operation range has reported in [52]
from -40 to 150 � with a slight variation of the yield stress),
the performance of MR-based devices is relatively insensitive
to temperature over a broad temperature range (including the
range for automotive use) [42].

MR fluid can be used in three different ways, all of which
can be applied to MR damper design depending on the damper’s
intended use. These modes of operation are referred to as squeeze
mode, valve mode (pressure driven flow mode), and shear mode.
A device that uses squeeze mode has a thin film (on the order
of 0.020 in.) of MR fluid that is sandwiched between paramag-
netic pole surfaces as shown in Figure 1.2. An MR fluid device
is said to operate in shear mode when a thin layer ( 0.005 to
0.015 in.) of MR fluid is sandwiched between two paramagnetic
moving surfaces. Shear mode (see Figure 1.3) is useful primar-
ily for dampers that are not required to produce large forces
and for clutches and brakes. The last mode of MR damper op-
eration, valve mode (see Figure 1.4), is the most widely used
of the three modes [88]. An MR device is said to operate in
valve mode when the MR fluid is used to impede the flow of
MR fluid from one reservoir to another. Most devices that use
controllable fluids can be classified as having either fixed poles

magnetic field

magnetizable 
particles

carrier liquidcarrier liquid

magnetizable 
particles

Figure 1.1: MR Fluid Behavior [56].
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(working frequently in pressure driven flow mode) or relatively
movable poles (working in direct-shear mode) [88].

Force

Force

MR Fluid

Paramagnetic Pole

Paramagnetic Pole

Magnetic Field

Magnetic Field

Figure 1.2: MR fluid used in squeeze mode.

Force

Force

MR Fluid

Paramagnetic Pole

Paramagnetic Pole

Magnetic Field

Magnetic Field

Figure 1.3: MR fluid used in shear mode.

Commercialization of MR technology begun in 1995 by use
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FlowMR Fluid

Magnetic Field

Magnetic Field

Annular Orifice (or Inside Diameter of a Tube)

Poles

Figure 1.4: MR fluid used in valve mode.

of rotary brakes in aerobic exercise equipment. From this mo-
ment, application of magnetorheological material technology in
real-world systems has grown steadily [56]. MR fluid operat-
ing in valve mode, with fixed magnetic poles, is appropriate for
hydraulic controls, servo valves, shock absorbers, and dampers
(include the models which called tube/linear MR dampers, see
Figure 1.5). The direct-shear mode with a moving pole, in turn,
would be suitable for clutches and brakes, chucking/locking de-
vices, dampers (include the models which called shear mode
or rotary MR dampers, see Figure 1.6), breakaway devices and
structural composites [52]. During the past few years a number
of commercially available products (or near commercialization)
have been developed, e.g. [44][58]:

� MR dampers for real-time active vibrational control sys-
tems in heavy duty trucks,

� linear and rotary brakes for low-cost, accurate, positional
and velocity control of pneumatic actuator systems,

� rotary brakes to provide tactile force-feedback in steer-by
wire systems,

� linear dampers for real-time gait control in advanced pros-
thetic devices,
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Figure 1.5: Two models of Linear MR damper [118].
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� adjustable real-time controlled shock absorbers for automo-
biles,

� MR sponge dampers for washing machines (see section 1.2.1),

� magnetorheological fluid polishing tools,

� very large MR fluid dampers for seismic damage mitigation
in civil engineering structures,

� large MR fluid dampers to control wind-induced vibrations
in cable-stayed bridges.

Coil

Direction of Motion

MR Fluid 
Saturated 
Foam

Front View Side View

Figure 1.6: Schematic diagram of a shear mode MR
damper [50].

1.2 MR dampers

MR dampers are semi-active devices that contain magnetorhe-
ological fluids. After application of a magnetic field the fluid
changes from liquid to semi-solid state in few milliseconds, so
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the result is an infinitely variable, controllable damper capa-
ble of generating large damping forces. MR dampers offer an
attractive solution to energy absorption in mechanical systems
and structures and can be considered as fail-safe devices. MR
dampers have a low cost [10], and with few moving parts, are
reliable. Moreover, combined with the low power requirements
and inherent stability due to their inability to introduce energy
to the system, are an attractive solution for control of civil struc-
tures [20,43]. All these features make MR dampers promising as
actuators controlled by the voltage or current, that can be used
in different engineering fields [52].

In civil engineering applications, the expected damping for-
ces and displacements are rather large in magnitude. There-
fore, MR dampers primarily operating under direct shear mode
or squeeze mode might be impractical. Usually valve mode
(tube/linear MR dampers) or its combination with direct shear
mode are employed [118].

1.2.1 Types of linear MR dampers

There are four main types of MR dampers; mono tube, twin
tube, double-ended, and sponge-type [88]. A mono tube MR
damper, shown in Figure 1.7, has only one MR fluid reservoir
and an accumulator mechanism to accommodate changes in vol-
ume resulting from piston rod movement. The accumulator pis-
ton provides a barrier between the MR fluid and a compressed
gas (usually nitrogen) that accommodates the volume changes
that occur when the piston rod enters the housing. The twin
tube MR damper has two fluid reservoirs, one inside of the other,
as shown in Figure 1.8. In this configuration, the damper has an
inner and outer housing. The inner housing guides the piston
rod assembly, in exactly the same manner as in a mono tube
damper. The volume enclosed by the inner housing is the inner
reservoir; the volume that is confined by the space between the
inner housing and the outer housing is the outer reservoir. The
inner reservoir is filled with MR fluid so that no air pockets exist.
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Piston Rod

Piston

Accumulator Piston

Housing

Compressed Gas Reservoir

Piston Guide

MR Fluid Reservoir

Figure 1.7: Mono tube MR damper [88].

An outer reservoir that is partially filled with MR fluid helps to
accommodate changes in volume due to piston rod movement.
Therefore, the outer tube in a twin tube damper serves the same
purpose as the pneumatic accumulator mechanism in a mono
tube damper. In practice, a valve assembly, or a ’foot valve’,
is attached to the bottom of the inner housing to regulate the
flow of fluid between the two reservoirs. As the piston rod en-
ters the damper, MR fluid flows from the inner reservoir into
the outer reservoir through the compression valve, which is part
of the foot valve assembly. The amount of fluid that flows from
the inner reservoir into the outer reservoir is equal to the vol-
ume displaced by the piston rod as it enters the inner housing
[88]. As the piston rod withdraws from the damper, MR fluid

Piston Rod Piston Foot Valve Assembly

Inner Housing Outer Housing

Figure 1.8: The twin tube MR damper [88].
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flows from the outer reservoir into the inner reservoir through
the return valve, which is also part of the foot valve assembly.

The third type of MR damper is called a double-ended
damper, since a piston rod of equal diameter protrudes from
both ends of the damper housing. Figure 1.9 shows a section
view of a typical double-ended MR damper. Since there is no
change in volume as the piston rod moves relative to the damper
body, the double-ended damper does not require an accumu-
lator mechanism [88]. Double-ended MR dampers have been
used for bicycle applications [2], gun recoil applications [3], and
for controlling building sway motion caused by wind gusts and
earthquakes [28].

Coil

Piston Approximate Flux Path

MR Fluid Reservoir

Front Piston RodRear Piston Rod

Figure 1.9: The double-ended damper [88].

The final type of MR damper is called a sponge-type damper
(Fig. 1.10). An MR sponge damper contains MR fluid in an ab-
sorbent matrix such as sponge, open-celled foam, or fabric. The
sponge keeps the MR fluid located in the active region of the de-
vice where the magnetic field is applied. The device is operated
in a direct shear mode with a minimum volume of MR fluid.

1.3 Models of MR dampers

Memory-dependent, multi-valued relation between force and de-
formation, i.e., hysteresis, is observed in MR dampers. Many
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Figure 1.10: The sponge-type damper [59].

mathematical models have been developed to efficiently describe
such behavior for use in time history and random vibration anal-
ysis. High-accuracy models for MR dampers can be designed us-
ing two different model families: semi-physical models [89, 101],
and black-box models [34, 111]. Semi-physical models use a
simplified model of the physical device, and then use some kind
of measurements for identifying free parameters of the model.
The black-box model, in contrary, is a strategy for investigating
a complex object or device without knowledge or assumptions
about its internal make-up, structure, parts or model.

Some of the most known models to describe the hysteretic
behavior of MR dampers are the Bingham model and its ex-
tended versions, the Bouc-Wen model, the Dahl model, the
modified LuGre model and some other non-parametric models
[93]. Although a few quasi-static models have been proposed
and shown to describe reasonably well the MR damper force-
displacement relation, they were unable to model its nonlinear
force-velocity behavior [118]. More accurate dynamic models
were developed and can be divided in two categories: non-
parametric and parametric models. Description of several of



1.3. Models of MR dampers 11

these models are presented in [101, 54, 118].

1.3.1 Non-parametric models

Non-parametric models are based on device performance alone.
They usually require a large amount of experimental data show-
ing the fluid response to different loads under different oper-
ation conditions [54]. Proposed models in this category are
based on Chebyshev polynomials [30, 65, 13], neural-networks
[15, 62, 106, 125], neuro-fuzzy systems [96, 25, 37], for exam-
ple. Neural-networks have been able to reproduce the nonlin-
ear MR fluid behavior very closely. This, however, requires the
use of input-output data sets obtained from experimental re-
sults or from a mathematical simulation of the system to be
modeled. Chang and Roschke [15] proposed a multi-layer per-
ception (MLP) network for the modeling of the MR dampers.
MLP networks are one of the most commonly used neural net-
work types, which have the particularity of using only a single
nonlinear function. They have also been shown to accurately
reproduce simple and complex systems. Neuro-fuzzy models are
yet another example of non-parametric models proposed for em-
ulating MR dampers’ behavior. Since these devices are highly
nonlinear, fuzzy logic has been proposed as an alternative to
the computationally expensive models currently used. Neural-
networks were then used to adjust the fuzzy logic parameters.
Fuzzy logic incorporates human knowledge of the system into the
controller, by use of membership functions, which are sets defin-
ing imprecise or vague concepts, such as: large, weak, hard, mod-
erate, etc. The desirable output is determined based on fuzzy
information of the inputs, much like the human brain makes
decisions. Although several non-parametric models were shown
to effectively reproduce MR damper behavior, their application
is often hindered by their complexity and the extensive amount
of experimental data required for training and/or model valida-
tion. Parametric models have therefore been more commonly
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employed in simulations and in the development of control al-
gorithms.

1.3.2 Parametric models

Parametric models consist of arrangements of mechanical ele-
ments such as springs and dashpots to emulate the device be-
havior. The parameters of these elements are determined by
fitting experimental results. One of the first parametric mod-
els developed was the Bingham model (Figure 1.11, left), which
consists of a Coulomb frictional element in parallel with a dash-
pot (viscous element) [104, 105]. The force generated by the
model is:

f = fysgn(ẋ) + c0ẋ (1.1)

where fy is the yield force, related to the fluid yield stress, c0

is the damping coefficient and ẋ is the piston velocity. Both
fy and c0 depend on the applied voltage. Although this model
accurately describes the fluid behavior beyond the yield point,
it does not capture its behavior in the pre-yield region [101, 54].

Figure 1.11: Left: Bingham model, Right: Gamota and
Filisko model.

The Bingham model is based on the assumption that the
MR (and electrorheological/ER) fluid damper behaves in vis-
coplastic way. Gamota and Filisko [33] discovered that the MR
(and ER) fluid has mixed viscoelastic and viscoplastic behavior,
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and thus proposed an extension of the Bingham model. It con-
sists in adding a standard linear solid model in series with the
original Bingham model (Figure 1.11, right). The force in the
system can be described by:

f =

⎧⎨
⎩

k1(x2 − x1) + c1(ẋ2 − ẋ1)
c0ẋ1 + fysgn(ẋ1) |f | > fy

k2(x3 − x1)
(1.2)

f =

{
k1(x2 − x1) + c1ẋ2

k2(x3 − x2) |f | ≤ fy
(1.3)

where k1, k2, and c1 are the parameters associated with the lin-
ear solid model, c0 is the damping coefficient for the Bingham
model, and fy is the yield force. Note that when |f | ≤ fy,
ẋ1 = 0. Although force-velocity behavior was found to more
closely resemble experimental results, the fluid behavior when
the velocity is close to zero is still not accurately reproduced. It
was also observed by [101] that the governing Equations (1.2)-
(1.3) are extremely stiff, making them difficult to deal with nu-
merically. Numerical integration of them for the parameters
given in [101] required a time step on the order of 10−6

sec. Note
that a decrease in the damping, c1, can produce the nonlinear
roll-off observed in the experimental force-velocity relationship
as the velocity approaches zero, but then even smaller time steps
are required to simulate the system. The numerical challenges
of this model constitute its main shortcoming, which was also
noted in [31].

To improve these models, Spencer et al. [101] proposed a
model that is numerically tractable and predicts response well.
As shown in Figure 1.12 left, schematically, this model combines
the Bouc-Wen model, which was originally proposed by Bouc
[11, 12] and later generalized by Wen [111], and a spring-dashpot
model, which are for the hysteretic behavior and the linear vis-
coelastic behavior of the MR damper, respectively. The model
has the advantage of computational simplicity, because only one
auxiliary nonlinear differential equation is needed to describe
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Figure 1.12: Left: Simple Bouc-Wen model, Right: Shear
MR model.

the hysteretic behavior. The model has also good equivalency
between complexity of model itself and the accuracy of the re-
sults. Moreover, closed-form expressions are available for the
coefficients of the equivalent linear system [112]. The model is
also versatile in describing various characteristics of hysteretic
behavior, e.g., degrading of stiffness and strength and the pinch-
ing effect [6, 4, 85, 32], biaxial hysteresis [87], and asymmetry
of the peak restoring force [110].

It has been pointed out that the Bouc-Wen class models
are not in agreement with the requirements of classical plasticity
theory [9], and may produce negative energy dissipation when
the unloading-reloading process occurs without load reversal [14,
107]. Nevertheless, the Bouc-Wen class models have been widely
used in the field of structural engineering, since they greatly
facilitate deterministic and stochastic dynamic analysis of real
structures with reasonable accuracy [99].

