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Vibration Mitigation
Farzad A. Shirazi, Javad Mohammadpour, Karolos M. Grigoriadis, and Gangbing Song

Abstract—This paper presents the parameter identification and
control of a magnetorheological (MR) damper with stiction effect
and its application to seismic protection of a model two-story
structure. This semi-active device is utilized to reduce the vibra-
tion of the model structure in response to earthquake excitations.
First, modified Bingham and LuGre models which consider the
stiction effect and the velocity-dependent nature of the damper
force are proposed. The parameters of the models are identified
by solving a nonlinear optimization problem. The Bingham model
is considered because of its simple structure to be used in linear
parameter varying (LPV) design framework. The parameter
identification is performed while the MR damper is attached to the
structure. These models are verified experimentally for different
operating conditions showing an acceptable level of accuracy. The
subsequent part of the paper addresses the design of different
types of controllers to command the MR damper to suppress
the structural vibrations of a model building due to earthquake
excitations. Two types of controllers are considered in this study:
1) an inverse control based on the mixed-sensitivity design
and 2) a dynamic output-feedback LPV controller. In the former
one, an controller is designed for the linear structure and
the modified LuGre-based inverse model is used to determine the
required voltage from the commanded force. The LPV controller
is designed for the combined structure and MR damper based
on the modified Bingham model considering the damper velocity
as the scheduling parameter. Both controllers are combined with
a classical anti-windup scheme to compensate the effect of the
saturation on the control voltage. An optimal passive damping
design is also obtained for comparison purposes. The performance
of the controllers is compared with the passive damping case
and clipped-optimal controller for the El Centro and Northridge
earthquake inputs with different intensities. The experimental
results show the improved performance of the LPV controller
design in terms of the maximum acceleration and the RMS values
of the structure response.

Index Terms—Hysteresis, inverse and linear parameter varying
(LPV) control, magnetorheological damper, seismic protection.

I. INTRODUCTION

I N recent years magnetorheological (MR) dampers have
been used extensively in different semi-active control ap-

plications such as vibration isolation and damping, earthquake

Manuscript received October 04, 2010; revised May 27, 2011; accepted Au-
gust 05, 2011. Manuscript received in final form August 09, 2011. Date of pub-
lication September 12, 2011; date of current version June 28, 2012. Recom-
mended by Associate Editor P. Meckl.

The authors are with the Mechanical Engineering Department, University of
Houston, Houston, TX 77204 USA (e-mail: fashiraz@mail.uh.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCST.2011.2164920

engineering, car suspension systems, and medical prosthetic
joints [9], [29], [36]. MR dampers exhibit a highly nonlinear
hysteretic dynamics, which makes them difficult to be accu-
rately modeled and effectively controlled. Significant effort has
been devoted to their mathematical modeling and control [7].
Different static and dynamic models have been presented and
reviewed in the literature [3], [4], [6], [11]. Various modifica-
tions of the Bouc-Wen model and the LuGre friction model
have been used in previous work. In these parametric dynamic
models appropriate combinations of spring-damper-friction
elements are considered. An internal state, whose dynamics
is governed by a nonlinear differential equation, captures
the hysteretic behavior of the MR damper. Other types of
models such as the Bingham model, polynomial and tangent
hyperbolic models have also been studied previously. As the
aforementioned models are mathematical models, parameter
identification is required to determine the corresponding values
of the parameters for a given MR damper. A considerable
amount of work has been done in this area. A recursive least
square (RLS) method has been used as a common tool to deter-
mine the parameters of the models whose dynamics are linear
in the parameters [13]. Other approaches consist of formulating
a nonlinear optimization problem and then solving the problem
to find the best match between data and the model output.
Neural networks, fuzzy-based methods, swarm intelligence
and genetic algorithm have also been studied to identify the
parameters of Bouc-Wen and LuGre models [16]. An adaptive
identification algorithm has been proposed by Terasawa et al.
applied to LuGre and Bouc-Wen models, which copes with
uncertainties in the MR damper model parameters and shows
an acceptable level of accuracy in online identification [25],
[31].

The hysteretic behavior of MR dampers is closely related
to their frictional mechanics. The total MR damper effects are
dominated by the magnetic and friction forces. Especially at
low amplitude forces the friction plays an important role in the
overall resulting force. A large number of work has been devoted
to modeling and compensation of friction in mechanical systems
[1], [19]. The Bingham model consists of a Coulomb friction
element placed in parallel with a viscous damper. The LuGre
friction model with some modifications has been proposed to
describe the dynamic behavior of MR dampers [13]. The stic-
tion effect in large-scale MR dampers has also been investigated
for civil engineering applications [32]. The stiction effect is also
observed in custom-made or old devices which should be taken
into account in control design.

