
IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 6, DECEMBER 2013 1691

System Identification and Semiactive Control
of a Squeeze-Mode Magnetorheological Damper
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Abstract—The main goal of this investigation is to establish mod-
eling of a squeeze-mode magnetorheological (MR) damper and to
design a semiactive fuzzy controller for vibration reduction. To
model the MR damper, the Bouc–Wen model has been used in many
past studies. However, using the Bouc–Wen model to characterize
the squeeze-mode MR damper needs a lookup table of system pa-
rameters for the application with various amplitudes and frequen-
cies. Therefore, a biviscosity model is proposed to describe this
squeeze-mode MR damper. In addition, genetic-algorithm-based
optimization is used to evaluate the parameters of the system. To
reduce the vibration of the structure, a semiactive fuzzy controller
using the MR damper is presented for the structure vibration at
various frequencies. To check the consistency of the proposed fuzzy
controller, the real-time implementation validated the performance
of the controller.

Index Terms—Biviscosity model, Bouc–Wen model, fuzzy con-
trol, genetic algorithm (GA), magnetorheological (MR) damper,
squeeze mode.

I. INTRODUCTION

V IBRATION control of large-scale civil infrastructure is of
utmost importance for human society and our daily lives.

Because magnetorheological (MR) dampers have the capabil-
ity of varying the amount of damping, they have been applied
to protect skyscrapers and high-speed railways from earthquake
hazard via base isolation or reduced structural vibrations caused
by seismic motions. Magnetorheological fluid (MRF) technol-
ogy has already been successfully employed in applications
of automotive semiactive suspension and structural vibration
reduction. The rheological behavior of MRF shows that the ex-
ternal magnetic field determines the relationship between the
shear stress and the shear rate, and makes it become a Newto-
nian fluid or a Bingham fluid. When no magnetic field is present,
MRF is like a Newtonian fluid and very similar to the pattern of
the carrier fluids, except that the metal powder content makes
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the liquid slightly “thicker” [1], [2]. When a magnetic field is
present, it shows the characteristics of a Bingham fluid, with the
magnetic field causing some resistance at zero shear rate. Under
this condition, the resistance force causes a plastic deformation
and the yield stress is a function of the magnetic field strength.
The magnetic field results in viscosity changes, and the MRF
can be controlled to become a free flowing liquid or a semisolid
condition.

According to the fluid flow and the rheological stress, MRF
operations can be separated into three different modes: the valve
mode, the shear mode, and the squeeze mode [1]. The first op-
erational mode is the valve mode. This mode is usually used
in dampers and shock absorbers [2]–[5]. For example, heavy-
duty vehicle seat suspension uses a valve-mode MR damper as
a secondary suspension element to improve the antivibration
effect [6]. The valve-mode MR damper consists of a control-
lable fluid valve and a hydraulic cylinder filled with MR fluids,
which are made of base fluids, additives, and a suspension of
micrometer-sized, magnetically polarizable metal particles. A
magnetic coil is integrated into the piston of the damper to gen-
erate a magnetic field. When a magnetic field is applied, each
metal particle becomes a dipole, and some chains are formed
by the metal particles due to the effect of the magnetic field.
Because the chains cause a mechanical resistance to the fluid
flow, the viscosity of the fluid is increased by increasing the
magnetic field. The MR effect is reversible, and the mechanical
resistance can be controlled by the magnetic field strength. The
yield stress capability also depends on the magnetization char-
acteristics of the particles. Since 2002, the valve-mode dampers
have been manufactured by GM/Delphi for vehicle suspension.
Other possible applications using the valve-mode operation are
vibration dampers, active engine mounts, and seismic dampers
for civil industry [7], [8].