The Bouc-Wen model has been successfully used for model-
ing hysteretic systems. This model expresses the force generated
by the damper as:

f = c0ẋ + k0x + αz (1.4)
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where c0 is the damping coefficient, k0 is the linear spring pa-
rameter, α is the Bouc-Wen parameter associated with the yield
stress of the MR fluid and z is an evolutionary variable that ac-
counts for the history dependence of the response and satisfies
the following equation:

ż = Aẋ − βẋ|z|n − γ|ẋ|z|z|n−1 (1.5)

Parameters A, β, γ, and n determine the linearity in the unload-
ing region as well as the transition smoothness from the pre-yield
to the post-yield regions. There is another version of such sim-
ple model which belong to the shear mode type MR dampers.
For this type the elastic part is omitted because of its very small
influence in the resulted damping force, therefore, the charac-
teristic of damper is modeled by hysteresis and viscous terms
(Figure 1.12, right):

f = c0ẋ + αz (1.6)

To improve the accuracy of the force-velocity behavior of
the MR dampers, a modified Bouc-Wen model, also referred
to as phenomenological model, was proposed by Spencer et al.
[101]. This model consists in the addition of a dashpot in series
with the original Bouc-Wen model and a spring in parallel with
the entire system (Figure 1.13). The force produced by the
damper can be described by:

f = αz + c0(ẋ − ẏ) + k0(x − y) = c1ẏ + k1(x − x0) (1.7)

where x is the damper displacement, y is an internal displace-
ment of the damper, α is the Bouc-Wen parameter describing
the MR fluid yield stress, c0 represents the viscous damping at
large velocities, k0 the stiffness at large velocities, k1 is intro-
duced to model the damper force due to the accumulator, and
c1 to reproduce the roll-off occurring in the experimental data
when velocities are close to zero. x0 is the initial displacement
of spring k1. Evolutionary variable z and variable y satisfy the
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Figure 1.13: Phenomenological model of MR damper [101].

following equations:

ż = A(ẋ − ẏ) − β(ẋ − ẏ)|z|n − γ|ẋ − ẏ|z|z|n−1 (1.8)

ẏ =
1

c0 + c1

αz + c0ẋ + k0(x − y) (1.9)

It is important to notice that variables α, c0, and c1 are
functions of the input current or voltage to the damper.

The typical form of the Bouc-Wen hysteresis model is

ż(t) = Aẋ(t) − βẋ(t)|z(t)|n + γ|ẋ(t)|z(t)|z(t)|n−1 (1.10)

in which A, β, γ, and n are model parameters that control the
hysteresis shape of the system. There is another equivalent ver-
sion of this relation, which introduces another parameter Y , to
highlight the effect of the yielding displacement of the system
on the resulted behavior:

ż(t) = Y (Aẋ(t) − βẋ(t)|z(t)|n + γ|ẋ(t)|z(t)|z(t)|n−1) (1.11)

where Y is the yielding displacement of the device. Reference
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[111] presents the shape of the hysteresis loop for different values
of the model parameters.

In general any model requires two important characteristics
to be a good candidates for representation of a real hysteric
device. Firstly, for any bounded input x, the output resulted
force from the model must be bounded. Secondly, the model has
to reproduce dissipation energy property in order to represent
adequately the physical behavior of a real damping system like
MR damper. Reference [48] has shown that these conditions
are not generally satisfied by the typical form of the Bouc-Wen
hysteresis model. To cope with this drawback, a normalized
Bouc-Wen model was proposed [48].

Next section is dedicated to explain this normalized version
of the Bouc-Wen model for hysteresis systems, which is the core
of the proposed new parameter identification process.

1.4 Normalized Bouc-Wen model

The normalized version of the Bouc-Wen model ([48], p.39) is an
equivalent representation of the original Bouc-Wen model [111].
The motivation of this new form is due to the fact that the input-
output behavior of the original Bouc-Wen model is not described
by a unique set of its parameters ([48], p.40, Lemma 2). This
fact makes it difficult to compare results of different identifi-
cation methods by comparing the identified parameters. The
normalized version of the model has less number of parameters
thus eliminating the overparametrization present in the original
one, and relates the output force to the input displacement in a
very unique form.

Consider a physical system with hysteresis component. The
Bouc-Wen model represents the hysteresis behavior of this sys-
tem in the form

ΦBW (x)(t) = αkx(t) + (1 − α)Dkz(t) (1.12)

ż = D−1(Aẋ − β|ẋ|z|z|n−1 − γẋ|z|n) (1.13)
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where k controls the initial tangent stiffness, α controls the ra-
tio of post-yield to pre-yield stiffness and z is the hysteresis
parameter. D is the yield displacement and A, n, β and γ are
parameters that control the shape of hysteresis loop of the sys-
tem. Ikhouane and Rodellar have shown that this form is not
always bounded input-bounded output (BIBO) model and not
always represents an energy dissipation for a true hysteresis sys-
tem ([48], p.14). Not BIBO model means that there exist some
bounded input displacement x such that the Bouc-Wen model
delivers unbounded output response ΦBW (x) ([48], p.15, Exam-
ple 1). Indeed, while the model may give a good approximation
of a true hysteresis loop for a specific input excitation used with
a specific set of parameters, they may not be appropriate to
represent the behavior of the same system under general input
excitation. To cope with the case of boundedness of the out-
put, [48] offers some conditions, in the form of inequalities, for
model parameters. Table 1.1 shows these conditions. It shows
that classes I to V are BIBO stable. Each class is composed
of a range for the Bouc-Wen model parameters and a range for
the initial condition z(0) of the hysteresis part of the model.
Moreover, for all classes, the boundedness of the hysteresis sig-
nal z(t) depends only on the parameters A, n, β and γ, and is
independent of the boundedness of the input signal x(t).

Moreover, [48] shows that, for classes I and II of Table 1.1,
the states x(t) and z(t) go asymptotically to constant values and
that the velocity ẋ goes to zero. This means that both classes are
good candidates for the description of the real physical behavior
of a structural isolation device ([48], Theorem 2, p.25). Finally,
the class I Bouc-Wen model is shown to be passive. This implies
that this class is a good candidate in order to represent the
physical passivity behavior in structural or mechanical devices.

Although, the adequate condition for a mathematical model
can be found in class I of the Bouc-Wen hysteresis model, from
parameter identification point of view there is a drawback in it.
The input-output behavior of Bouc-Wen model is not described
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Table 1.1: Classification of the BIBO-stable Bouc-Wen
models [48]

Case Ω Upper bound on|z(t)| Class

A > 0 β + γ > 0 and β − γ ≥ 0 R max(|z(0)|,z0
a) I

β − γ < 0 and β ≥ 0 [−z1
b,z1] max(|z(0)|,z0) II

A < 0 β − γ > 0 and β + γ ≥ 0 R max(|z(0)|,z1) III
β + γ < 0 and β ≥ 0 [−z0,z0] max(|z(0)|,z1) IV

A = 0 β + γ > 0 and β − γ ≥ 0 R |z(0)| V
All other cases ∅
az0 � n

√
A/(β + γ)

bz1 � n
√

A/(γ − β)

by a unique set of parameters ([48], Lemma 2, p.40). To al-
leviate this drawback, users of the Bouc-Wen model often fix
some parameters to arbitrary values, then try to find the rest
[84]. Others compare the shape of the final force-displacement,
or force-velocity with the corresponding plot resulted from tests
[101]. Thus, it is necessary to elaborate some equivalent normal-
ized model whose parameters define in a unique way the input-
output behavior of it, allowing a parametric-base comparison of
identification methods for the model. To this end, [48] defines

w(t) =
z(t)

z0
(1.14)

where z0 � n
√

A/(β + γ). Thus the model (1.4)-(1.5) can be
written in the form

ΦBM (x)(t) = κxx(t) + κww(t) (1.15)

ẇ(t) = ρ(ẋ(t)−σ|ẋ(t)||w(t)|n−1w(t)+(σ−1)ẋ(t)|w(t)|n) (1.16)

where

ρ =
A

Dz0
> 0, σ =

β

β + γ
≥ 0,

κx = αk > 0, κw = (1 − α)Dkz0 > 0 (1.17)
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Table 1.2: Classification of the BIBO, passive and
thermodynamically consistent normalized
Bouc-Wen models [48]

Case Ω Upper bound on|w(t)| Class

σ ≥ 1
2 R max(|w(0)|,1) I

Equations (1.15) and (1.16) define the so-called normal-
ized form of the Bouc-Wen hysteresis model. In this model the
variable z(t) has been scaled to unity. The classification of this
normalized form needs only one parameter σ as shown in the Ta-
ble 1.2. This normalized model has less number of parameters
thus eliminating the overparametrization exiting in the original
model and relates the output force ΦBM to the input displace-
ment x in the unique form. The parameters ρ > 0, σ > 1/2,
and n ≥ 1 control the shape of the hysteresis loop. As its cor-
responding parameter, z(t), the state w(t) has not a physical
meaning.



Chapter 2

Bouc-Wen hysteresis
model identification

2.1 Introduction

The Bouc-Wen model is one of the most popular models used to
describe the hysteretic behavior of structural damping devices.
This model employs an internal variable, z, which has the forms
(1.10) or (1.11). This variable depends on four or five param-
eters, A, n, β, γ and also in some expressions Y . The goal of
all parameter identification methods is to find these parameters
such that the output force of the model matches as close as pos-
sible to the real device responses. The reference [48] presents
a normalized version of the Bouc-Wen hysteresis model, which
has less parameters and can eliminate the overparametrization
problem present in the original model. It has been applied in
a specific class of shear type MR dampers. This chapter tries
to make the method more general and applicable to any type of
MR dampers. Then a modified identification technique will be
presented based on this new model.

2.2 Literature review

Identifying the Bouc-Wen model parameters consists in propos-
ing a signal input (or several signal inputs) and an identification

21
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algorithm that uses the measured output of the model along
with that input to determine the unknown model parameters.
This problem has stirred a lot of research effort due to its dif-
ficulty being nonlinear and non-differentiable. Some identifica-
tion methods have been proposed with a rigorous analysis of the
convergence of the parameters to their true values, while others
relied on numerical simulations and experimentation. In this
section, an overview of these methods is presented.

2.2.1 Least-squares based identification

Reference [73] presents a three-stage identification algorithm
that is a combination of sequential regression analysis, least-
squares analysis and/or Gauss-Newton method along with the
extended Kalman filtering technique. In the first stage of identi-
fication, assuming equivalent linear system at each time interval
and by using the sequential regression analysis, the system stiff-
ness and damping are identified. In the second identification
stage, a fixed n = 1 is assumed, and the model parameters are
identified using the least-squares method through minimizing an
error function. In the third stage of identification, the extended
Kalman filter technique is used to obtain identification results
by using the results from the second stage as an initial guess to
the third stage to speed convergence.

Paper [129] describes an iterative least squares procedure
based on a modified Gauss-Newton approach to perform the pa-
rameter identification of an extended version of the Bouc-Wen
model that accounts for strength and stiffness degradation. Ref-
erences [18, 71] present an on-line identification method based on
a least-squares adaptive law. For an unknown mass m, a Bouc-
Wen hysteresis element model with additional polynomial-type
non-linear terms, is used to investigate the effects of persistence
of excitation and of under-and overparameterization.

Paper [69] presents an adaptive on-line identification method-
ology with a variable trace method to adjust the adaptation gain
matrix. In [72], a linear parameterized estimator is proposed for
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the on-line estimation of the hysteretic Bouc-Wen model with
unknown coefficients (including the parameter n). A discrete-
time form then expanded. This discrete time model give rise
discrete-time linearly parameterized estimator. Based on the
data collected from a performance test, least-square method is
used to estimate the model parameters, for each discrete fre-
quency.

2.2.2 Kalman filter based identification

In [70], it is assumed that n = 1 and an extended Kalman filter is
used to identify the rest of the parameters. A procedure for non-
linear system identification based on the extended Kalman filter
is applied to soils under strong motion records [67]. The ground
is modeled as 3DOFs hysteretic structure and the Bouc-Wen
model is used in characterizing the nonlinear backbone curve of
soils.

Reference [128] presents three algorithms based upon the
simplex [8], extended Kalman filter [77], and generalized reduced
gradient methods. The objective is to estimate the parameters
of hysteresis for different classes of inelastic structures using the
generalized Bouc-Wen model that accounts for degradation and
pinching [5]. This model form contains 13 parameters to be
identified.

In [68], an adaptive on-line identification algorithm is pro-
posed for parametric and non-parametric identification of struc-
tural models, and is applied to a generalized Bouc-Wen model.
The proposed identification methodology, a recursive least-square
(Kalman filter) based algorithm, upgrades the adaptation gain
matrix using an adaptive forgetting factor that is expressed as
the ratio between the minimum value of the diagonal elements
of the adaptation gain matrix and a set of pre-defined threshold
values. This approach requires only acceleration measurements.
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2.2.3 Genetic algorithm based identification

In [39], a genetic based identification algorithm is proposed. The
reproduction procedure adopts the roulette wheel selection and
the method of crossover and uniform mutation [1, 41].

A modification to the standard Bouc-Wen model is pro-
posed in [60] to account for non-symmetrical hysteresis exhib-
ited by an MR damper. The model parameters are identified by
a genetic algorithm that is improved here by

1. Removing the selection stage (it is absorbed into the crossover
and mutation operations).

2. Imposing a termination criterion on the basis of statistical
tests which guarantees the quality of a near-optimal solu-
tion.

Reference [61] proposes an identification method based on
differential evolution using simulated noise-free data and exper-
imental data obtained from a nuclear power plant. The Bouc-
Wen model parameter n is kept constant to the value 2. The
used objective function is the mean square error (MSE) which
is cast in the discrete normalized form.

In [76], a population-search algorithm is proposed to es-
timate the 13 parameters of the generalized Bouc-Wen model.
With a given load-displacement trace as input, the optimization
problem can be stated as the determination of the a parameter
vector, such that an objective function is minimized.