1063-6536/$26.00 © 2011 IEEE
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TABLE I
SPECIFICATIONS OF THE SHAKING TABLE AND THE SENSORS IN THE EXPERIMENTAL SETUP

The application of MR dampers in seismic base isolation of
structures has been studied widely in the last decade. Traditional
passive methods of base isolation are not adequate in vibration
reduction in a wide range of ground motion intensities [33]. In
this sense, active and semi-active control approaches yield more
effective performance because of their ability to adapt and com-
pensate different loading conditions. Semi-active control de-
vices such as MR dampers are preferred to active devices since
they require smaller power sources and there is no risk of insta-
bility [7].

Different strategies have been investigated to control the non-
linear hysteretic behavior of MR dampers. /LQG control de-
signs integrated with a clipped-optimal algorithm or an inverse
model of the MR damper are well-known approaches in the lit-
erature [31], [32], [36]. The clipped-optimal controller employs
a desired optimal control force that is determined using linear
optimal control and then switches accordingly between zero and
maximum control effort to accommodate the required damping
force [7], [33]. Semi-active control based on bilinear de-
sign has also been proposed to suppress the structural vibration
due to external disturbances [22]. Since force cannot be directly
commanded to the damper, an inverse model of the MR damper
is used to convert the control force to the corresponding voltage.
This voltage is the input to the MR damper which produces the
required damping force to attenuate the vibrations of the struc-
ture. Additional work has examined the nonlinear fuzzy con-
trol of MR dampers for vibration reduction in model structures
[15], [17]. In a series of recent work, semi-active suspension
control based on linear parameter varying (LPV) design was
studied considering the combined MR damper and suspension
system [5], [18], [20]. The latter work considers a static model
for damper and an LPV design with two scheduling parameters.
The LPV control of an MR damper for structural vibration re-
duction has been studied in [26].

In the present work, we propose modified Bingham and
LuGre-based models to capture the dynamic behavior of an
MR damper with stiction effect at near zero velocities and
force flattening effect at high velocities. The parameters of the
Bingham and LuGre models are identified by solving a non-
linear optimization problem. The identified models are verified
experimentally for varying operating conditions. The inverse
LuGre-based model of the MR damper is also presented for
an controller design purpose. The predicted model should
provide an acceptable level of accuracy, otherwise it can lead to
degradation in the closed-loop performance of the system. The
MR damper is used to attenuate the vibration of a two-story
model structure. Two control design methods are considered in
this paper: 1) inverse control and 2) LPV control design

where the base velocity is used as the scheduling parameter.
The controller is designed for the linear structure and
is integrated with the LuGre-based inverse model of the MR
damper to reduce the second floor absolute acceleration due
to the earthquake excitations. Appropriate dynamic weights
are selected to shape the closed-loop transfer functions of the
system. The LPV controller is designed to control the combined
structure and MR damper. The Bingham model, which has a
simpler structure than other existing models, is used to capture
the nonlinear dynamics of the damper. Both controllers are
designed based on a mixed-sensitivity design configuration.
A classical anti-windup scheme is also considered to resolve
the saturation issue due to actuation constraints. These control
approaches are employed to decrease the saturation degrada-
tion of the MR actuator and to improve the structural response
compared to conventional clipped-optimal control strategy. For
comparison purposes, an optimal passive damping design is also
obtained for a constant voltage of the MR damper in response
to different intensities of the El Centro earthquake signal. The
clipped-optimal control algorithm is also implemented based
on the aforementioned controller design. The maximum
and root mean square (RMS) values of the structural responses
due to El Centro and Northridge earthquakes are compared for
the LPV controller, and clipped-optimal controllers, as
well as, the optimal passive damping design.

II. EXPERIMENTAL SETUP

In this section, the experimental setup for MR damper param-
eter identification and two-story model structure base isolation
is described. The experimental setup consists of the following
major parts: the shaking table and its driving components, a two-
story model building, the MR damper, and sensors for displace-
ment and acceleration measurements. Customized earthquake
wave signals from real earthquakes can be simulated with the
shaker. Accelerations of the second and the base floors are cap-
tured by MEMS accelerometers attached to each floor by wax.
The specifications of the shaking table and the sensors are listed
in Table I. The dSPACE board DS1104 RD, with controller and
communication board CLP 1104, is used as the data acquisi-
tion system. This board is linked with MATLAB/Simulink via
analog-to-digital (A/D) and digital-to-analog (D/A) converters
and controls input and output signals in real-time. Furthermore,
an Agilent 6542A programmable power supply is connected to
the dSPACE board output to amplify the voltage for the MR
damper. The sampling rate is set to be 500 Hz.