The second operational mode is the shear mode, also called
the direct shear mode, which is used in the application of brakes
and clutches [9]. For example, an MR brake consists of a shaft,
bearings, sealing devices, a housing with a coil, an interface disc,
and MRF. The total shear force is separated into a viscous com-
ponent and a magnetic-field-dependent component. The MRF
brake is manufactured as a controllable resistance element for
programmable aerobic exercise equipment. The valve and the
direct-shear modes have been studied in detail, and some prod-
ucts using these two modes have already been manufactured and
sold in many applications of structural vibration absorbers and
automotive suspension. However, for some applications which
need a higher ratio of the MRF effect, the capabilities of the
valve mode and the direct-shear mode are challenging. Some
researchers have reported that the other operation mode can
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achieve a higher MRF effect than either the valve or the shear
mode. For small-amplitude motions, the squeeze-mode opera-
tion seems to offer very large forces which can be controlled
by the MRF effect. Zhang implemented some experiments and
evaluated theoretically to confirm whether yield stress ten times
as large as that with either the valve mode or the shear mode
could be achieved [10]. For the MR operations in squeeze mode,
there is no particle saturation at low-compression stress stage;
thus, the yield stress increases linearly with increasing magnetic
field strength. For the squeeze mode, the distance of particles
becomes shorter as the pressure load is increasing and the in-
teraction of dipoles becomes stronger. However, for the valve
mode or shear mode, the distance of particles does not vary as the
pressure is applied. Therefore, the yield stress for the squeeze
mode increases more than the other two modes, because the
formed chain structure is difficult to be broken. As the com-
pression stress is higher, the squeeze-strengthen effect is more
obvious. This is called the squeeze-strengthening effect [10].
The stronger MRF effect of squeeze mode makes MRF technol-
ogy more attractive for the next generation of structural vibration
reduction.

MR dampers’ inherently hysteretic nonlinear dynamics make
the control of their practical use significantly difficult. There-
fore, the modeling of MR damping is very important for its
applications. To characterize the performance of MR dampers,
several works have been performed to model their nonlinear
behavior [11]. These investigations include the phenomenolog-
ical model based on a modified Bouc–Wen model to describe
the hysteretic behavior of the MR damper proposed by Spencer
et al. [12], the nonlinear viscoelastic-plastic model proposed
in [13] and [14], the neural network model proposed by Chang
and Roschke [15], [16], the fuzzy model [17], the polynomial
model [18], the NARX model [19], the extended Bouc–Wen
model [20]–[23], and other approaches [24], [25]. However, the
extended Bouc–Wen model involves many parameters to cap-
ture both the force–displacement and force–velocity hysteresis
loops accurately. Additionally, the MR damper in the squeeze
mode is a highly nonlinear device which has not been studied
as thoroughly as those in the valve mode and the shear mode.

Since buildings are getting much taller, it is very difficult
to obtain exact mathematical equations to describe the dynam-
ics, especially for those structures which have a semiactive MR
damper or dynamic vibration absorbers. Therefore, semiactive
or active vibration control of structure systems using fuzzy set
theory has been studied in the past few decades. The fuzzy set
theory was proposed by Zadeh in 1965 [26], and Mamdani suc-
cessfully applied the “IF–THEN” rule to the automatic control
of a steam generator based on the fuzzy linguistic approach in
1974 [27]. In civil engineering, the fuzzy set theory has been
applied by many investigations [28]–[30]. The success of the
fuzzy controller depends on the correctness of the fuzzy rules
which are usually determined by the experimental results of ex-
pert experience systems. However, the actual experiments for
a novel complicated mechatronic system are sometimes costly
in terms of both time and money. To simplify the problem, an
optimization problem to determine the fuzzy rules is studied via
the simulation of the estimated model.

TABLE I
SPECIFICATION OF MRF-122EG (MADE BY LORD) [32]

In this study, a squeeze-mode MR damper is fabricated and
studied. First, a modified Bouc–Wen model is used to capture
the force–displacement relation of this damper. To identify the
system parameters, a genetic algorithm (GA)-based optimiza-
tion approach is studied [31]. GAs are stochastic optimization
techniques based on the idea of natural evolution. GA, developed
by Holland [15], is a search process based on natural selection.
GAs belong to the larger class of evolutionary algorithms, which
generate solutions to optimization problems using techniques
inspired by natural evolution, such as inheritance, mutation, se-
lection, and crossover. The optimization based on GA is very
similar to nature, where the information is coded on the DNA.
GAs are based on the ideas associated with the natural evolution
of species, where the “fittest” organisms in a population survive
and pass (through their genes) to the next generation, and so
forth. The system parameters are coded with binary codes of N
bits and they are performed via the genetic operations, which
are inheritance, mutation, selection, and crossover, to obtain
the optimal solution. However, based on the system identifica-
tion results using the Bouc–Wen model for this squeeze-mode
damper, the system parameters vary with respect to the different
frequencies and amplitudes of the vibration input. Therefore, a
modified biviscosity model is proposed to improve this draw-
back of the modeling.