2.2.4 Gauss-Newton iterative based identification

In [119], a method of estimating the parameters of hysteretic
Bouc-Wen model on the based of possibly noise corrupted input-
output data is proposed. In [63], Gauss-Newton iteration are
used as a method of estimating the parameters of hysteretic
system with slip on the basis of input-output data. The model
used is called slip-lock [5] as an extended version of the Bouc-
Wen model, and describes the pinching of hysteresis loops.
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2.2.5 Bootstrap filter based identification

In [64], a parametric identification method is proposed for an
extended form of the Bouc-Wen model that accounts for stick-
slip phenomenon [5]. The method uses the bootstrap filter, a
filtering method based on Bayesian state estimation and Monte
Carlo method. Also, a method to decide the initial estimates of
the parameters is suggested to obtain stable solutions as well as
their fast convergence to the optimal values.

2.2.6 Identification using periodic signals

Reference [84] proposes a frequency domain parametric identifi-
cation method of non-linear hysteretic isolators. The hysteretic
restoring force is identified by taking measurements of both the
external excitation and the displacement response x(t) (or the
acceleration ẍ alternatively).

In [47, 45], an identification method for the normalized
Bouc-Wen model is proposed. Using the analytical description
of the hysteresis loop developed in [47], an algorithm is proposed
along with its analytical proof. It consists in exciting the Bouc-
Wen model with two periodic signals with a loading-unloading
shape (wave periodic) which give rise asymptotically to a hys-
teretic periodic response. The obtained two limit cycles are then
used as input to determine exactly the unknown parameters.

2.2.7 Simplex method based identification

Reference [92] presents a two-step system identification approach
that does not require the semiactive device to be tested apart
from the structure, but rather mounted into it. It consists in (i)
identification of a model for the primary structure without the
semiactive damper attached; (ii) installation of the semiactive
damper in the structure and simultaneous identification of the
remaining parameters for the primary structure and of a model
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for the semiactive control device. The simplex algorithm is em-
ployed to optimize the dynamical parameters. In [38], the sim-
plex and Levenberg-Marquardt optimization methods are used
to fit experimental data with curves given by a Bouc-Wen model
in a dynamic suspension modeling problem.

2.2.8 Support vector regression based identification

Reference [129] proposes a non-linear structural identification
scheme to identify the Bouc-Wen type structures. It produces
the unknown power parameter n of the model by the model se-
lection strategy, transforms the non-linear differential equation
into a linear problem through the high order Adam Moulton
implicit equation [97], and utilizes the support vector regression
data processing technique to solve non-linear structural param-
eters.

2.2.9 Constrained nonlinear optimization based
identification

Paper [95] uses the Bouc-Wen model to describe magnetorheo-
logical dampers, and proposes a methodology of identification to
determine the model parameters. The value n = 2 is supposed
and the model estimation problem is reduced to an optimization
problem where the performance index is a classical normalized
L2-norm of the output fitting error. In [114], [109] and [120]
a constrained nonlinear optimization are used for identification
purpose.

2.2.10 Non-parametric identification

In [78], the Bouc-Wen nonlinear hysteresis term is approximated
by a power series expansion of suitable basis function, then the
coefficients of the function are determined using standard least-
squares methods. In [71], a method relying on deconvolution
to estimate the non-linear hysteretic force z from experimental
records is used.
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Reference [55] develops a computational algorithm for the
modeling and identification of the MR dampers by using wavelet
systems to handle the nonlinear terms. By taking into account
the Haar wavelets, the properties of integral operational matrix
and of product operational matrix are introduced and utilized to
find an algebraic representation form instead of the differential
equations of the dynamical system.

2.3 Normalized Bouc-Wen model of MR
dampers

The identification method presented in [48] is based on a model
which has two terms, elastic and hysteretic ones, in the form

F (x)(t) = κxx(t) + κww(t) (2.1)

ẇ(t) = ρ(ẋ(t)−σ|ẋ(t)||w(t)|n−1w(t)+(σ−1)ẋ(t)|w(t)|n) (2.2)

where x is the displacement, F is the output force and w is the
hysteretic variable. In order to identify the parameters, one has
to use input signals x(t) that are wave T -periodic ([48], p.38).
The characteristics of these signals are given in Figure 2.1. It
has shown that, under this type of signal waves, the output
force goes asymptotically to a periodic limit function, F̄ ([48],
Theorem 3, p.47). The summarized parameter identification
method is presented in the Appendix A.

To show the efficiency and accuracy of the model, [48]
presents an application to a shear type MR damper. The model
is modified in the form

F (x)(t) = κx(v)ẋ(t) + κw(v)w(t) (2.3)

ẇ(t) = ρ(ẋ(t) − σ|ẋ(t)||w(t)|n−1w(t) + (σ − 1)ẋ(t)|w(t)|n)
note that in this form the elastic term has been replaced with a
viscous term.

A variation of this method has been studied by Rodŕıguez
et al. [93, 94]. They identified both small- and large-scale MR
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Figure 2.1: A sample T-wave periodic signal.

dampers based on the normalized Bouc-Wen model, according
to the parameter identification method proposed in [48]. In both
cases a drawback has been observed. They found that if the MR
damper has a viscous friction (κx(v)ẋ(t)) small enough with re-
spect to the dry friction (κw(v)w(t)), large relative errors can
be observed in the identification of the parameter κx. To allevi-
ate this drawback, a proper modification was introduced. This
modification is established based on the plastic branch of the
resulted force-velocity plot from test data when the excitation
displacement is large enough. Therefore, the value of κx can be
captured from the slop of the plastic branch of this plot by a
simple numerical regression. The rest of the identification pro-
cedure can be followed similar to the main algorithm [93, 94].

The results of the above modified method show good agree-
ment with the output laboratory test data of the devices, but
still cannot be applied to general types of MR dampers. In fact,
this methodology is a good candidate for identification of shear
type MR dampers. In this specific category of MR dampers, be-
cause of the internal mechanism of operation, the elastic charac-
teristic does not exist. The response of such devices to the exter-
nal excitation is highly based on the viscous behavior together
with the non-linearity, which comes from the magnetorheolog-
ical fluid. On the other hand, in the structural application of
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the MR dampers, these shear type devices cannot offer adequate
damping force for medium to large scale structures. So, in prac-
tice the so called linear or tube type MR dampers are under
consideration. In majority of these linear shape MR dampers,
the device has an accumulator, which is normally filled with
nitrogen. The role of this accumulator has been mentioned in
Section 1.2.1. The effect of this accumulator is to add an elastic
behavior to the device. As a consequence, the resulted damping
force generated in such an MR dampers must be modeled, in
general, with three terms: elastic, viscous and hysteretic ones.

This type of behavior has been reported in the literature
(for example [23, 58, 24, 62, 21]). Before highlighting the effect
of this new added term, let us look at the resulted plots for force-
displacement and force-velocity graphs of these two category of
MR dampers in the literature. There is not any direct mention
about the name or category of the used devices, but a clear
difference between these two groups of plots can be easily found.

Figure 2.2 shows two examples of the force-displacement
graph. There are two main difference between these two plots.
The first one is about the offset of the left plot, which is not
the topic of this study, and the other is about the general shape
of them. It seems that the left graph has a sort of inclina-
tion with respect to the horizontal line. In Figure 2.3 also two
sample plots, for force-velocity, are shown. Regardless of the
offset effect, these two plots have a clear difference in the plastic
branches. In the left plot, the loading and unloading curves are
clearly apart from each other. But this is not the case in the
right plot. Next section is devoted to find out why this behavior
can be seen in some MR dampers and not in others.

2.3.1 Numerical experiment with an MR damper model

One of the reported models of MR dampers is chosen and the re-
sulted force-displacement and force-velocity plots are presented.
The model describes a shear-mode prototype MR damper tested
at Washington University [121, 122]. The identified parameters
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Figure 2.3: Sample Force-Velocity plots from literature.
Right: Shear-type [101], Left: Non shear-type
[62].

are shown in Table 2.1. Figure 2.4 shows the simulink block for
simulation of the model in MATLAB�.

The equations governing the output force f predicted by
this model are

f = C0ẋ + αz (2.4)

ż = −γ|ẋ|z|z|n−1 − βẋ|z|n + Aẋ (2.5)
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Table 2.1: Sample MR damper parameters [50]

Parameter C0a C0b αa αb γ β A n

Value 0.0064 0.0052 8.66 8.86 300 300 120 2

Unit Nsec
cm

Nsec
cmV

N
cm

N
cmV cm−2 cm−2

where z is an evolutionary variable that accounts for the history
dependence of the response. The model parameters depend on
the voltage v to the current driver as follows:

α = αa + αbu and C0 = C0a + C0bu (2.6)

where u is given as the output of the first-order filter

u̇ = −η(u − v) (2.7)

Equation (2.7) is used to model the dynamics involved in
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ẋ

C0

α

M
a
th

em
a
ti

ca
l
E

x
p
re

ss
io

n

f

Figure 2.4: Sample MR damper simulink block.
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reaching rheological equilibrium and in driving the electromag-
net in the MR damper [122].

Figure 2.5 shows the resulted plot for the force-displacement
relation of the model for different levels of command voltage: 0,
0.5, 1.0, 2.5 and 5 Volts. As it is clear, the resulted curve is
completely horizontal.

−1.5 −1 −0.5 0 0.5 1 1.5
−30

−20

−10

0

10

20

30

Displacement (Cm)

M
R

 D
am

pe
r F

or
ce

 (N
)

v = 0V
v = 0.5V

v = 1.0V

v = 2.5V

v = 5.0V

Figure 2.5: Force-Displacement plot of sample model.

Figure 2.6 shows the results of the same numerical test for
the force-velocity diagram. In this case the status of the plastic
branch is under consideration. This part is a line for all levels
of command voltage. It means that the values of resulted force
of the MR damper in both the loading and unloading stages in
this range are equal. Another information which can be found
from this graph is about the parameter C0 that multiplies the
velocity ẋ. Here the plastic branch seems very close to horizontal
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line, and this means that the coefficient C0 of the viscous term
is small (a view to the value of parameters C0 in the Table 2.2
can support this result).
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Figure 2.6: Force-Velocity plot of sample model.

To show the effect of the displacement term in the resulted
force and the corresponding cycle, let’s introduce a new elastic
term to the Equation (2.4). The rest of the equations will keep
the same, that is,

f = kx + C0ẋ + αz (2.8)

ż = −γ|ẋ|z|z|n−1 − βẋ|z|n + Aẋ

In general the displacement coefficient k can be voltage depen-
dent, but we keep it constant to make the study as simple as
possible. Therefore
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α = αa + αbu , C0 = C0a + C0bu and k = k0 (2.9)

u̇ = −η(u − v)

A new simulation has been done for this new model. The results
corresponding to three different values of stiffness k0 (0, 2.5 and
5 N/cm), are plotted in Figures 2.7 and 2.8. As can be seen,
the effect of augmenting the value of k is making the force-
displacement graph more inclined where the force-velocity plot,
in the plastic branch, becomes wider.
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Figure 2.7: Force-Displacement plot of sample model with
elastic term.

As a conclusion, having the three terms makes the Bouc-
Wen model more general to be adapted to a wider range of MR
dampers, specially the devices which are more effective in the
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Figure 2.8: Force-Velocity plot of sample model with
elastic term.

vibration control of real structures.
Next section will offer a new version of the normalized Bouc-

Wen model for MR dampers, which can combine both benefits
of normalization of the model and the generality.

2.4 New extended normalized Bouc-Wen model

We consider the following model:

Fe(x, ẋ, w)(t) = κx(v)x(t) + κẋ(v)ẋ(t) + κw(v)w(t) (2.10)

ẇ(t) = ρ(ẋ(t)−σ|ẋ(t)||w(t)|n−1w(t)+(σ−1)ẋ(t)|w(t)|n) (2.11)
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where F (t) is the output force of the MR damper, x(t) and ẋ(t)
are the input displacement and velocity of the damper, respec-
tively. The input voltage v is the applied command voltage at
the coil of the MR damper. The system parameters κx(v) > 0,
κẋ(v) > 0 and κw(v) > 0 are the ones which define how each of
the three main terms will participate in the final resulted damp-
ing force of MR damper, and generally are voltage dependent.
The parameters ρ(v) > 0, σ(v) > 1/2 and n(v) ≥ 1 define the
manner of handling the hysteresis behavior of the device and
their meaning can be found in [46]. These parameters can also
be voltage dependent. Their dependency on command voltage
is not highlighted in (2.11) to simplify the notation. The input-
output variables of the MR damper are schematized in Figure
2.9.

MR damper

x

ẋ

v

Fe

Figure 2.9: Input-output variables of the MR damper.

2.5 New parameter identification for extended
normalized Bouc-Wen model

This section is concerned with the computation of the parame-
ters of the extended model in equations (2.10)-(2.11). The pro-
posed algorithm will be divided in two steps: (a) the estimation
of the value of κx(v) and (b) the estimation of the rest of the
parameters based on the identification algorithm in [93] or [94].

In the parameter identification methodology, to estimate
the voltage dependence of the system parameters, sets of exper-
iments are performed for fixed values of the voltage. At each
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constant voltage, the computation of the parameter κx can be
performed graphically by considering the force-displacement di-
agram of the MR damper under consideration, because, this
parameter is the source of inclination of the resulted plot (as it
shown in Section 2.3.1). When this device is excited by a sinu-
soidal displacement with a large enough amplitude, the average
inclination of the resulted plot gives a good estimation of this
parameter. To make sure about the accuracy of the estimated
value, the best way is plotting the diagram for the resulted value
of {Fe(x, ẋ, w)(t) − κxx} versus velocity, where κx is the cur-
rent estimated value of this parameter. As explained in Section
2.3.1, if the measured value is a good approximation of the true
value of the parameter, the plastic branch in the resulted plot
will be very close to a line. The under-estimation and/or over-
estimation situations, can also be traced based on the situation
of the loading and unloading curves of the diagram in the plastic
region of the same plot.

As an example, consider the same numerical test presented
in Section 2.3.1. The chosen value for the elastic coefficient κx

was 5 N/cm. Figure 2.10 shows the three graphs of force-velocity
for the same test using the three different values for κx corre-
sponding to 4.5, 5 and 5.5 N/cm in calculating the updated force
{Fe(x, ẋ, w)(t) − κxx}. In the case of under-estimation of the
parameter κx, the two curves of loading and unloading stages,
in the plastic region, will be apart from each other (Fig. 2.10,
up). For the good estimation case, the two branches overlap,
which means that the estimated value is practically exact (Fig.
2.10, middle). For over-estimation case, these two curves will
cross each other (Fig. 2.10, down). To estimate the rest of
the parameters, we use the knowledge of the parameter κx to
update the resulted force by canceling the displacement depen-
dency from data. Then

Fn(ẋ, w)(t) = Fe(x, ẋ, w)(t) − κx(v)x(t). (2.12)

As mentioned, this new function Fn(ẋ, w)(t) will depend on the
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force-velocity plot. Up: under-estimation; middle:
good estimation; Down: over-estimation.
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velocity and the internal dynamic variable w. Therefore the Fn-
displacement and Fn-velocity plots will have a general aspect
like in Figure 2.11 (in solid line).