The MR damper under study is a custom-made device in the
Smart Material and Structure Laboratory (SMSL) at the Uni-
versity of Houston. This device is a sponge-type damper which
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Fig. 1. MR damper experimental test bed.

provides a stiction effect which should be taken into account
in parameter identification and controller design. The damper
consists of a magnetic coil, MR fluid, and a sliding bar. The coil
is excited by the voltage applied to the MR damper which in-
creases the viscosity of MR fluid and consequently the force
exerted on the sliding bar. The amount of force produced is
proportional to the area of active MR sponge that is exposed
to the magnetic field. The MR damper is excited by voltages
up to 8 V (0.55 A). The MR damper is attached between the
base and a fixed point on the table to reduce the vibration of
the structure. The damper stroke is 2 cm and it can approxi-
mately produce a maximum force of 10 N in a voltage of 8 V.
Fig. 1 illustrates the experimental setup in the lab. The structure
under study is a base-isolated two-story model building. The
structure is supported by a slider with low friction providing the
base isolation. The base mass consists of the slider mass and
a 205.7 50.69 6.51 mm aluminum plate. The mass of the
first and second floors consists of the same aluminum plate and
additional weights. The side plates are aluminum beams with di-
mensions of 17.60 50.69 0.75 mm . Two springs with total
stiffness of 1057 N/m are symmetrically attached to the base
mass to restrict the base drift. The modal parameters of the struc-
ture are experimentally obtained by the subspace-based identi-
fication in a previous study at SMSL [34]. The identified mass,
stiffness and damping matrices of the structure are as follows:

Fig. 2. Schematic of the experimental setup.

where the natural frequencies of the system are 2.1, 5.48, and
9 Hz. The matrices are represented based on the
displacements as depicted in Fig. 2. The stiffness and damping
coefficients corresponding to the base floor include the stiffness
of the springs attached to the base and damping effect of the
slider, respectively. A damping ratio of 1% has been assumed for
all the structural modes. The proportional damping matrix has
been obtained as a Rayleigh damping where

and . Fig. 2 shows the schematic of
the experimental setup.

III. MR DAMPER MODELING AND IDENTIFICATION

MR dampers are highly nonlinear devices and exhibit hys-
teretic characteristics. The MR damper under study is a custom-
made damper showing some level of stiction effect. The friction
effects can have a major impact on the performance of a semi-
active device. It is desirable to have an accurate model of the MR
damper dynamics including stiction to improve the closed-loop
system performance of the system in model-based controller
design. There are different models in the literature describing
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Fig. 3. Hysteretic characteristics of the MR damper for different exciting volt-
ages.

the hysteretic dynamics of MR dampers ranging from simple
Bingham model to the more complicated modified Bouc-Wen
model. The accuracy of these models have been compared in
[30]. As a rule of thumb, the more complicated models pro-
vide more accuracy. In this section, we develop two modified
Bingham and LuGre-based models, with relatively simple struc-
tures, to predict the frictional hysteretic behavior of the damper.
It is shown that the proposed models provide an acceptable level
of accuracy with moderate complexity compared to existing
models. The modified LuGre-based model is used to obtain the
inverse model of the damper for controller design while
the modified Bingham model with simpler structure is consid-
ered for LPV control design.

A. Nonlinear Characteristics of MR Damper

The most notable nonlinear characteristics of the MR damper
under study are the hysteresis, velocity-dependency of damping
coefficients and stiction effect. Hysteresis is a major source
of nonlinearity in MR devices that greatly affects their perfor-
mance. Fig. 3 show the force-velocity and force-displacement
hysteresis loops of the MR damper under study for different
voltage and velocity inputs. As observed from the experimental
data, at some point the force produced by the MR damper
decreases with increasing velocity. Also at velocities close to
zero a jump in the value of the force occurs due to the high
stiction effect of the MR damper (see Fig. 4). Stiction occurs
when the static friction exceeds the dynamic friction inside
the device resulting in jumpy movements, which degrades
the performance of the system. This stiction phenomenon
is similar to Coulomb friction and occurs when the velocity
direction changes deteriorating the performance of the device
in a closed-loop system. This effect is more significant at low
damper forces. In our setup, at velocities close to zero, obvious
peaks are observed in the absolute acceleration of the base mass
resulting from the MR damper stiction effect as shown in Fig. 5.
We propose in this work modified versions of the Bingham and

Fig. 4. Hysteretic characteristics of the MR damper for input velocity profiles
with different frequencies.

LuGre models by introducing appropriate velocity-dependent
exponential terms to capture the observed dynamics of the
damper.