II. SYSTEM DESCRIPTION AND MODELING

OF THE MR DAMPER

A. System Description and Experimental Setup

For small motions of the damper, the squeeze-mode MRF of-
fers the possibility of very large forces which can be controlled
by the MRF effect. Additionally, the yield stress produced in the
squeeze mode would be ten times as large as that in either valve
mode or shear mode. To investigate the potential application of
the squeeze-mode MR dampers in vibration control, an experi-
mental apparatus is developed to study the relationship between
the force and the displacement.

MR fluid actuated in squeeze mode is not a fully enclosed
design. The fluid gap size is decreased and the available volume
for the fluid is reduced from its original state as the MRF is
compressed. In this study, the MR fluid is MRF-122EG, which
is manufactured by LORD, and the datasheet is shown in Ta-
ble I [32]. Fig. 1 shows the schematic diagram for measuring the
MRF’s characteristics in squeeze mode, where it is contained in
an aluminum alloy vessel, and the base is an iron column wound
with a copper coil. The MRF is compressed between two paral-
lel plates. Therefore, it is mainly operated in squeeze mode. The
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Fig. 1. Experimental apparatus for measuring the MR damper and implement-
ing the semiactive control.

TABLE II
SPECIFICATION OF THE EDDY CURRENT DISPLACEMENT SENSORY SYSTEM

upper squeezing plate is carried by the shaker, which produces
the external vibration to test the characteristics of the MRF.
The bottom of the iron column is connected to a load cell to
measure the variation of the axial force during the experiments.
An eddy current displacement sensory system (sensor: AH-416,
amplifier: AS-440-05, made by KEYENCE) is equipped above
the upper squeezing plate to measure its displacement which is
produced by the shaker. The specification of this eddy current
displacement sensory system is shown in Table II. Additionally,
the experimental displacement and force signals are captured
and analyzed using a dynamic signal analyzer (HP 35665A),
which is also used to analyze the frequency response of the MRF
damper in the later studies. The HP Analyzer is a two channel
fast Fourier transformation (FFT) spectrum/network analyzer
with a frequency range from near dc to just over 100 kHz. To
measure the characteristics of squeeze-mode MRF via exper-
iments, the oversized vessel (diameter of 80 mm) cooperates
with the undersized piston (diameter of 50 mm), which allows
the fluid to be expelled through the circumference of the piston.
A coil electromagnet is used to generate a magnetic field by
using a current supply. The steel coil magnet is joined with the
bottom of the vessel, and the magnetic flux path passes through
the MRF test vessel.

B. System Parameter Identification of the Bouc–Wen Model
for the Squeeze-Mode Damper

For application of the MR damper in vibration control, Yao
et al. adopted the Bouc–Wen model [20]. Therefore, in this

Fig. 2. Schematic diagram of the MR damper with nonlinear hysteresis model
(viscous damping coefficient: c, stiffness coefficient: k, damping force: F ).

study, the Bouc–Wen model is adopted to describe the dynamics
of squeeze-mode MRF. The schematic diagram is shown in
Fig. 2, and the force in the damper system is given by

F = cẋ + kx + Az (1)

where c is the viscous damping coefficient, k is the stiffness
coefficient, and z is the hysteresis variable. A, c, k are all influ-
enced by the input current to the coil. Moreover, the hysteresis
variable is governed by

ż = αẋ − β |ẋ| z |z|n−1 − γẋ |z|n (2)

where α, β, γ parameters are related to the magnitude and shape
of the hysteresis, and n is the smoothness coefficient which is
used to control the smoothness transition from the elastic to the
plastic region. To estimate the parameters of the model, a root
mean square (RMS) error function is introduced as an objective
function as follows:

J =

√
√
√
√

N∑

i=1

(Fe(i) − Fs(i))2

N
(3)

where Fe(i) and Fs(i) are the experimental damping force and
the simulation damping force, which are computed via (1) and
(2) using the same input signal in the actual experiment, and N
is the number of the experimental data. Then, the procedures for
identifying the system parameters are based on a GA optimiza-
tion [31]. The optimization problem is described as follows:

Min
c,k ,A,α,β ,γ

J(x, ẋ, z) =

√
√
√
√

N∑

i=1

(Fe(i) − Fs(i))2

N
(4a)

subject to
equality constraints

ż = α ẋ − β |ẋ| z |z|n−1 − γẋ |z|n (4b)

Fs = c ẋ + kx + Az (4c)

and inequality constraints

0 ≤ c ≤ c̄, 0 ≤ k ≤ k̄, 0 ≤ A ≤ Ā, 0 ≤ α ≤ ᾱ, 0 ≤ β ≤ β̄,

0 ≤ γ ≤ γ̄.

The above problem for identifying the parameters of the
Bouc–Wen model is a nonlinear constrained optimization prob-
lem. It is difficult to perform this identification using MATLAB
ID toolbox, because the problem is nonlinear. However, GA is
a stochastic optimization technique based on the idea of natu-
ral evolution and it is suitable to obtain solutions for optimal
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TABLE III
BOUC–WEN MODEL PARAMETERS WITH AMPLITUDE 0.05 mm AT 5 Hz

search problems through application of the principles of evolu-
tionary biology. In this study, a GA is adopted to identify the
parameters {c, k,A, α, β, γ} of the Bouc–Wen model, which are
constrained due to the physical limits. In this optimal problem,
the objective function J(x, ẋ, z) represents the RMSE between
the experimental results and the simulation data. If the value of
J(x, ẋ, z) can be much smaller, then the estimated model will
be more accurate. In this paper, the GA with binary code was
applied to obtain the system parameters as the following steps.
1) Initial population generation: generates randomly a set of
chromosomes for the parameters. 2) Fitness evaluation is to de-
termine the fitness of the chromosomes to the objective function.
3) Selection operation is to determine pairs of chromosomes for
mating. 4) Crossover operation is used for each pair of parents
and it sets a parameter to be combined. 5) Mating operation is
to combine the parameters by the crossover operator and swaps
a certain number of parameters between each of the selected
parents. 6) Mutation operation is to change randomly the value
of a certain amount of parameters in the new offspring. Some of
the parents and offspring are eliminated based on fitness value
so as to keep the population size constant. Fitter chromosomes
have higher probabilities of being selected. After several gener-
ations, the algorithm converges to the best chromosome, which
hopefully represents the optimum or suboptimal solution to the
problem [31].

To obtain the system parameters for this system, the excitation
is applied to the system to measure the displacement and the
damping force for the identification. The MR fluid actuated in
squeeze mode is not a fully enclosed design. The gap between
the upper squeezing plate and the vessel is 2 mm and the external
excitation with amplitude of 0.05 mm at 5 Hz is applied to the
upper plate. Therefore, the gap is decreased and the available
volume for the fluid is reduced from its original state as the
MRF is compressed. The estimated parameters are shown in
Table III. Fig. 3 shows a comparison of the estimated responses
and the corresponding experimental responses with amplitude
of 0.05 mm at 5 Hz under various applied currents (0–3 A).
From the simulation results, the estimated model can almost
capture the properties of the MRF damper.

On one hand, Table III shows that the estimated parameters
of the Bouc–Wen model vary for the various applied currents.
On the other hand, the system parameters c, k, and A vary as the

Fig. 3. Experimental response for the excitation with amplitude of 0.05 mm
at 5 Hz in comparison with the simulation result using the Bouc–Wen model.

Fig. 4. Schematic diagram of a squeeze-mode MR damper with the gap height
of h and the radius of a.

frequency or amplitude of the input excitation changes. There-
fore, using the Bouc–Wen model to characterize the squeeze-
mode MR damper needs a lookup table of system parameters for
the application with various applied currents, excitation ampli-
tudes, and frequencies. This situation may cause much difficulty
if the vibration control is implemented using this model. There-
fore, a biviscosity model is investigated in the following section
to model the squeeze-mode MR damper.