The rest of steps of the parameter identification method are
basically similar to those in [93] and [94].

Therefore, the proposed parameter identification method
can be summarized as follows:
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Figure 2.11: The results for the estimation of κx.
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� Excite the MR damper with a sinusoidal displacement with
amplitude large enough respect to its yielding displacement.

� Estimate the value of κx; this can be done graphically based
on the force-displacement plot.

� Examine the estimated value of κx by studying the plastic
branch status of the force-velocity plot.

� Construct the updated dynamic force Fn (2.12).
� Follow the rest of the method with the new constructed

dynamic force Fn, based on [94], (Appendix A).

Next section is devoted to the numerical application of the
method on a virtual MR damper as a sample device.

2.6 Application of the identification method

This section is concerned with the application of the proposed
method on a virtual MR damper. More precisely, the proposed
identification algorithm is tested using a black-box model of an
MR damper, which is part of a smart base-isolated benchmark
building problem [81] (Appendix B). This numerical platform
has been used as a virtual laboratory test, where the inputs are
the displacement x and the velocity ẋ of the MR damper and
the voltage v applied to modify the damper behavior (Figure
2.12). A first-order filter is necessary to model the dynamics
involved in reaching rheological equilibrium and in driving the
electromagnet in the MR damper [101, 80]. To validate the re-
sults, the output forces of the virtual device are compared with
the output force of the model resulted from parameter identifi-
cation, using seven predefined earthquake records of the bench-
mark problem as external excitation with their corresponding
fluctuating voltage during full simulations.

Figure 2.13 shows the response of the virtual MR damper
to a sinusoidal displacement with 0.5 m amplitude, under two
extreme cases of command voltage, corresponding to zero and
maximum voltage (in the benchmark MR model this value is 10
V [81]). As it is clear, the effect of the elastic term is apparent in
the inclination of the cycle. Therefore the original normalized
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Figure 2.12: Input-output variables of the virtual MR
damper.

Bouc-Wen model cannot catch the correct results for this MR
damper. The new extended method will be applied. Addition-
ally, the system parameters are also identified using the original
identification method. In this way the comparison between the
accuracy of the two methods will be possible.
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Figure 2.13: Force-displacement of the virtual MR damper.
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2.6.1 Identification procedure

This section describes a numerical example for the proposed
identification method of the MR damper introduced in previous
section for a specific value of command voltage, which is assumed
to be zero Volt. The same procedure will be applied for another
value of command voltage.

When the black-box model of the MR damper in the smart
base isolated benchmark building is driven with zero coil com-
mand voltage, the force-displacement diagram in Figure 2.14 is
obtained. The estimated value for κx is then computed from the
slop of the main diameter of the resulted ellipse as

κx =
82.8

0.4
= 207kN/m.

Calculating this value, the output force of MR damper can
be updated by subtracting the whole elastic term from the re-
sulted force (Eq. 2.12). To be sure about the accuracy of the
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Figure 2.14: Computation of κx from the slop of the main
diameter of the resulted diagram.



2.6. Application of the identification method 43

estimated value for κx, the updated force-velocity must be plot-
ted. Figure 2.15 shows this graph. Since the plastic branch of
the resulted plot becomes a line, the estimated value is accept-
able.

From now on, the rest of the process will be applied on the
updated value of the output force

Fn = Fe − κx(v)x(t) = κẋ(v)ẋ(τ) + κw(v)w(t) (2.13)

In [46] it is shown that the hysteresis Bouc-Wen loop has a plas-
tic region when the displacement is large enough. This region
is characterized by w � 1. Let’s assume that there is a specific
time interval within which the damper is in its plastic response
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Figure 2.15: Force-velocity diagram for the resulting
output force Fe (dashed) and the force
Fn = Fe − κx(v)x(t) (solid).
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phase. Therefore, during this interval the equation (2.13) be-
comes

Fn(τ) = Fe(τ) − κx(v)x(τ) = κẋ(v)ẋ(τ) + κw(v) (2.14)

This equation is linear in ẋ, so the parameters κẋ and κw can be
determined by a linear regression of this part of the graph. This
plastic linear branch is clearly observed in Figure 2.15. The
whole identification method can be applied using the resulted
data force from the black-box MR damper excited with sinu-
soidal displacement. But to retain the similarity of the process
with the original method, and to prepare the possibility of com-
paring the results of the extended model (2.10) with the original
one (2.1) in similar conditions, κẋ and the other parameters will
be calculated based on the excitation of the black-box MR model
with a predefined T -wave displacement as given in the Figure
2.16 in a similar manner as in the original procedure [48] .

Figure 2.16 illustrates the excitation displacement and the
resulted force Fe for a zero voltage. Figure 2.17 shows the plots
for the output force Fe (dashed) and the corresponding value for
Fn (solid).
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Figure 2.16: Response of the MR damper model in the
benchmark building platform.

Updated by the equation (2.14), the loading stage of the
updated force Fn versus velocity and the fitted line to identify
the parameter κẋ are shown in Figure 2.18.

It is found the value of κẋ = 89.643 kN.s/m and κw = 54.652
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Figure 2.17: Time history for Fe (dashed) together with
the updated function Fn (solid).

kN. To make the rest of the process more convenient an m-file
has been written in MATLAB�. This m-file will read the up-
dated force Fn and calculate the remaining parameters based
on the procedure summarized in Appendix A. The next step
is calculating the function θ which is an interface function for
identifying the rest of parameters (Appendix A, (A.6)). Concep-
tually, it is similar to the function Fn. To calculate it, one has
to subtract the viscous term from Fn function, then it will only
depend on the hysteresis characteristics of the model. Therefore
the function θ can be computed as

θ(τ) = Fn(τ) − κẋẋ(τ) τ ∈ [0, T+] (2.15)
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Figure 2.18: Loading stage of the Fe-velocity plot for
calculating κẋ.
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where [0, T+] is the loading phase (Fig. 2.1). The corresponding
zero point, x∗ (Fig. 2.19, up), and the derivative at this point
are defined as x∗ = −0.02465 m and a = 129607.56 kN/m.

To determine the parameter n, two design parameters x∗2 >
x∗1 > x∗ are to be chosen. Since n characterizes the sharpness of
the transition from linear to plastic region ([48], p 110), the pa-
rameter x∗1 = −0.0245 m > x∗ is chosen within the linear region
while the parameter x∗2 = 0.0211 m > x∗1 is chosen within the
plastic region, close to the largest displacement value (Fig. 2.19,
up). The derivative at those two points are computed, and the
parameter n = 1.4557 is calculated using equation (A.8). The
intermediate parameter b = 386.566 is computed using equation
(A.9), which gives the parameter κw = 54.652 kN from equation
(A.10). The parameter ρ = 644.92 m−1 is then computed (equa-
tion A.11) which allows the determination of the function w̄(x)
using equation (A.12) (Figure 2.19, down). It is worth to note
that this stage can be a good point to control the accuracy of
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Figure 2.19: Up: θ(x) verses x. Down: w̄(x) verses x.
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the parameters identified up to here. Indeed, the value of the
variable w̄ in normalized Bouc-Wen model is bounded by ±1,
and in the plastic region it has its maximum value (1 or −1).
Figure 2.19, down, plots the resulted values of this variable in
the plastic region. It can be observed that these conditions are
satisfied, which is a checking of the accuracy.

The last parameter to determine is σ, which can be calcu-
lated using equation (A.13). To this end, the design parameter
x∗3 = −0.024961 m < x∗ is chosen close to the smallest value of
the displacement. It is found that σ = 0.773. The whole steps
of the identification procedure are listed in Table 2.2.

Table 2.2: Identification parameters for the extended
normalized Bouc-Wen model.

Steps Action Results

1 • Plot force-displacement for respond
of MR damper to a sinusoidal exci-
tation (figure 2.14)

κx = 207 kN/m

2 • Linear regression (figure 2.18) κẋ = 89.643 kNs/m

3 ◦ Equation (2.15) (figure 2.19, up) θ
4 ◦ The corresponding zero of θ x∗ = −0.025 m

5 ◦ Equation (A.7) a = 129607.56 kN/m

6 ◦ Two design parameters x∗1 and x∗2 x∗1 = −0.025 m > x∗
x∗2 = 0.021 m> x∗1

7 • Equation (A.8) n = 1.456
8 ◦ Equation (A.9) b = 386.566
9 • Equation (A.10) κw = 54.652 kN

10 • Equation (A.11) ρ = 644.92 m−1

11 ◦ Equation (A.12) (figure 2.19, down) w̄(x)
12 ◦ Last design parameter x∗3 = −0.025 m < x∗
13 • Equation (A.13) σ = 0.773
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2.6.2 Identification results

The identification procedure given in previous section has been
applied for different voltages in the range [0, 1] Volts. Table 2.3
gives the identified Bouc-Wen model parameters.

To find an accurate voltage-dependent relation for each of
these parameters, first these data are plotted as discrete points,
then an specific mathematical form is decided with parameters
adjusted by a linear algebraic solver by means of MATLAB�.

Figure 2.20 plots these data for the parameter n. The over-
all form of variation seems close to an exponential function,
which is written in the form

n(v) = a + b e(−cv)

Table 2.3: Identification results

v κx κẋ κw ρ n σ

0.00 207 89.643 54.652 644.92 1.4557 0.7733
0.05 207 104.24 125.97 647.34 1.4436 0.7674
0.10 207 118.84 214.49 648.11 1.4398 0.7656
0.15 207 133.44 313.47 648.45 1.4381 0.7648
0.20 207 148.04 416.96 648.64 1.4372 0.7643
0.25 207 162.64 519.87 648.75 1.4366 0.7641
0.30 207 177.24 617.94 648.82 1.4362 0.7639
0.35 207 191.84 707.73 648.87 1.4360 0.7638
0.40 207 206.44 786.63 648.90 1.4358 0.7637
0.45 207 221.04 852.86 648.92 1.4357 0.7636
0.50 207 235.64 905.48 648.94 1.4357 0.7636
0.55 207 205.25 944.37 648.95 1.4356 0.7636
0.60 207 264.84 970.24 648.96 1.4356 0.7636
0.65 207 279.44 984.64 648.96 1.4355 0.7636
0.70 207 294.04 989.94 648.96 1.4355 0.7636
0.75 207 308.64 989.34 648.96 1.4355 0.7636
0.80 207 323.24 986.89 648.96 1.4355 0.7636
0.85 207 337.84 987.43 648.96 1.4355 0.7636
0.90 207 352.44 996.67 648.96 1.4355 0.7638
0.95 207 367.04 1021.1 648.96 1.4355 0.7636
1.00 207 381.64 1068.2 648.98 1.4355 0.7635
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Figure 2.20: Identified values for parameter n versus
voltage.

Figure 2.21 shows three functions obtained by fixing a priori
three values of c = 8, 13, 20. Finally the middle function has
chosen with corresponding coefficients.
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Figure 2.21: Three candidate functions for voltage
dependency of parameter n.

The same procedure is repeated for the rest of the pa-
rameters and the corresponding voltage dependency function is
found. Figure 2.22 shows all of the resulted functions. According
with the functional dependence in these plots, it is considered
that κx(v) is constant, κẋ(v) is linear and n(v), ρ(v) and σ(v)
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ẋ

κ
w

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
644

646

648

650

Voltage (V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.76

0.765

0.77

0.775

0.78

Voltage (V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1.43

1.44

1.45

1.46

1.47

Voltage (V)

n
ρ

σ

Figure 2.22: Results of the parameter identification
algorithm.

are exponential:

κx(v) = κx (2.16)

κẋ(v) = κẋ,a + κẋ,bv (2.17)

n(v) = na + nb exp(−13v) (2.18)

ρ(v) = ρa + ρb exp(−14v) (2.19)

σ(v) = σa + σb exp(−14v) (2.20)
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The parameter κw has a more complicated form, therefore
it is difficult to find a unique suitable function for curve fit-
ting. Because this parameter is very important due to its great
influence in the resulted force (the range of its magnitude is, ap-
proximately, from 50 kN to 1000 kN, as can be seen in Table 2.3),
its voltage dependence function is estimated in three different
regions:

κw(v) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

κw1 + κw2v
1.15, v ≤ 0.3

κw3 + κw4 sin(π(v−0.3)
0.8

)

+κw5 sin(3π(v−0.3)
0.8

), 0.3 ≤ v ≤ 0.7
κw6 + κw7v + κw8v

3

+κw9v
5, 0.7 ≤ v

, (2.21)

based on the variation of the resulted values (Figure 2.23). The
coefficients κx, κẋ,a, κẋ,b, κw1,. . . ,κw9, na, nb, ρa, ρb, σa and σb

are presented in Table 2.4.
Therefore, the identification has been completed. In the

next section this identified model will be validated under a very
carefully chosen simulation.