B. Proposed Modified Models for MR Damper

The following modified Bingham-based model is proposed
which considers the damping force decrease with increasing ve-
locity

(1)

where (N) is the damper force when in motion, (V) is
the input voltage, (N) is the Coulomb frictional force,
(N/V) is the Coulomb frictional force influenced by voltage ,

( ) is the viscous damping coefficient, ( ) is
the viscous damping coefficient influenced by voltage and
(m/s) is the normalizing velocity. A description of the standard
Bingham model can be found in [7]. The proposed modified
LuGre-based model is based on the model described in [31] and
is represented as follows:

(2)

(3)

where (m) is the Internal state variable, (m/s) is the velocity
of the floor where MR damper is attached (m/s), (N m V)
is the stiffness of influenced by , (N s m) is the damping
coefficient of , (N s m) is the viscous damping coefficient,

(N/m) is the stiffness of , (N s m V) is the viscous
damping coefficient influenced by , (m/s) is the normalizing
velocity and (1/m) is a constant value. The internal state can
be interpreted as the average bristle deflection in this model. The
reader is referred to [1] for a detailed discussion of the standard
LuGre model and its characteristics.

In both models the viscous damping coefficients are assumed
to be linearly dependent on the input voltage and all the pa-
rameters are positive. In the static case ( ) when
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Fig. 5. Stiction effect at low MR damper forces.

the external force is less than the static friction of the device
the damper force is equal to

, where and are the coefficients of stiffness and
damping of the bars connecting the first and second floors of the
two-story structure in Fig. 1, respectively. Here, is the stiff-
ness of the springs between the base floor and the shaking table.
Both models are valid for non-zero velocities. In these models
we are only concerned with the static force at which the sliding
bar of the damper starts moving.

This stiction force is dependent on the voltage and has been
considered in the models. In the Bingham model the term before
the sign function determines the magnitude of this force. How-
ever, in low velocities the second term in the model induces the
bumpy effect observed in Fig. 4. In the LuGre model this force
is obtained mostly by the smooth dynamics of the internal state
combined with the voltage effect. The exponential terms intro-
duced in both models provide two effects: 1) the flattening ef-
fect observed at high velocities and 2) the stiction effect at low
forces. The first effect is physically motivated by the change of
the damping characteristics as the velocity increases due to more
lubricant being forced into the interface [19]. The second effect
is more significant at low forces in which bumpy responses are
observed in velocities close to zero.

It is noted that there exist more complex models in the litera-
ture to capture the dynamic behavior of MR dampers more accu-
rately. Our objective is to keep the MR damper model as simple
as possible for controller design purposes and at the same time
take into account the stiction in low forces and the force flat-
tening in high velocities.

C. Model Parameter Identification

Ideally, the damper dynamics should be identified in a sepa-
rate setup and then attach it to the structure for vibration miti-
gation. In our case we perform both identification and control

TABLE II
IDENTIFIED PARAMETERS OF THE MODIFIED BINGHAM MODEL

experiments on the same setup to minimize the experimentation
effort. The parameter identification is performed by exciting the
structure for 70 s with a chirp signal of frequency range from 1
to 10 Hz with varying amplitude. Indeed, the velocity input of
the damper is the response of the structure to the chirp signal at
the base floor which is rich enough to identify the damper dy-
namics. Specifically, the excitation signal should contain the fre-
quencies close to the natural frequencies of the structure under
study since the MR damper is expected to operate in the vicinity
of these frequencies. The excitation voltage is considered to be a
2 Hz sinusoidal signal with a peak amplitude of 5 V. The length
of the data for identification should be long enough to let the
structure respond to the exciting frequencies in an appropriate
amount of time.

The MR damper force is not measured directly, but it is cal-
culated from the base and first floor displacement, and base ac-
celeration readings with appropriate filtering. All the signals are
low pass filtered within 18 Hz which is twice the third natural
frequency of the structure. The parameters of the models are
determined by solving a nonlinear optimization problem which
minimizes a quadratic error cost function between the measured
and estimated output force. The solution of this optimization
problem is dependent on the initial values of the parameters.
Here, the minimum error solution is sought using varying ini-
tial conditions which results in the parameter values listed in
Tables II and III.

Fig. 6 shows the results of the identification for a 2 Hz si-
nusoidal velocity input with 0.1 m/s amplitude and a constant
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TABLE III
IDENTIFIED PARAMETERS OF THE MODIFIED LUGRE MODEL

Fig. 6. Identification results using sinusoidal velocity excitation for: (a) modified Bingham and (b) modified LuGre models.

voltage of 4 V. The identification results for the chirp velocity
input and a sinusoidal voltage are also shown in Fig. 7. The
calculated RMS value of the identification error for the LuGre-
based model is obtained to be smaller than the Bingham model.
However, the Bingham model that provides a simpler structure
is a better choice for LPV control design. Fig. 8 shows a sample
comparison between the output force of the models with and
without the proposed stiction effect modification. The param-
eters of the standard Bingham and LuGre models without the
exponential terms are obtained by least square (LS) and RLS,
respectively. We observe that the error RMS of the proposed
Bingham and LuGre models are about 5% and 15% smaller than
the corresponding standard models, respectively, which demon-
strates the benefit of the proposed model modifications.