III. MAIN RESULTS

A. Modeling of the Squeeze-Mode MR Damper
Using the Biviscosity Model

The biviscosity model is proposed to describe the dynamic
performance of an electrorheological fluid (ERF) in squeeze in
a device where the fluid is sandwiched between two electrodes,
one fixed and one moving in a direction normal to its own
plane [33]. Therefore, this model is used to describe the squeeze-
mode MR damper, because the working principle of the MRF is
very similar to that of ERF, except for their different operations.
ER uses the change of the electric field to tune the damping
coefficient, while MR uses the change of the magnetic field.
Fig. 4 shows that an MRF is contained in the space between two
parallel circular plates of radius a.

The constitutive model chosen for the MRF is the well-known
biviscosity mode and the yield stress of the fluid can be described
as follows:

τ(z) =

⎧

⎪⎪⎨

⎪⎪⎩

ηr
du

dz
|τ | < τ1

τ0 + η
du

dz
, |τ | > τ1

(5)
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where u is the radial velocity of the fluid and γ = η/ηr . The
relation between the constants τ0 and τ1 is as follows:

τo = τ1(1 − γ). (6)

If the aspect ratio d/a is very small, where d is the average
distance between two plates, the equation of motion is solved by
applying the standard theory of lubrication. If the inertial effects
are negligible, the equation of the shear stress is as follows:

∂τ

∂z
=

dp

dr
(7)

where dp
dr is the radial pressure gradient. If there are no-slip con-

ditions on the plates, u(h0) = u(h(t)) = 0 are given with the
assumption that τ and u are continuous across the two yield sur-
faces in the fluid. Therefore, the two yield surfaces are expressed
as follows:

z1 =
1
2

(

h0 + h(t) +
2τ1
dp
dr

)

(8)

z2 =
1
2

(

h0 + h(t) − 2τ1
dp
dr

)

. (9)

If symmetry is considered in the flow, the mid-plane is as
follows:

z̄ =
1
2

(h0 + h(t)) . (10)

The vertical velocity of the movable plate can be obtained by
the radial volumetric flow rate as follows:

πr2 ḣ(t) = 2πrQ = 2πr

∫ h0

z=h(t)
udz (11)

where ḣ(t) is the vertical velocity of the movable plate. To make
this equation more accessible, the dimensionless variables for
the radial pressure gradient and radius are defined as follows:

G = −
(

h0 + h(t)
2τ1

)
1
r

dp

dr
(12)

and

S =
ḣ(t)ηr

(h0 + h(t))2 τ1
. (13)

After the reductions, a relationship that determines G in terms
of S and γ is described as follows:

G3 − 3
(

S +
1
2
(1 − γ)

)

G2 +
1
2
(1 − γ) = 0. (14)

The main variable of interest is the average normal force
over the bottom plate, which can be obtained by the following
integration:

F =
∫ a

r=0
2πrp(r)dr = −π

∫ a

r=0
r2 dp

dr
dr. (15)

Then, expressing (15) in terms of the nondimensional vari-
ables defined by (12) and (13), it can be transferred as follows:

F =
2πτ1a

3

h0 − h(t)
Ψ(χ) (16)

where

χ = S(a) =
ḣ(t)ηa

(h0 − h(t))2 τ1

and

Ψ(χ) =
1
χ

∫ χ

S=0
S2G dS.

The yield stress of the MRF is assumed as follows:

τ1 = AhHb

where the magnetic field strength H is produced by the elec-
tromagnet, and Ah and b are the constants to be identified. The
magnetic field strength H is obtained by the following equation:

H =
NI

2πR
(17)

where I is the current passing through the electromagnet, R is
the average radius of the electromagnet, and N is the number
of turns.

In this biviscosity model, the system parameters
η, γ,Ah , and b need to be identified using the optimization
process. Therefore, the system identification of the biviscos-
ity model for the squeeze-mode MR fluid is studied in the next
section.