2.6.3 Model validation

The identified models presented in the literature usually have
good accuracy when they are validated under constant com-
mand voltage. However, because of the role of the MR dampers
as semi-active devices in the structural control systems, the final
identified model has to be checked under a simulated condition
using, for instance, an earthquake record together with the cor-
responding fluctuating command voltage which will be conse-
quence of the control process. To do this, the resulted identified
model has to be compared with the main black-box model of
MR damper in the benchmark building problem, under exactly
the same simulation. To measure the discrepancy between two
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Figure 2.23: Results of the parameter identification
algorithm for parameter κw.

models, the 1-norm error (ε) is used [93]:

ε =
‖FBM − Fid‖1

‖FBM‖1
, (2.22)

‖f‖1 =

∫ Tr

0

|f(t)|dt, (2.23)

where FBM is the output force of the black-box model (bench-
mark building platform) and Fid is the resulting force of the
identified MR damper based on the model in equations (2.10)-
(2.11). The length in time of each earthquake is denoted by
Tr. The 1-norm is a measure that reflects the average size of a
signal and thus it is a good tool for computing the discrepancy
between these two models. Based on the resulted value of the
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Table 2.4: Identification results

parameter value

κx 207

κẋ
κẋ,a 89.64
κẋ,b 292

ρ
ρa 648.95
ρb −3.86

n
na 1.44
nb 0.02

σ
σa 0.76
σb 0.009

κw

κw1 55.38
κw2 2270.0
κw3 619.85
κw4 387.34
κw5 18.42
κw6 −87.52
κw7 2665.0
κw8 −3054.7
κw9 1545.5

1-norm, if the computed value of the damping force is far from
the reference value, the value of ε will be large. On the contrary,
if it is small, the identified model can produce forces which are
very close to the real ones. Table 2.5 presents the model errors
for several earthquakes (FP-x and FP-y are the estimation er-
rors in the x-force and y-force directions). A sample earthquake
record and the corresponding command voltage during the con-
trol process are presented in Figure 2.24. In this application, the
MR damper is used as a semi-active device in which the voltage
is varying by a feedback control loop [50].

2.6.4 Comparison of results

It is interesting to compare the resulting model errors in Table
2.5 with the resulting model errors when the parameter identifi-
cation is performed with the model in equations (2.1)-(2.2). The
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Figure 2.24: El Centro, ground acceleration (top) and
corresponding control command voltage
(bottom).

resulted voltage dependence functions for model parameters are

κẋ(v) = 275.47 + 386.63v (2.24)

κw(v) =

{
43.374 + 1765.4v, 0.0 ≤ v ≤ 0.5
824.921 + 202.277v, 0.5 ≤ v ≤ 1.0

, (2.25)

n(v) = 1.82 − 0.5 exp(−18v) (2.26)

ρ(v) = 629.83 + 53.16 exp(−12v) (2.27)

σ(v) = 0.933 − 0.14 exp(−8v) (2.28)

Table 2.5: Error norm (ε) for the proposed parameter
identification

Newhall Sylmar El Centro Rinaldi Kobe Jiji Erzinkan

FP-x 6.47% 5.67% 7.78% 7.12% 6.52% 3.61% 4.88%
FP-y 3.84% 8.44% 7.90% 5.67% 7.85% 4.02% 5.35%
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Table 2.6: Error norm (ε) for the method in [93]

Newhall Sylmar El Centro Rinaldi Kobe Jiji Erzinkan

FP-x 16.15% 18.06% 22.89% 17.55% 18.22% 14.16% 14.91%

FP-y 15.83% 24.14% 19.68% 18.48% 24.72% 20.09% 18.80%

Table 2.6 shows the values of the errors for this case. By com-
paring these two tables, the proposed parameter identification
algorithm is clearly more accurate than the method presented
in [93, 94].

Figure 2.25 shows the comparison between the output force
of the black-box MR damper during the simulation of the bench-
mark building under Kobe earthquake, with the two identified
models, the proposed one and the model in [93, 94]. Since the
two plots in Figure 2.25 (top) are very close, Figure 2.26 shows
the corresponding errors in both cases. Figures 2.27 and 2.28
show the same comparison under Sylmar earthquake.

Figures 2.29 and 2.30 show three graphs; time history of the
output force, force-displacement and force-velocity diagrams, for
the identified model and the black-box one under El Centro and
Rinaldi earthquakes, respectively.

These figures illustrate that the proposed identification met-
hod improve the results given in [93, 94].
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Figure 2.25: Comparison of the MR damper force for the
proposed model (top/solid) and for the model
in [93] (bottom/solid), both with the response
of the original black-box model (dashed),
under Kobe ground motion (FP-y).
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Figure 2.26: Generated damper force errors for proposed
model (above), and the method in [93]
(below) , under Kobe ground motion (FP-y).
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Figure 2.27: Comparison of the MR damper force for the
proposed model (top/solid) and for the model
in [93] (bottom/solid), both with the response
of the original black-box model (dashed),
under Sylmar ground motion (FP-y).
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Figure 2.28: Generated damper force errors for proposed
model (above), and the method in [93]
(below), under Sylmar ground motion (FP-y).
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Figure 2.29: Compare the resulted plots for the original
black-box model (solid) and identified one
(dashed) under El Centro earthquake (FP-X).

2.7 Conclusion

This chapter has proposed an extension of a parameter iden-
tification method for MR dampers. This extension allows to
identify a larger class of MR dampers more accurately. The val-
idation of the parameter identification method has been carried
out using a black-box model of an MR damper in a smart base-
isolated benchmark building. The versatility of the parameter
identification method has been tested using the MR damper as
a semi-active device under time-varying voltage and earthquake
excitation.
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Figure 2.30: Compare the resulted plots for the original
black-box model (solid) and identified one
(dashed) under Rinaldi earthquake (FN-X).



60 Chapter 2. Bouc-Wen hysteresis model identification



Chapter 3

A new inverse model for
MR dampers

3.1 Introduction

Most of the control strategies developed in the literature to be
implemented by means of MR dampers are based on a two-
stage process: (i) calculation of a desired active control force by
a control algorithm; (ii) implementation of an actual force by
means of the MR damper approaching the desired active force
as better as possible.

Two main problems arise in this process: (i) the MR dampe-
rs are semi-active devices, being able to apply only dissipative
control forces; (ii) they are intrinsically non-linear and their
damping characteristics are changeable by external manipula-
tion of a voltage (or a current).

In some recent papers [108, 17], it has been discussed on
the benefits of developing inverse dynamic models to obtain the
required input voltage for the MR dampers to produce forces as
close as possible to the desired ones.

This chapter proposes a new inverse model for MR dampers
based on the identified Bouc-Wen model developed in Chapter
2. This inverse model will be an essential part in the control
strategy formulated in Chapter 4.

61
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3.2 Literature review

Several approaches to determination of the input voltage of MR
dampers have been proposed. Reference [17] successfully tackled
this problem by employing a neural network (NN) emulation of
inverse dynamics in the realization of the optimal control force.
Recurrent NN models were constructed, based on a few pre-
vious time steps of displacement, damper force, voltage signal,
and the optimal damper force. It was shown to be beneficial and
essential to develop an inverse dynamics model to obtain the re-
quired input voltage or current for the MR damper to produce
forces as close as possible to the optimal ones. Yet, it seems
that generally this inverse dynamics model using a NN may be
too complicated and difficult to implement. Reference [108] has
developed a simplified approach, namely the simplified inverse
dynamics (SID) model for both the Bingham plasticity model
and the Bouc-Wen hysteresis model. Xia [?] presented an inverse
model of the MR damper by using a multi-layer perception op-
timal neural network and system identification. Reference [16]
presented an inverse dynamic model based on the Bouc-Wen
hysteresis model.

3.3 A new inverse model for MR dampers

The inverse model will provide a suitable tool to compute the
command voltage of MR dampers analytically. Consider again
the extended normalized form of the Bouc-Wen model for MR
dampers (2.10):

Fe(x, ẋ, w)(t) = κx(v)x(t) + κẋ(v)ẋ(t) + κw(v)w(t) (3.1)

where Fe(x, ẋ, w)(t) is the output force of the MR damper. It
has been obtained in Section 2.6.2 that κx is constant, κẋ(v) =
κẋ,a + κẋ,bv is linear and κw(v) is a piecewise nonlinear function
defined in equation (2.21). The inverse model (see Figure 3.1),
that is, the computation of the voltage v as a function of the
displacement, velocity and force, is based on two simplifications:
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Figure 3.1: Input-output variables of the inverse model.

(a) on one hand, the piecewise nonlinear function κw is replaced
by a piecewise linear representation as illustrated in Figure
3.2:

κw(v) = κw,a + κw,bv,

where κw,a and κw,b are defined in Table 3.1;

(b) on the other hand, the internal dynamic variable w(t) is
nonlinear and unmeasurable variable. Calculation of its
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Figure 3.2: The piecewise nonlinear function kw (solid) is
approximated by a piecewise linear
representation (dashed).
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Table 3.1: Parameters value of the inverse model.

parameter value

κx 207

κẋ
κẋ,a 89.64
κẋ,b 292.0

κw

κw,a

0.0 ≤ va≤ 0.52 65.20
0.52 ≤ v ≤ 0.9 902.1
0.9 ≤ v ≤ 1.0 349.1

κw,b

0.0 ≤ v ≤ 0.52 1720.8
0.52 ≤ v ≤ 0.9 109.10
0.9 ≤ v ≤ 1.0 715.30

aCommand voltage of the MR damper

value is difficult and time consuming in a realtime opera-
tion, so it should be better replaced by a suitable function.
In order to find this suitable function, one has to observe
the response of the MR damper device during a moderate
vibration. Figure 3.3 shows the force-velocity cycle of the
black-box MR damper included in the benchmark struc-
ture, when excited under a sinusoidal displacement with
one meter amplitude.
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Figure 3.3: Response of the black-box MR model under
sinusoidal displacement.

Assume that the force is represented by the Bouc-Wen
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Figure 3.4: Internal dynamic time history.

model (Eq. 3.1), the corresponding dynamic variable w(t)
can be obtained from (3.1) using the information of the
displacement x and the velocity ẋ. Figure 3.4 shows this
result, which is plotted as a time history graph. It can
be observed that most of the time the dynamic variable
w(t) has one of its extreme values ±1. When w(t) is plot-
ted versus the excitation velocity ẋ, the observation leads
to an important advantage (Figure 3.5). Indeed, this fig-
ure suggests to replace the hysteretic internal variable w(t)
with a signum function of ẋ:

w(t) = sgn(ẋ) ∈ {−1, 1}. (3.2)
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Figure 3.5: Internal dynamic parameter versus velocity.



66 Chapter 3. A new inverse model for MR dampers

This simplification will affect the accuracy of the model,
but at the same time has a great advantage on simplifying
the inverse model. The precision of this simplification is
illustrated in Figure 3.6 in which the signum function in
(3.2) is plotted together with the variable w(t) of Figure
3.5.

We remark that, in the normalized version of the Bouc-
Wen model, the value of this internal dynamic variable lies
within the range [−1, 1].

1

−1

ẋ

w

Figure 3.6: The internal dynamic variable w(t) is
approximated by the sign of the velocity.

As a result of this simplification, the MR damper model is

FI(x, ẋ)(t) = κxx(t) + (κẋ,a + κẋ,bv)ẋ(t)

+ (κw,a + κw,bv) sgn(ẋ),

= κxx(t) + κẋ,aẋ(t) + κw,a sgn(ẋ)

+ (κẋ,bẋ(t) + κw,b sgn(ẋ)) v. (3.3)
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Thereby, the final form of the inverse model will be:

v(x, ẋ, F ) =
FI − κxx(t) − κẋ,aẋ(t) − κw,a sgn(ẋ(t))

κẋ,bẋ(t) + κw,b sgn(ẋ(t))
. (3.4)

3.4 Additional constraints

In order to apply the inverse model of MR damper as a part of
the control strategy, two constraints must be taken into account;
The passivity and limitation constraints [108].

3.4.1 Passivity constraint

In active control, forces can be produced in any of the four
quadrants in the force-velocity graph, while semiactive devices
can only produce forces in the first and third quadrants (Figure
3.7) at which the forces are dissipative. If we call Fopt the optimal
force value obtained using any chosen active control law, the
ideal force F (t) able to be implemented by a semiactive device
is then written in the form

F (t) =

{
Fopt(t); Fopt.ẋ(t) ≥ 0
0; Fopt.ẋ(t) ≤ 0

, (3.5)

where ẋ(t) is the piston velocity.
As the actual damper resisting force Factual(t) will have the

same sign as the piston velocity ẋ(t) at time t [108], the obtained
control force Fopt(t) can be compared with Factual(t). Hence,
Fopt(t) is physically realizable only if they have the same sign,
that is

sgn(Fopt(t)) = sgn(Factual(t)). (3.6)

For the actual MR dampers responses, this condition is observed
during most of the operating time. Figure 3.8 shows the response
of the black-box MR damper in the benchmark structure under
a sinusoidal displacement with the 5 Volts command voltages.
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Figure 3.7: Semi-active MR damper dissipative quadrants.

3.4.2 Limitation constraint

In addition to the passivity constraint, since the force gener-
ated in the MR dampers depends on the local responses of the
structural system, there are upper and lower limits on the force
that the MR damper can produce, which are dependent on the
motion of its piston, i.e.

|Fmin(t)| ≤ |Fopt(t)| ≤ |Fmax(t)|. (3.7)

|Fmin(t)| and |Fmax(t)| are, respectively, the magnitudes of the
maximum and minimum damper forces that can be achieved at
time t. On the basis of the two constraints above, if Fopt(t) is
realizable with the MR damper, implying that it satisfies both
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Figure 3.8: The MR dampers force and velocity, in most of
the operating time, have the same sign.

(3.5)-(3.7), then theoretically, any inverse model may be em-
ployed to obtain the optimal input current or voltage and pro-
duce the desirable damper force. Otherwise, the input voltage or
current should be set at either zero or the maximum achievable
level.

Based on the equation (3.3) and the minimum and maxi-
mum values of the command voltage, two surfaces correspond
to the minimum and maximum available force in x-ẋ-F space
can be found (Figure 3.9). Any intermediate voltage would pro-
duce another surface inside the volume bounded by these two
extrema. This volume represents the range of forces realizable
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by the MR damper with different voltage inputs. Another real-
izable region also exists in the third quadrant and is antisym-
metrical to the one in the first quadrant.

x ẋ

F

Force

Realizable

Range

Fmax

Fmin

Figure 3.9: Representation of the realizable force for
block-box MR damper.