IV. CONTROLLER DESIGN FOR MR DAMPER BASE ISOLATION

In this section, we examine control design based on the pro-
posed MR damper models to provide base isolation of the two-
story building described in Section II. First, dynamic equations
of the structure including the MR damper are presented and
an optimal passive damping design is obtained for different in-
tensities of the El Centro earthquake signal. Subsequently, the
problem of mixed-sensitivity design integrated with the
LuGre-based inverse model is considered. The controller ob-
tained from design is also used for a clipped-optimal con-
trol algorithm for comparison purposes. Finally, an LPV con-
troller based on the modified Bingham model is designed for
the combined structure and MR damper.

A. Dynamic Equations of the Structure With MR Damper

The dynamic equations of motion for the structure including
the MR damper shown in Fig. 2 are expressed as follows:

(4)

where . The distribution matrices and
are defined as and . Here, ,

and denote the displacement of the base, first floor and
second floor, respectively, and is the ground acceleration due
to earthquake. By assuming , (4) can be rewritten in
state-space form as follows:

(5)
where is the control input acting on the structure.

B. Passive Damping Design

The performance of the MR damper for constant voltages in
four intensities of the El Centro earthquake signal is examined to
obtain a baseline for comparison purposes [33], [36]. The struc-
ture is excited with 0.2, 0.4, 0.6, and 0.8 g El Centro earthquake
signals, where 9.81 m/s is the standard gravity accelera-
tion. The maximum absolute acceleration of the second floor of
the structure is determined for constant actuating voltages from
0 to 8 V. Fig. 9 shows the experimental results for different in-
tensities of the El Centro earthquake. It is observed that for mod-
erate earthquakes (0.4 and 0.6 g) the passive damping is optimal
at 4 V. For lighter earthquakes this value is obtained to be
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Fig. 7. Identification results using chirp velocity excitation for: (a) modified Bingham and (b) modified LuGre models.

Fig. 8. Comparison of the identification results of chirp velocity excitation for modified and standard Bingham and LuGre models.

2 V. However, for a destructive 0.8 g earthquake the optimal
value shifts to 8 V. In sum, we choose 4 V as the optimal
passive damping which works for a wider range of intensities.

In reality, there is no a priori information about such an optimal
value but in experiments this value can be determined for a rea-
sonable comparison [36].
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Fig. 9. Optimal passive damping for (a) 0.2 g, (b) 0.4 g, (c) 0.6 g, and (d) 0.8 g El Centro earthquakes.

Fig. 10. Clipped-optimal controller with threshold strategy [33].

Fig. 11. Generic anti-windup scheme.

C. Clipped-Optimal Control

Here, the well-known clipped-optimal control algorithm is
considered for comparison purposes. This algorithm was first
proposed by Dyke et al. [7] and its effectiveness has been
demonstrated in previous studies [7], [33], [36]. The force
obtained from an optimal controller is tracked by switching
voltage between the saturation limits. This control algorithm
has the benefit that a model of the damper is not required.
For practical reasons, we consider a modified version of this

Fig. 12. Mixed-sensitivity� control design configuration.

algorithm with a threshold proposed in [33], where the voltage
remains zero below a minimum force . Fig. 10 shows a
graphical representation of the algorithm. The actuating voltage
is obtained from the following relationship:

(6)

where is the optimal force commanded by the controller,
is the actual force produced by damper and is the

Heaviside step function. In our case, will be obtained from
the controller discussed in the next section.

D. Mixed-Sensitivity Inverse Control Design

In this approach the controller is designed for the linear struc-
ture which determines the required controlling force. Since the
MR damper is a semi-active device the force cannot be com-
manded but only the input voltage to the MR damper can
be adjusted. Therefore, an inverse model is employed to ob-
tain the corresponding voltage to actuate the MR damper. Both
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Fig. 13. Comparison of the LPV control voltage profiles for three values of the parameter � � �, 200, and 400 in response to Northridge 0.7 g earthquake.

Bingham and LuGre models were examined in this inverse
control setting. However, the more complex LuGre-based model
yielded improved results. Based on (2) and (3), the inverse mod-
ified LuGre model of the MR damper is represented as follows:

(7)

The required damping force is obtained from the
controller and the input voltage is determined from the above
equations of the inverse model. The term is introduced to
prevent division by zero when is in a -neighborhood of zero
where is a small positive scalar. The control effort is set to be
zero for velocities close to zero.

A possible problem is with the saturation limit of the MR
damper device which is considered to be 8 V. The re-
quired force and the force produced by the applied voltage may
not be the same due to the saturation constraint. It is known that
saturation can deteriorate the closed-loop performance [14]. In
order to overcome this problem the proposed controller is com-
bined with a classical anti-windup scheme to alleviate the satu-
ration effect. A generic anti-windup scheme is shown in Fig. 11,

where and represent the plant and controller, respec-
tively, while represents a compensator which feeds back
the error between the output from the controller and input to the
plant. In the classical anti-windup design this compensator is
chosen to be where the scalar represents a tun-
able design parameter [8].

LQR and bilinear controllers have already been studied
using the standard LuGre model [22], [31]. Here, we consider a
mixed-sensitivity design approach using the modified MR
damper model. The design objective is to develop an con-
trol strategy to minimize the induced norm of the closed-loop
system transfer functions from the external disturbance to the
controlled outputs. The controller is designed using the
linear matrix inequality (LMI) approach discussed in [10] which
is based on the bounded real lemma (BRL) and the projection
lemma [27]. Since we have a regulation problem, tracking is not
an issue and therefore it makes sense to shape the closed-loop
transfer functions and [28]. We recall that is the transfer
function between the disturbance and the output , and

the transfer function between and the control signal .
The controlled output vector is assumed to be

as shown in Fig. 12. The absolute accelera-
tion of the second floor is considered as the measured output

.
The dynamic weights for the control design are chosen to

be and ,
where is the weight on the control voltage signal and se-
lected to be a high pass filter. On the other hand, is the
weight on the output. This weight begins rolling off before the
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Fig. 14. Northridge 0.7 g ground excitation, control voltages and the structural responses for “without damper”, clipped-optimal, and� control.

first natural frequency of the system which is about 13 rad/s.
This is to respect the design rule-of-thumb that requires the
performance weights to roll off before the invariant point fre-
quency [9]. The selection of these weights was attained through
a trial and error process. Simulation results are first used to
modify the weights to achieve the desired closed-loop perfor-
mance. The final tuning of the weights was then performed
during the experimental validation of the controller.

E. Quasi-LPV Modeling of Structure With MR Damper and
LPV Control Design

To account for the variability of the MR damper dynamics
with respect to the damper velocity we seek to design an LPV
controller that is scheduled in real-time based on the measure-
ment of this parameter. A quasi-LPV formulation is followed
next. A brief review of LPV systems is presented in Appendix A.
To proceed with a quasi-LPV modeling of our system, we re-
place the MR damper force with the modified Bingham model
in (1). Therefore, the equation of the motion for the base mass
is rewritten as follows:

Then, we can rewrite (4) considering the voltage as the input
instead of the damper force

(8)

where the modified matrices and are defined as follows:

����

where ’s are the elements of the system damping matrix .
In order to prevent division by zero in the (1,1) element of the
matrix , we consider , where
is a small positive value. By substituting the above matrices in
(5) and considering the base velocity as the scheduling
parameter the following quasi-LPV representation of the system
is obtained:

(9)
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Fig. 15. Northridge 0.7 g ground excitation, the structural responses for 0 V damper and LPV control, LPV voltage, and its parameter variations.

It is noted that the base velocity is obtained by low-pass fil-
tering and differentiating the base displacement. The same con-
trol design configuration as in the design is considered for
the LPV design as shown in Fig. 12. The same controlled and
measured output vectors are also selected and the corresponding
output matrices are determined accordingly in (10). Therefore,
in this quasi-LPV model, the matrices and are dependent
on the scheduling parameter.

The dynamic output-feedback LPV controller was designed
based on the approach summarized in Appendix B. In our de-
sign, we assume that the matrices , , , are not
parameter-dependent. Different parameter dependencies were
examined for the matrices and and the best and simplest
choice was obtained to be and . This
choice provides reduced computational effort in the design and
guarantees the practical implementability of the controller (see
Appendix B). The scheduling parameter is chosen to be the
damper velocity for which m/s and

m/s . A similar control design configuration as in
design with the same weighting functions is considered.

The LMIs (12) and (13) presented in Appendix B are solved by
gridding the parameter space with respect to over its range of
variation. The LPV controller is subsequently combined with a
classical anti-windup scheme to address the saturation effect.