The rule of the constraints is quite straightforward. For a
given displacement and the corresponding velocity, the voltage
is set at the maximum when the desirable control force Fopt is
larger than Fmax, and set at the minimum when Fopt is smaller
than Fmin. If the desirable control force falls inside the realizable
region (Figure 3.9), then the force together with the building
response at the MR dampers’ location are passed into the inverse
model (3.4) to calculate the required command voltage.
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3.5 Conclusion

This chapter has proposed a new inverse model for MR dampers.
This model has been obtained based on two simplifications.
First the piecewise nonlinear function κw is replaced by a piece-
wise linear representation, and then the internal dynamic vari-
able w(t) of the Bouc-Wen hysteretic model has been replaced by
the Coulomb friction model. The final form of the inverse model
has been presented by Equation (3.4). If the two additional con-
strains are satisfied, then the voltage of the MR dampers can be
manipulated by the inverse model. Next chapter will deal with
this concept.
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Chapter 4

Hierarchical semi-active
control of base-isolated
structures

4.1 Introduction

Base isolation is one of the most well accepted methods to
protect moderate high and weight structures from earthquake
hazard because of its simplicity, reliability, and effectiveness
[98, 100]. This system by itself can reduce the interstory drift
and the absolute acceleration of the structure, but the abso-
lute base displacement of the structure may be large and hard
to accommodate. Passive high-damping devices incorporated
within the isolation system can control large bearing displace-
ments associated with pulse-like earthquake ground motions,
but the beneficial effects of the base isolation system may be
significantly reduced for both moderate and strong earthquakes
due to the transfer of energy into higher modes which can re-
sult in increased interstory drift and floor acceleration responses
[57, 79, 91]. Semi-active controllers in hybrid base-isolation sys-
tems can achieve almost the same performance as an active base
isolation system in protecting the safety of buildings against

73
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strong earthquakes [65]. Therefore, a hybrid base isolation sys-
tem with semi-active devices, like MR dampers, in parallel to
isolation bearings, can significantly overcome this problem by
means of the application of a single force at the base [49, 91].

This Chapter deals with a new hierarchical semi-active con-
trol strategy. A hybrid seismic control system for building struc-
tures is chosen, which combines a set of passive base isolators
with a semi-active control system. Because the force generated
in the MR dampers is dependent on the local responses of the
structural system, the desired control force cannot always be
produced by the devices. Only the control voltage can be di-
rectly controlled to increase or decrease the force produced by
the devices. The desired control force is based on an active con-
troller presented in [90] which has shown sufficient compatibility
with the inherent characteristics of MR dampers. In general,
in the semi-active control strategies presented in the literature,
for instance [50, 53, 22, 116, 127], they managed a single MR
damper per floor or, in the case of multiple MR dampers, they
receive the same command voltage. In this work, a new practical
method has also been defined to compute the command voltage
of each MR damper independently according to the desired con-
trol force. The management of these MR dampers is based on
a hierarchical strategy: it first compare the total damping force
generated in the MR dampers with respect to the desired control
force and then it decide what dampers need to apply more damp-
ing force and the corresponding command voltage. In this study
only linear bearing isolation systems is under consideration, but
because of the inherent character of the chosen controller, the
types of isolation systems are not a limitation. Application to
the other non-linear isolation systems are straightforward.

4.2 Literature review

Since base isolation systems often exhibit nonlinear behavior,
and MR dampers are highly nonlinear devices, developing con-
trol algorithms to fully take advantage of their characteristics
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has been challenging. Several control strategies have been pro-
posed for use with these devices and, as shown in [54], they
can be categorized as model-based control, that is, algorithms
that require an accurate mathematical model of the system, and
intelligent control.

4.2.1 Model-based control

Optimal-control based algorithms

References [27, 28] proposed an algorithm for control of MR
damper based on the acceleration feedback. This strategy con-
sists of a bang-bang type of controller that causes the damper
to generate a desirable control force which is determined by a
linear quadratic (LQ) optimal controller, combined with a force
feedback loop. This method was experimentally verified [28, 29].
The algorithm then extended to the multiple MR damper case
[26] and [123] verified experimentally the effectiveness of it for
the case of multiple MR dampers. Johnson et al. [51] performed
a feasibility study on the applicability of semiactive control us-
ing the clipped-optimal control algorithm and an MR damper
to a base isolated building system, and [91] considered a base
isolation system in which a lead rubber bearing (LRB) was used
in parallel with an MR damper. Experimental verification of the
effectiveness of a hybrid base-isolated building along with semi-
active MR device has been studied in [124]. A modified version
of clipped-optimal control used by [123]. In the modified version
of the control algorithm, the control voltage can be any value
between zero and Vmax . Another modification is done by ap-
plying a threshold to the control voltage for the MR damper to
make the controller more robust for the ambient vibration [124].
A third modification on the clipped-optimal control presented
in [53]. In this case when the control voltage is nonzero the
value of it will be calculated based on the same linear relation
unless the force of MR damper be very smaller than the value of
desired control force, then, the maximum possible voltage will
be chosen (Vmax).
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Two optimal displacement control strategies were proposed
by [115] for control of MR and ER devices. The first control
strategy is referred to as clipped-optimal displacement control.
Unlike the clipped optimal force control algorithm, which deter-
mines the desired optimal force and varies the voltage to trace
such force, this algorithm attempts to trace the optimal damper
displacement, which is calculated using a linear quadratic regu-
lator (LQR). Since the damper displacement cannot be directly
controlled, the damper force is varied so that this desirable dis-
placement is achieved.

The second control algorithm was named optimal displace-
ment control. It also attempts to trace a desirable displacement
by applying some modification on the first method.

Lyapunov function-based control

Lyapunov function-based algorithms, such as control based on
Lyapunov stability theory, decentralized bang-bang control and
maximum energy dissipation, have quite effective performance
in reducing seismic response. The first step consisted in selecting
a Lyapunov function which must be a positive function of the
system’s states. Control inputs were then chosen to make the
derivative of the function negative and large in magnitude [75].
Ha et al. [40] presented a Lyapunov-based control strategy with
the objective to minimize an internal energy function. The fea-
sibility of using MR damper for motion control of a two-degree-
of-freedom system is studied by [113] by means of a quadratic
Lyapunov function, which has been chosen as a function of the
relative position and velocity of two masses. This strategy was
also used in [53, 35, 74, 20, 82, 83].

4.2.2 Intelligent control

Although model-based control strategies have been successful in
reducing structural vibrations, all models developed are based
on assumptions and uncertainties. One must therefore make
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sure that these model-based controllers are robust enough to
control the real life structures [103]. Intelligent technology-based
control has therefore been suggested as an alternative to strate-
gies that rely on system model. Three main categories of intel-
ligent control algorithms have been proposed for use with the
MR dampers: neural network-based control, neuro-fuzzy-based
control, and fuzzy logic-based control. Pioneering studies by
[36, 19] showed that neural networks can be applied successfully
to the control of large civil structures. The vibration of nonlin-
ear structures showing hysteretic behavior was also controlled
via nonlinearly trained neural networks [7, 126].

An improved semi-active neural network-based controller
in conjunction with MR dampers is employed in vibration re-
duction of a base-isolation benchmark structure [62]. The key
problem of controlling the strong nonlinear structures with MR
dampers successfully is to choose current or voltage input in MR
damper quickly and precisely [117]. Fuzzy control technique is
considered as a tool to solve this problem. An adaptive fuzzy
strategy for the control of a structure installed with a mag-
netorheological (MR) damper has been proposed in [66]. The
fuzzy rules are usually defined according to personal experiences,
without proving the rules they adopt are the better ones.

4.3 Hierarchical semi-active control algorithm
development

Each of the proposed controllers is able to reduce the structural
response to some degree. From a structural point of view, a
reasonable controller has to reduce the base displacement while
decreases or slightly increases the accelerations. Li and Ou [65]
showed that the active control forces in base-isolated structures
have damping characteristics. In addition, an active robust con-
trol for nonlinear base-isolated structures which has a damping
characteristic and is in line with the results of [65] was proposed
in [90].

In this study, this class of active controller will be applied
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in a semi-active way to the base-isolated benchmark building
[81]. The control forces will be applied at the base through
manipulation of the command voltage at the MR dampers.

4.3.1 The desired control force

For control design, a nonlinear base-isolated building structure
as shown in Figure 4.1 is considered. More precisely, a dynamic
model composed of two coupled subsystems, namely, the main
structure or superstructure (Sr) and the base isolation (Sc), is
employed:

Sr : M ẍ + C ẋ + Kx = −MJẍg + Fc + Fk (4.1)

Sc : m0ẍ0 + c0ẋ0 + k0x0 = c1ṙ1 + k1r1 − m0ẍg − φ, (4.2)

Figure 4.1: Base isolated structure with semi-active
device.
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where ẍ0 is the relative base acceleration, x = [x1, x2, · · · , x8]
T ∈

R
8 represents the horizontal displacements of each floor with re-

spect to the ground. The mass, damping and stiffness of the
ith story is denoted by mi, ci and ki, respectively, and r1 rep-
resents the horizontal displacements of the first floor relative to
the base (Fig. 4.1). As the base is assumed rigid, it is described
as a single degree of freedom with horizontal displacement x0.
The nonlinearity, which is represented by a hysteretic restoring
force φ, comes from MR damper which is installed at the base.
The matrices M , C , K , Fc and Fk of the structure have the
following form:

M = diag(m1, m2, · · · , m8) ∈ R
8×8

C =

⎡
⎢⎢⎢⎢⎣

c1 + c2 −c2

−c2 c2 + c3 −c3 0
˜. . .

0
˜

−c7 c7 + c8 −c8

−c8 c8

⎤
⎥⎥⎥⎥⎦ ∈ R

8×8

K =

⎡
⎢⎢⎢⎢⎣

k1 + k2 −k2

−k2 k2 + k3 −k3 0
˜. . .

0
˜

−k7 k7 + k8 −k8

−k8 k8

⎤
⎥⎥⎥⎥⎦ ∈ R

8×8

J = [1, · · · , 1]T ∈ R
8

Fc = [c1ẋ0, 0, . . . , 0]T ∈ R
8

Fk = [k1x0, 0, . . . , 0]T ∈ R
8

The restoring force φ can be calculated based on the extended
normalized version of the Bouc-Wen model (2.10)-(2.11).

Assuming that the earthquake disturbance is unknown but
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bounded, the following velocity feedback control law is consid-
ered [90]:

fd = −ζ sgn(ẋ0) (4.3)

where ζ is a positive real number and fd is the desired control
force.

4.3.2 The selection of the command voltage v

It is well known that the force generated by the MR damper
cannot be directly commanded; only the voltage v applied to
the current driver for the MR damper can be directly changed
[27]. In the clipped-optimal control algorithm [27], the command
voltage takes the values zero or the maximum, according to

v = VmaxH {(fd − Φ)Φ} ,

where Vmax is the maximum voltage to the current driver asso-
ciated with saturation of the magnetic field in the MR damper,
H(·) is the Heaviside step function, fd is the desired control
force and Φ is the measured force of the MR damper. In some
situations, when the dominant frequencies of the system under
control are low, large changes in the forces applied to the struc-
ture may result in high local acceleration [123]. In this sense,
a modification to the original clipped-optimal control algorithm
in which the control voltage can be any value between zero and
Vmax, was proposed in [123]. A similar approach can be found in
[37], where a force-feedback control scheme is employed to over-
come the difficulty of commanding the MR damper to produce
an arbitrary force.

In this work we consider the same idea of changing the volt-
age but according to the inverse model proposed in Chapter 3.
More precisely, if passivity (3.5) and limitation (3.7) constraints
are satisfied then, to induce the MR damper to generate approx-
imately the desired control force fd, the algorithm for selecting
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the command signal can be concisely stated as

v =
fd − (κxx + κẋ,aẋ + sgn(ẋ)κw,a)

κẋ,bẋ + sgn(ẋ)κw,b

, (4.4)

where fd is computed according to equation (4.3).Note that is
just the inverse model (3.4) where the desired control force is
used as reference input force. Both equations (4.3)-(4.4) define
a semi-active controller. Figure 4.2 illustrates the corresponding
closed-loop system.

4.4 Hierarchical control scheme

In the benchmark building considered in this study, MR dampers
are placed at eight specific locations (Figure 4.3). At each lo-
cation, there are two controllers –one in the x- and the other in
the y-direction. These actuators are used to apply the damping
control forces to the base of the structure.

base
MR

damper

inverse model

reference force

structure

semi-active controller

Φ Φ

Φ

x, ẋ

v

fd

ẋ

ẍg

Figure 4.2: Block diagram of the semi-active control
system for a single MR damper.
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Figure 4.3: Locations of MR dampers.

This section proposes an overall strategy to implement the
previous control loop no through a single damper but by means
of a set of several MR dampers.
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L = {i ∈ {1, . . . 8} | sgn(f i
MR)sgn(fd) > 0}.

Let N be the cardinal of this set.
The final goal of the semi-active control scheme is that the

total damping force generated by the whole set of MR dampers
closely follows the desired control force fd. With this aim, a hi-
erarchical semi-active control strategy is proposed, as illustrated
in Figure 4.4. With this scheme, we have to decide whether it is
necessary to apply voltage to the dampers, to which dampers,
and the magnitude of the voltage. More precisely, this procedure
can be summarized in the following steps to be implemented
real-time at each sampling instant:

Step 1. Compute the desired control force fd, according
to the control law in equation (4.3).

Step 2. If the magnitude of the total damping force gener-

ated by the MR dampers, fMR :=
8∑

i=1

f i
MR, is smaller than

the magnitude of the desired control force fd and the two
forces have the same sign, that is, if the following expression
holds

(fd − fMR) fMR > 0,

it means that the MR dampers need to apply more damping
force and then we go to Step 3. Otherwise, the voltage
applied to each damper is set to vi = 0, i = 1, . . . , 8, and
we leave them work passively.

Step 3. Compute the number of dampers that are applying
force in the same direction that the desired control force.
As a consequence of the base rotation during excitation, the
displacement (the value and the sign) of the MR dampers
installed in different locations of the base may be different
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Figure 4.4: Hierarchical semi-active control: flow diagram.

(Figure 4.5). In this sense, we define the following set:

L = {i ∈ {1, . . . 8} | sgn(f i
MR) sgn(fd) > 0}.

Let N be the cardinal of this set.

Step 4. Compute the corresponding command voltage.
Each of the N dampers has to offer a part of the control
force equal to fd

N
. Based on this desired value and equation

(4.3), the corresponding command voltage that has to be
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applied to each damper will be calculated in the form

vi =
fd

N
− κxx − κẋ,aẋ − κw,a sgn(ẋ)

κẋ,bẋ + κw,b sgn(ẋ)
, i ∈ L,

vi = 0, i �∈ L.