V. EXPERIMENTAL CONTROLLER VALIDATION

AND COMPARISON

As discussed earlier, a shaking table is used to simulate the
earthquake and excite the structure. El Centro and Northridge

earthquake inputs with two different intensities are chosen for
structural response comparisons. The Northridge record has low
frequency content and excites the structure in a shorter period
of time over 20 s, while El Centro with intermediate frequency
content provides a wider distribution of excitation energy
over 35 seconds. Different amplitudes of these earthquake
records are employed to investigate the closed-loop system
performance in response to different excitation scenarios. There
exists a tradeoff in designing the base isolation system between
decreasing the structure acceleration and base drift. Here, the
main design concern is the structure acceleration, and at the
same time the base drift should not exceed some limits of
displacement to prevent collision with the base foundation. The
structure acceleration is a measure of the external forces acting
on the building which may result in damage or failure. The
control objective is to minimize the effect of earthquake distur-
bance on the acceleration of the second floor while maintaining
the control voltage in a desired range.

Before reporting the experimental responses of the structure,
the effect of the anti-windup scheme on the output voltage is
considered. Fig. 13 shows the comparison of the LPV control
voltage profiles for three values of the anti-windup parameter

, that is, , 200, and 400, in response to Northridge 0.7
g earthquake. The case of represents the control output
without employing anti-windup scheme. Different values of
were examined and yielded acceptable results in terms
of bounded voltage profile and smaller maximum structural re-
sponse. The results of the experiments reported later will be
based on the selection of .
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Fig. 16. Northridge 0.3 g ground excitation, control voltages and the structural responses for “without damper”, clipped-optimal and LPV control, and LPV
parameter variations.

Fig. 14 shows the performance comparison between and
clipped-optimal controllers, and “without damper” case for a
0.7 g Northridge earthquake. The “without damper” case rep-
resents the response of the base-isolated structure without any
additional damping element. The length of the excitation for
Northridge and the El Centro test signals are 20 and 35 s, re-
spectively. The figures are plotted in a shorter period of time to
make the response comparison easier. The structural responses
for 0 V passive damper and LPV control, as well as, the con-
trol input are illustrated in Fig. 15. The structural responses due
to a 0.3 g Northridge and a 0.6 g El Centro earthquake sig-
nals corresponding to the LPV and clipped-optimal controllers
are also shown in Figs. 16 and 17, respectively. The improved
responses of the structure using the and LPV controllers
compared to clipped-optimal control can be seen in Figs. 14,
16 and 17, respectively. It is notable that in clipped-optimal
control the voltage input is always at zero or saturation level.
But the LPV controller commands voltages in between which
will result in less degradation of the MR actuator. A quantita-
tive comparison of the maximum and root mean square (RMS)
values of the experimental structural responses due to the sim-
ulated earthquake test signals can be found in Tables IV and
V. As listed in the tables, the results of the inverse control
and LPV controller are clearly an improvement compared to the
clipped-optimal control. In case of the second floor absolute ac-

celerations, the LPV controller leads to a 30% reduction in peak
for weak earthquakes and up to 25% reduction for strong earth-
quakes compared to the clipped-optimal control. For the
controller these percentages are obtained to be 7% and 22%, re-
spectively. The LPV controller exhibits a superior performance
compared to the inverse control specifically for smaller
earthquakes. In case of base drift the passive damping shows
the best results. However, this control strategy is not realistic and
practically a constant actuating voltage cannot be optimal for all
types of earthquakes with varying intensities as mentioned ear-
lier. Therefore, among the proposed controller designs the LPV
controller yields competitive results for the base drift. The max-
imum displacements are obtained to be in the same range com-
pared to the design while the RMS values are observed to
be improved up to 7%. The maximum damper forces for passive
damping are relatively smaller than the other control approaches
while the RMS values are larger. The LPV design demonstrates
comparatively satisfactory results based on the damper force
maximum and specifically the RMS values. The RMS values of
the control voltage are also listed in Table V as a measure of the
control effort. The clipped-optimal controller shows a slightly
lower power consumption while and LPV designs are ap-
proximately the same. Therefore, for an almost similar level
of control energy an improved performance is obtained via the
LPV design.
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Fig. 17. El Centro 0.6 g ground excitation, control voltages and the structural responses for “without damper”, clipped-optimal and LPV control, and LPV pa-
rameter variations.

Considering all the maximum and RMS results the LPV con-
troller is determined to be the best selection among all exam-
ined control scenarios. That is, the LPV controller is performing
better in reducing the effect of the earthquake disturbance on
both peak values and the distribution of vibrating energy over
the time of the excitation. The LPV and inverse designs
provide improved results compared to the clipped-optimal con-
trol strategy by benefitting from a prior knowledge of the ex-
isting nonlinearity in the system. An approximate model of the
nonlinearity can be identified while the MR damper is installed
on the real platform resulting in a reduced effort for identifica-
tion. The LPV formulation is further exploiting the MR damper
velocity to appropriately schedule the feedback controller.

VI. CONCLUSION

Parameter identification and control of an MR damper with
stiction and force flattening effects was studied in this paper.
Two modified Bingham and LuGre-based models were intro-
duced to capture the stiction effect and velocity-dependent
damping of the MR damper. Both parameter identification
and feedback control implementation were performed on a
two-story model building structure with the objective of re-
ducing second floor acceleration subject to earthquake-type
base excitation. An optimal passive damping design was ob-
tained for El Centro earthquake with different intensities. Then

a mixed-sensitivity controller was designed for the linear
structure which was integrated with the LuGre-based inverse
model of the MR damper. Clipped-optimal control based on
the design with a force threshold was also considered for
comparison purposes. Finally, an LPV controller based on the
modified Bingham model was designed to directly command
the MR damper voltage with the base velocity as the scheduling
parameter. A classical anti-windup scheme was also employed
to eliminate the effect of saturation and keep the output voltage
within the saturation bound. The performance of the presented
control strategies was compared experimentally for El Centro
and Northridge earthquake signals with different intensities.
The LPV controller yielded improved performance in terms
of maximum acceleration and RMS values of the structure re-
sponse while keeping the damper force and power consumption
within comparable appropriate limits.

APPENDIX A
LPV SYSTEMS AND MODELING

We present a basic review of LPV systems used in this paper.
An LPV system can be described as in the following state-space
form [21], [24]:

(10)
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TABLE IV
PEAK VALUES OF EXPERIMENTAL RESPONSES DUE TO SIMULATED EARTHQUAKES

where , , and represent the state vector, the exogenous input
vector, and the control input vector, respectively; and rep-
resent the controlled output and system measurement, respec-
tively. The LPV parameter vector is assumed to be an ar-
bitrary vector , which is not known a priori but can
be measured in real-time. is the set of allowable parameter
trajectories defined as

where is a compact subset of , and are nonnegative
numbers. It is also assumed that , ,

, , , ,
, and .

The first step in the design of an LPV controller for a non-
linear system is to derive an LPV representation for the plant.
There exist two approaches to complete this step. The first ap-
proach uses the classical Jacobian linearization, and the second
one describes the system dynamics in a quasi-LPV form [21].
In the first method, the nonlinear system is linearized around an

equilibrium trajectory, and the states at the equilibrium trajec-
tory are considered as the scheduling parameters of the LPV
system. These values are assumed to be measurable in real-
time to adapt the controller gains. The second approach does
not require any linearization. Instead, the plant equations are
rewritten to hide the nonlinear terms using a set of newly defined
scheduling variables. Since nonlinearities involve the system
states, some of the states are relabeled as parameters in the
plant. However, not all types of nonlinear systems can be de-
scribed using quasi-LPV approach. In the problem under study,
we have shown that the system equations can be represented in
a quasi-LPV form.

APPENDIX B
DYNAMIC OUTPUT-FEEDBACK LPV CONTROL DESIGN

The objective of the LPV gain-scheduled output-feedback
control problem is to design a dynamic LPV controller with the
following state-space representation.

(11)

(12)

(13)
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TABLE V
RMS VALUES OF THE EXPERIMENTAL RESPONSES DUE TO SIMULATED EARTHQUAKES

that ensures the internal stability and a guaranteed induced
-gain bound on the closed-loop system from exogenous

input vector to the controlled output vector . The basic char-
acterization method resulting in the controller (11) is presented
in the following theorem [2], [10].

Theorem 1: Consider the LPV system represented by (10),
with parameter trajectories constrained by . There
exists a gain-scheduled output-feedback controller represented
by (11) enforcing internal stability and a bound on the
gain of the closed-loop system of (10) and (11), if there exist pa-
rameter-dependent symmetric matrices and and a param-
eter-dependent quadruple of matrices ( , , , ) such
that for all the following infinite-dimensional LMI
problem holds true. See (12) and (13) shown at the bottom of
the previous page, where the elements denoted by are induced
by symmetry. Then, a gain-scheduled controller of the form (11)
is obtained using the following two-step procedure:

• solve the following factorization problem for and :

(14)

• compute , and from

(15)

(16)

(17)

Proof: See [2], [10], and [35].

The parameter dependency of the matrices and
should be appropriate to provide reduced conservatism in the
design and at the same time keep the computational complexity
to a minimum. For practical implementation reasons (the con-
troller does not require parameter rate information) one of the
parameters should be selected to be a constant matrix. Guide-
lines for the appropriate selection of these matrices are dis-
cussed in [2].
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