Finally, to take into account the effect of the constraints
in the procedure, the implementation of the law (3.7) will
be along with the truncation of the resulted values between

x

y

x0

y0

θ0

Figure 4.5: Effects of the base rotation on the resulted
displacement of MR dampers.
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zero and one. If the desired control force is less than the
minimum realizable damping force of an specific damper,
the inverse model will result in a negative voltage. In this
case the output voltage will be zero. On the other hand, if
the calculated voltage is greater than one, it means that the
desired control force is greater than the maximum available
force for that specific MR damper in that specific instant.
Consequently, the output voltage will be one. More pre-
cisely, the applied voltage va will be finally computed as:

va = min{max{0, v(x, ẋ, fd)}, 1}.

4.5 Conclusion

A hierarchical semi-active control strategy has been presented
in this chapter for a building controlled by means of a set of
MR dampers. The inverse model of an MR damper, proposed
in Chapter 3, has been used to overcome the difficulty of com-
manding the MR dampers to follow the desired control force.
The management of the MR dampers is based on a hierarchical
strategy. The whole method will be applied and numerically val-
idated in Chapter 5 on a three-dimensional smart base-isolated
benchmark building which is used by the structural control com-
munity as a state-of-the-art model for numerical experiments of
seismic control attenuation.



Chapter 5

Numerical assessment

5.1 Introduction

The performance of the semi-active control algorithm presented
in Chapter 4 is now evaluated through numerical simulation
using the smart base-isolated benchmark building. The smart
base-isolated benchmark building [81] is employed as an inter-
esting and more realistic example to further investigate the ef-
fectiveness of the proposed design approach. This benchmark
problem is recognized by the American Society of Civil Engi-
neers (ASCE) Structural Control Committee as a state-of-the-
art model developed to provide a computational platform for
numerical experiments of seismic control attenuation [86, 102].

The benchmark structure is an eight-storey frame building
with steel-braces, similar to existing buildings in Los Angeles,
California. Stories one to six have an L-shaped plan while the
higher floors have a rectangular plan. The superstructure rests
on a rigid concrete base, which is isolated from the ground by an
isolator layer that consists of a variety of 92 isolation bearings.
Figure 5.1 represents the benchmark structure (for more details
refer to the Appendix B).

The results of the semi-active control strategy are presented
for the fault normal (FN) and the fault parallel (FP) components
acting in two perpendicular directions. The results are also com-
pared with the clipped-optimal control algorithm in [27] and

87
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Figure 5.1: A representative figure of the benchmark
structure.

also with two limit cases: passive off and passive on, that corre-
sponds to the cases of zero voltage and maximum voltage. The
evaluation is reported in terms of the performance indices de-
scribed in the Appendix B. The controlled benchmark structure
is simulated for seven earthquake ground accelerations defined in
the benchmark problem (Newhall, Sylmar, El Centro, Rinaldi,
Kobe, Ji-Ji and Erzinkan). All the excitations are used at the
full intensity for the evaluation of the performance indices. The
performance indices larger than one indicate that the response
of the controlled structure is bigger than that of the uncontrolled
structure.
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5.2 Simulation procedure

To evaluate the hierarchical semiactive control in the base-isolat-
ed benchmark building, the black-box model of the MR damper
that is implemented in the original program has been replaced
by the corresponding identified model in Chapter 2. The overall
aspect of the simulation for the hierarchical semiactive control
is presented in Figure 5.2. The control block in the program has
been replaced with the hierarchical semiactive control scheme
(Figure 4.4) to calculate the desired value of command voltages
for each of the MR dampers.
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Figure 5.2: Simulation block for hierarchical semi-active
control of the benchmark building structure.
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Figures 5.3 and 5.4 show the MR damper model simulink
block and the hierarchical semiactive control scheme, respec-
tively.
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5.3 Performance indices

The results of the semi-active control strategy are summarized in
Tables 5.1 and 5.2. The performance indices larger than one are
highlighted in bold. In this control strategy most of the response
quantities are reduced substantially from the uncontrolled cases.

The base and structural shears are reduced between 5% and
29% in all cases. The reduction in base displacement is between
11% and 68% also in all cases. Reductions in the inter-storey
drifts between 3% and 40% are achieved in a majority of earth-
quakes (except Newhall) when compared to the uncontrolled
case. The floor accelerations are also reduced by 1-14% in a
majority of earthquakes (except Newhall, El Centro and Kobe).

The benefit of the presented scheme is the reduction of base
displacements (J3) and shears (J1, J2) of up to 30% without
increase in drift (J4) or accelerations (J5). The reduction of the
peak base displacement J3 of the base-isolated building is one
of the most important criteria during strong earthquakes.

For the base-isolated buildings, superstructure drifts are re-
duced significantly compared to the corresponding fixed-buildings
because of the isolation from the ground motion. Hence, a con-
troller that reduces or does not increase the peak superstruc-
ture drift (J4), while reducing the base displacement significantly
(J3), is desirable for practical applications. In this respect, the
proposed semi-active controller performs well.
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Table 5.1: Evaluation criteria for the proposed semi-active
scheme compared with the clipped-optimal
control algorithm in [27] and also with two limit
cases: passive off and passive on (FP-x and
FN-y).

Earthq. Case J1 J2 J3 J4 J5 J6 J7 J8 J9

Newhall

P-On 0.91 0.95 0.51 1.30 2.49 0.34 0.25 1.07 0.89
P-Off 0.93 0.91 0.81 0.94 0.97 0.05 0.71 0.86 0.41
Clip. 0.97 1.01 0.56 1.03 1.48 0.30 0.33 0.89 0.79
Prop. 0.83 0.84 0.61 0.94 1.09 0.19 0.36 0.69 0.79

Sylmar

P-On 0.90 0.92 0.66 0.81 1.49 0.25 0.40 0.82 0.86
P-Off 0.98 0.97 0.95 0.96 0.99 0.04 0.82 0.91 0.35
Clip. 0.90 0.91 0.73 0.87 1.16 0.24 0.45 0.74 0.81
Prop. 0.89 0.90 0.78 0.82 0.98 0.12 0.56 0.72 0.69

El Centro

P-On 0.73 0.87 0.14 1.23 2.85 0.67 0.09 1.61 0.82
P-Off 0.96 0.94 0.76 0.84 0.87 0.05 0.69 0.73 0.50
Clip. 1.25 1.23 0.54 1.26 1.61 0.38 0.41 0.76 0.65
Prop. 0.72 0.71 0.32 0.60 1.08 0.42 0.18 0.69 0.86

Rinaldi

P-On 0.94 0.96 0.50 0.97 1.12 0.29 0.27 0.83 0.86
P-Off 1.00 1.00 0.95 0.99 1.01 0.05 0.84 0.86 0.34
Clip. 1.05 1.02 0.60 0.97 1.03 0.27 0.38 0.72 0.77
Prop. 0.91 0.90 0.73 0.85 0.86 0.13 0.49 0.56 0.71

Kobe

P-On 0.84 0.81 0.36 1.19 2.33 0.39 0.16 1.14 0.87
P-Off 0.88 0.88 0.80 0.91 0.98 0.05 0.78 0.83 0.40
Clip. 1.05 1.03 0.52 0.99 1.63 0.28 0.26 0.73 0.73
Prop. 0.77 0.78 0.45 0.72 1.05 0.20 0.27 0.56 0.77

Jiji

P-On 0.83 0.82 0.65 0.86 0.92 0.17 0.42 0.82 0.70
P-Off 0.96 0.96 0.93 0.96 0.96 0.03 0.85 0.91 0.25
Clip. 0.84 0.84 0.65 0.86 0.87 0.17 0.46 0.72 0.64
Prop. 0.94 0.95 0.84 0.97 0.99 0.06 0.68 0.82 0.48

Erzinkan

P-On 0.94 0.95 0.49 0.85 1.21 0.25 0.32 0.60 0.87
P-Off 0.98 1.00 0.88 0.92 0.97 0.04 0.88 0.91 0.30
Clip. 0.93 0.70 0.47 0.86 1.23 0.25 0.34 0.63 0.80
Prop. 0.90 0.91 0.57 0.77 0.89 0.12 0.49 0.57 0.74
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Table 5.2: Evaluation criteria for the proposed semi-active
scheme compared with the clipped-optimal
control algorithm in [27] and also with two limit
cases: passive off and passive on (FP-y and
FN-x).

Earthq. Case J1 J2 J3 J4 J5 J6 J7 J8 J9

Newhall

P-On 0.83 0.93 0.51 1.32 1.86 0.34 0.33 1.05 0.89
P-Off 0.90 0.92 0.87 1.01 1.03 0.04 0.81 0.87 0.40
Clip. 0.88 0.92 0.55 1.24 1.40 0.30 0.42 0.84 0.79
Prop. 0.79 0.82 0.62 1.00 1.02 0.17 0.47 0.70 0.78

Sylmar

P-On 0.79 0.78 0.68 0.80 1.25 0.25 0.46 0.67 0.85
P-Off 0.98 0.98 0.99 0.97 0.98 0.03 0.86 0.85 0.34
Clip. 0.80 0.79 0.74 0.79 0.92 0.24 0.51 0.61 0.81
Prop. 0.85 0.83 0.89 0.80 0.87 0.09 0.62 0.61 0.68

El Centro

P-On 0.73 0.93 0.19 2.18 3.46 0.69 0.12 1.99 0.81
P-Off 0.97 0.97 0.81 0.97 0.97 0.05 0.73 0.82 0.48
Clip. 1.26 1.25 0.65 1.41 1.93 0.37 0.45 0.94 0.69
Prop. 0.71 0.72 0.44 0.69 1.06 0.39 0.23 0.79 0.86

Rinaldi

P-On 0.88 0.93 0.53 0.93 1.12 0.28 0.24 0.58 0.87
P-Off 0.93 0.98 0.89 1.00 1.01 0.05 0.83 0.82 0.34
Clip. 0.98 1.01 0.62 0.99 1.02 0.27 0.30 0.47 0.78
Prop. 0.84 0.81 0.63 0.90 0.90 0.13 0.40 0.42 0.72

Kobe

P-On 0.96 0.99 0.40 1.30 2.24 0.41 0.20 1.44 0.87
P-Off 1.01 1.01 0.78 1.00 1.00 0.05 0.75 0.85 0.41
Clip. 1.15 1.20 0.53 1.33 1.47 0.30 0.38 0.98 0.72
Prop. 0.86 0.86 0.45 0.89 0.99 0.22 0.30 0.74 0.77

Jiji

P-On 0.74 0.74 0.63 0.75 0.77 0.17 0.40 0.74 0.70
P-Off 0.97 0.97 0.92 0.97 0.97 0.03 0.86 0.89 0.26
Clip. 0.74 0.73 0.63 0.73 0.80 0.17 0.46 0.61 0.64
Prop. 0.91 0.91 0.81 0.91 0.92 0.05 0.69 0.76 0.48

Erzinkan

P-On 0.85 0.85 0.51 0.95 1.13 0.29 0.29 0.48 0.87
P-Off 0.89 0.88 0.85 0.92 0.91 0.04 0.85 0.88 0.31
Clip. 0.85 0.84 0.51 0.88 1.16 0.24 0.32 0.52 0.78
Prop. 0.80 0.81 0.58 0.84 0.88 0.12 0.46 0.52 0.75
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5.3.1 Time-history plots

Figure 5.5 shows the ground acceleration of Erzinkan earth-
quake. Figures 5.6-5.8 show the time-history plots of various
response quantities for the uncontrolled building, and the build-
ing with the hierarchical semi-active control scheme using the
Erzinkan FP-x and the FN-y earthquake. More precisely, Fig-
ure 5.6 presents the plots for the displacement of the center of
the mass of the base in both the x and the y direction. The
plotted quantities in Figure 5.7 are the eighth floor absolute ac-
celeration in the x direction and in the y direction for both the
uncontrolled and the controlled situations. Finally, the inter-
storey drift between the eighth and the seventh floors in both
the x and the y direction is depicted in Figure 5.8. It is observed
from these figures that the controlled response quantities can be
effectively reduced compared with the uncontrolled case.

Figure 5.9 shows the desired control force and the total
damping force of the magnetorheological dampers in the x di-
rection and in the y direction. It can be somehow observed that
the total force generated by the MR dampers can closely fol-
low the desired control force. Consequently, the implementation
strategy presented in Chapter 4 seems reasonable.

Figure 5.10 shows the resulted force in each of the MR
dampers under Erzinkan excitation (FP-X). As can be seen,
sometimes during vibration the sign of the damping force of
MR dampers are different. During these periods, the controller
makes the force of the contrary damper(s) as small as possible,
which is corresponds to the zero voltage.

Figure 5.11 shows the corresponding command voltage of
the MR dampers for the same simulation under Erzinkan earth-
quake (FP-X).

Figure 5.12 presents the floor displacement of the controlled
base-isolated building respect to the base for Erzinkan earth-
quake (FP-X).
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Figure 5.6: Time history of response of the isolated
building under Erzinkan excitation.
Displacement of the center of the mass of the
base in the x-direction (up) and in the
y-direction (down) for both the uncontrolled
and the controlled situations.
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Figure 5.7: Time history of response of the isolated
building under Erzinkan excitation. Absolute
acceleration of the eighth floor in the
x-direction (up) and in the y-direction (down)
for both the uncontrolled and the controlled
situations.



98 Chapter 5. Numerical assessment

0 2 4 6 8 10 12 14 16 18 20
−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

Time (s)

In
te

rs
to

ry
 D

rif
t (

m
)

Uncontrolled
Controlled

0 2 4 6 8 10 12 14 16 18 20
−4

−3

−2

−1

0

1

2

3

4
x 10

−3

Time (s)

In
te

rs
to

ry
 D

rif
t (

m
)

Uncontrolled
Controlled

Figure 5.8: Time history of the isolated building under
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Figure 5.11: Time histories of the MR dampers command
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5.3.2 Comparison

Figure 5.13 shows that, as compared to the uncontrolled system
–and for the Erzinkan excitation–, all of the isolation systems
provide significant performance improvements in terms of reduc-
ing both peak and normed responses. The semi-active clipped
optimal controller and the passive on performs better than the
proposed hierarchical semi-active scheme with respect to the
peak base displacement (J3), but shows performance degrada-
tion with respect to the peak absolute floor acceleration (J5).
The results shown in Figure 5.13 demonstrates that the pro-
posed semi-active scheme produces improved performance be-
yond the passive off controlled system for indices J1 − J5. The
same conclusions can be drawn from Figure 5.14, where the per-
formance indices under Kobe excitation are depicted. Overall,
the proposed scheme produces simultaneous reduction in perfor-
mance indices J3, J4 and J5. Thus the goal of the hierarchical
semi-active control, which is the simultaneous performance im-
provement of isolation system (J3) and superstructure (J4 and
J5) response, is achieved in the majority of cases. Therefore, the
results provide validation of the effectiveness of the proposed al-
gorithm.
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Figure 5.13: Comparison of performance indices for various
control systems (passive on, passive off,
clipped-optimal and the proposed one) under
Erzinkan excitation (FP-y and FN-x).
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Figure 5.14: Comparison of performance indices for various
control systems (passive on, passive off,
clipped-optimal and the proposed one) under
Kobe excitation (FP-y and FN-x).

5.4 Conclusion

The numerical results from simulation of a 3D benchmark base-
isolation building with hierarchical semi-active controller pre-
sented. Resulted performance indices demonstrate that the pro-
posal semi-active method can effectively suppress structural vi-
bration caused by earthquake loading.
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Chapter 6

Conclusions and future
works

6.1 Conclusions

In Chapter 2 a new Bouc-Wen based normalized model for MR
dampers has been developed to study the behavior of a wider
range of MR dampers, specially the devices which can be more
effective in the vibration control of real civil engineering struc-
tures (large-scale MR dampers). Based on this new model, an
extension of a parameter identification method for MR dampers,
has been proposed. This extension allows to identify a larger
class of MR dampers more accurately. The validation of the
parameter identification method has been carried out using a
black-box model of an MR damper that is a part of a smart
base-isolated benchmark building mode available in the com-
munity of researchers in structural control. The versatility of
the parameter identification method has been tested using the
MR damper as a semi-active device under time-varying voltage
and earthquake excitation.

Chapter 3 has proposed a new inverse model for MR dampe-
rs. This model has been obtained based on two simplifications.
First the piecewise nonlinear voltage dependent function κw is

107
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replaced by a piecewise linear representation, and then the in-
ternal dynamic variable w(t), which was a Bouc-Wen hysteretic
variable, has been replaced by a Coulomb friction term. If two
additional practical physical constraints are satisfied, then the
voltage of the MR dampers can be manipulated by the inverse
model.

Chapter 4 has presented a hierarchical semi-active control
strategy for the control of the vibration response of isolated
buildings equipped with a set of parallel MR dampers. The
inverse model of an MR damper, proposed in Chapter 3, has
also been implemented to overcome the difficulty of command-
ing the MR damper to follow the desired control force. The
management of the set of MR dampers is based on a hierarchi-
cal strategy. This strategy consists of four steps applied in real
time at each control instant:

1. Compute the overall desired control force to be applied at
the base of the structure.

2. Determine the total force applied at the current control
instant by the set of MR dampers. If this force is smaller
than the desired force and they have the same sign, this
means that the MR dampers need to apply more damping
force and go to step 3. Otherwise the voltage of the MR
dampers is set to 0.

3. Determine the number of dampers that are applying force
in the same direction as the desired control force.

4. Compute the corresponding command voltage for each MR
damper using the inverse model.

Chapter 5 has focused on the application of the proposed
strategy. The whole method is simulated by considering the
three-dimensional smart base-isolated benchmark building which
is also used by the structural control community as a state-of-
the-art model for numerical experiments of seismic control atten-
uation. The resulted performance indices demonstrate that the
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proposed semi-active method can effectively improve the perfor-
mance of the building under earthquake loading.

6.2 Future works

Possible future works involve:

� Experimental tests with a large-scale MR damper and ap-
plication of the parameter identification methodology to
find the system parameters and evaluation of the inverse
model.

� Application of the hierarchical semi-active control strategy
on other types of isolation systems (LRB, friction type or
mixture of them).

� Add a sensor to measure the ground acceleration during
earthquake excitation. This would allow to improve the
calculation of the desired control force depending on the
current ground excitation, which could lead to obtain more
smooth variation of the command voltage.

� Numerical study on the influence of the number of the par-
allel MR dampers, their nominal damping force and dis-
tribution pattern. In other words try to answer to these
questions:

1. Which combination could be more effective, ”less MR
dampers with large damping capacity” or ”more damp-
ers with smaller nominal damping force”?

2. What is the effect of their location in the resulted
performance indices? Specially in the building with
lateral-torsional effect.
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Appendix A

Normalized Bouc-Wen
identification method

The parameter identification in [93] departs from the next shear-
mode model:

Fn(x)(t) = κx(v)ẋ(t) + κw(v)w(t) (A.1)

ẇ(t) = ρ(ẋ(t) − σ|ẋ(t)||w(t)|n−1w(t) + (σ − 1)ẋ(t)|w(t)|n)
(A.2)

where κx > 0, κw > 0, ρ > 0, σ > 1/2, and n ≥ 1. All of these
parameters can be voltage or current dependent (here the case of
voltage dependency are under consideration, as emphasized this
dependency for κẋ and κw). It has shown [48] that this model
is meaningful in the sense that the limit cycle depends directly
on the parameters that appear in the normalized form, and thus
depends only indirectly on the parameters of the standard form
as

ρ = A
Dz0

> 0, σ = β
β+γ

≥ 0,

κx = αk > 0, κw = (1 − α)Dkz0 > 0
(A.3)
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where A, D, α, β, γ and k comes from the standard Bouc-Wen
model

FBW(x)(t) = αkx(t) + (1 − α)Dkz(t) (A.4)

ż = D−1(Aẋ − β|ẋ|z|z|n−1 − γẋ|z|n) (A.5)

For parameter identification, a T -periodic input x(t) (see
Figure A.1) is applied to the Bouc-Wen system under constant
voltage v/current i. Also, it has been proved [48] that the output
force of the Bouc-Wen model goes asymptotically to a periodic
steady-state status, so that a limit cycle is obtained. The iden-
tification method assumes the knowledge of the relation of the
w̄(x) that describes this cycle as illustrated in Figure A.2. The
whole identification process can be summarized as follows.

Xmax

Xmin

0 T 
+ T mT mT + T 

+ (m +1) T 

In
pu

t s
ig

na
l x

Time

Figure A.1: A sample T-wave periodic signal.

The parameter κx is first determined using the plastic re-
gion (w̄ ≈ 1) of the hysteresis loop by a linear regression for
each constant voltage:

F̄ (τ) = κx(v)ẋ(τ) + κw(v).
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Figure A.2: Symmetry property of the hysteresis loop of
the normalized Bouc–Wen model.

To continue with parametric estimation, a function θ is com-
puted as:

θ(x(τ)) = F̄ (x(τ)) − κẋ
dx(τ)

dτ
, τ ∈ [0, T+], (A.6)

which has a unique zero, i.e, there exists a time instant τ∗ ∈
[0, T+], and a corresponding value x∗ = x(τ∗) ∈ [Xmin, Xmax],
such that the function θ is zero. Because θ is known, then x∗ is
also known. Define the quantity

a =

(
dθ(x)

dx

)
x=x∗

. (A.7)
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Then, the parameter n is determined as:

n =

log

[
( dθ(x)

dx )
x=x∗2

−a

( dθ(x)
dx )

x=x∗1
−a

]

log
(

θx=x∗2
θx=x∗1

) (A.8)

where x∗2 > x∗1 > x∗ are design parameters. Define

b =
a −

(
dθ(x)

dx

)
x=x∗2

θ(x∗2)n
. (A.9)

Then, the parameters κw and ρ are computed as follows:

κw = n

√
a

b
, (A.10)

ρ =
a

κw
. (A.11)

The function w̄(x) can be computed as:

w̄(x) =
θ(x)

κw

. (A.12)

Finally, the remaining parameter σ is determined as:

σ =
1

2

⎛
⎜⎝

(dw̄(x)
dx )

x=x∗3
ρ

− 1

(−w̄(x∗3)n)
+ 1

⎞
⎟⎠ (A.13)

where x∗3 is a design parameter such that x∗3 < x∗.



Appendix B

Smart base-isolated
benchmark building

Introduction

The smart base-isolated benchmark building [81] is employed
as an interesting and realistic example to investigate the effec-
tiveness of passive, active or semi-active control systems. This
benchmark problem is recognized by the American Society of
Civil Engineers (ASCE) Structural Control Committee as a state-
of-the-art model developed to provide a computational plat-
form for numerical experiments of seismic control attenuation
[86, 102].

Structural model

The benchmark structure is a base-isolated eight-storey, steel-
braced framed building, 82.4 m long and 54.3 m wide, similar to
existing buildings in Los Angeles, California. The floor plan is
L-shaped, as shown in Figure B.1. The superstructure bracing
is located at the building perimeter. Metal decking and a rigid
of steel beams support all concrete floor slabs. The steel super-
structure is supported on a reinforced concrete base slab, which
is integral with concrete beams below, and drop panels below
each column location. The isolators are connected between these

115
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drop panels and the footing below, as shown in Figure B.1. The
superstructure is located as a three-dimensional linear elastic
system. The superstructure members, such as beam, column,
bracing, and floor slab are modeled in detail. Floor slabs and
the base are assumed to be rigid in plane.

54.3 m

8
2
.4

 m

19.5 m

4
6
.2

 m

Linear Elastomeric Bearing

Friction Pendulum Bearing

(Not to scale)

N
o

rt
h

Base Slab

Actuator or Semiactive Device Isolation Bearing

Column

(a)

(b)

(c)

Figure B.1: (a) Isolation plan; (b) FEM model of
superstructure, and (c) Elevation view with
devices [81].

The superstructure and the base are modeled using three
master degrees of freedom (DOF) per floor at the center of mass.
The combined model of the superstructure (24 DOF) and iso-
lation system (3 DOF) consists of 27 degrees of freedom. All
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twenty four modes in the fixed-base case are used in modeling
the superstructure. The superstructure damping ratio is as-
sumed to be 5% in all fixed-base modes. See Figure 5.1 for a
representative figure of the benchmark structure.

The computed natural periods for all 24 fixed-base modes
are shown in Table B.1. The nominal isolation system consists
of 61 friction pendulum bearings and 31 linear elastomeric bear-
ings, as shown in Figure B.1. The nominal isolation system can
also be regarded as a linear isolation system consisting of 92 lin-
ear elastomeric bearing and 61 passive friction dampers; since
the friction pendulum bearings consist of an linear elastic part
due to the curvature of the sliding surface and friction. While
the nominal model consists sliding and linear elastomeric bear-
ings, participants may replace them with other types of bearings.
The total weight of the structure is 202 000 kN.

Isolation model

Several isolation elements are included so that any combination
of these can be used to model the isolation system completely.
The isolation elements are elastic, viscous, hysteretic elements
for bilinear elastomeric bearings and hysteretic elements for slid-
ing bearings. The force-displacement characteristics for friction
pendulum, lead rubber bearing and linear isolation bearing are
shown in Figure B.2. The hysteretic elements can be uniaxial
or biaxial. The linear elastic and viscous elements are for mod-
eling linear elastomeric bearings and fluid dampers. They can
also be used for modeling bilinear elastomeric isolation systems
with corresponding equivalent linear properties, obtained using
appropriate linearization techniques.
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Figure B.2: Force-displacement characteristics of bearings
[81].
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Evaluation criteria

The following nine evaluation criteria are defined for the bench-
mark problem based on both maximum and RMS responses of
the building. For each control design, these criteria must be eval-
uated for all seven earthquakes, in two orthogonal directions. In
the following discussion, the term uncontrolled refers to the iso-
lation system containing linear and nonlinear bearing, but with
no supplemental passive dampers or control devices.

1. Peak base shear (isolation level) in the controlled structure
normalized by the corresponding shear in the uncontrolled
structure

J1(q) =
maxt||V0(t, q)||
maxt||V̂0(t, q)||

2. Peak structural shear (at first storey level) in the controlled
structure normalized by the corresponding shear in the un-
controlled structure

J2(q) =
maxt||V1(t, q)||
maxt||V̂1(t, q)||

Table B.1: Periods of the superstructure [81]

North-South East-West Torsion

1 0.78 0.89 0.66
2 0.27 0.28 0.21
3 0.15 0.15 0.12
4 0.11 0.11 0.08
5 0.08 0.08 0.07
6 0.07 0.07 0.06
7 0.06 0.06 0.06
8 0.05 0.06 0.05
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3. Peak base displacement or isolator deformation in the con-
trolled structure normalized by the corresponding displace-
ment in the uncontrolled structure

J3(q) =
maxt,i||di(t, q)||
maxt,i||d̂i(t, q)||

4. Peak inter-storey drift in the controlled structure normal-
ized by the corresponding inter-storey drift in the uncon-
trolled structure

J4(q) =
maxt,f ||df(t, q)||
maxt,f ||d̂f(t, q)||

5. Peak absolute floor acceleration in the controlled structure
normalized by the corresponding acceleration in the uncon-
trolled structure

J5(q) =
maxt,f ||af(t, q)||
maxt,f ||âf(t, q)||

6. Peak force generated by all control devices normalized by
the peak base shear in the controlled structure

J6(q) =
maxt||

∑
k Fk(t, q)||

maxt||V0(t, q)||

7. RMS base displacement in the controlled structure normal-
ized by the corresponding RMS base displacement in the
uncontrolled structure

J7(q) =
maxi||σd(t, q)||
maxi||σd̂(t, q)||

8. RMS absolute floor acceleration in the controlled structure
normalized by the corresponding RMS acceleration in the
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uncontrolled structure

J8(q) =
maxf ||σa(t, q)||
maxf ||σâ(t, q)||

9. Totall energy absorbed by all control devices normalized by
energy input into the controlled structure

J9(q) =

∑
k

[∫ Tq

0
Fk(t, q)vk(t, q)dt

]
∫ Tq

0
〈V0(t, q)U̇g(t, q)〉dt

where, i = isolator number, 1, . . . , Ni(Ni = 8); k = device num-
ber, 1, . . . , Nd; f = floor number, 1, . . . , Nf ; q = earthquake
number, 1, . . . , 7; t = time, 0 ≤ t ≤ Tq; 〈·〉 =inner product;
|| · || = vector magnitude incorporating NS and EW compo-
nents.
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