B. System Parameter Identification of the Biviscosity
Model for the Squeeze-Mode Damper

The system parameter identification is considered as an opti-
mization problem described as follows [24]:

Min
η ,γ ,Ah ,b

J(x, ẋ, z) =

√
√
√
√

N∑

i=1

(Fe(i) − Fs(i))2

N
(18)

subject to
equality constraints

F =
2πτ1a

3

h0 − h(t)
Ψ(χ)

χ = S(a) =
ḣ(t)ηa

(h0 − h(t))2 τ1

τ1 = AhHb

and inequality constraints

0 ≤ η ≤ η̄, 0 ≤ γ ≤ γ̄, 0 ≤ Ah ≤ Āh , 0 ≤ b ≤ b̄.

Because the values for η, γ,Ah , and b are constant parameters
to be identified, the procedures for identifying the system pa-
rameters are also based on the same GA optimization described
in Section II. In the optimization, the inputs to the system are
the measured displacement, the velocity, which is obtained by
differentiating the displacement, and the measured force. The
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TABLE IV
IDENTIFIED PARAMETERS OF THE BIVISCOSITY MODEL FOR THE MR DAMPER

Fig. 5. Experimental response for the excitation with amplitude of 0.05 mm
at 5 Hz in comparison with the simulation result using the biviscosity model.

TABLE V
COMPARISON OF MODELING ERRORS WITH AMPLITUDE OF 0.05

AND 0.1 mm USING THE BIVISCOSITY MODEL

estimated parameters for the biviscosity model at 5 Hz excita-
tion with an amplitude of 0.05 mm are shown in Table IV, and
a comparison of the experimental response and the simulation
result is shown in Fig. 5. To verify the robustness of the biviscos-
ity model, the same parameters η, γ,Ah , and b, obtained by the
5-Hz excitation, are applied to simulate the force–displacement
relation with excitation at 10 Hz, and the RMS errors are shown
in Table V. From a comparison of Tables III and V, the mod-
eling error of the biviscosity model is better than that of the
Bouc–Wen model except for the response of 2 A. However, the
advantage of the biviscosity model is its robustness regarding
the various inputs.

Using the same system parameters for biviscosity model ob-
tained at 5 Hz to compare the experimental results with the
simulation for excitations at 10 Hz, the results in Table V show
that the modeling errors are in the permissible range. To verify
the robustness of the biviscosity model with the various excita-
tion amplitudes, the same system parameters obtained at 5 Hz
are used to simulate the excitation at 5 Hz with amplitude of
0.1 mm, and Table V shows that the modeling errors are also in
the permissible range. Therefore, the biviscosity model is used
to investigate the design of the vibration control in this study.

IV. SEMIACTIVE CONTROL STRATEGY USING AN MR DAMPER

FOR STRUCTURAL VIBRATION REDUCTION

A. Modeling of the Structure With the Squeeze-Mode
MR Damper

Dyke et al. [34] have proposed a semiactive clipped-optimal
control strategy for the MR damper, and a linear optimal con-
troller was designed to adjust the command voltage. However,
the command signal was discrete and set at either zero or the
maximum level.

To study a semiactive fuzzy control strategy using the
squeeze-mode MR damper, a model of a cantilever shaft with
the MR damper is established. In this experiment, the structure
consists of a shaft and a piston; the size of the shaft is 300 ×
30 × 2 mm, the piston’s diameter and thickness are 50 mm
and 5 mm, and the shaft and the piston are made of aluminum
alloy 6061. The squeeze-mode MR damper is the same as that
described in Section II. The system identification problem is
formulated as follows:

Min
fuzzy rules

J(Fe, i) =

√

1
T

∫ T

0
ẍ2dt (19)

subject to

[M ] {ẍ} + [C] {ẋ} + [K] {x} = {Fe} + {Fc}

where [M ] , [C] , [K] are the mass, damping, and stiffness ma-
trices of the structure, {x} is the deflection of the structure,
{Fe} is the external excitation force, and {Fc} is the con-
trolled damping force produced by the MR damper. The damp-
ing force of the squeeze-mode MR damper is determined by
the biviscosity model. To solve this optimization problem, the
first step is to measure the frequency response of this struc-
ture via experiments. The second step is to obtain the struc-
ture model via simulation to match the actual model. The ex-
periment was performed by applying random excitation to the
structure via a shaker (LDS v406). Then, the HP 35665A was
used to collect all of the frequency-domain data according to
the shaker’s acceleration and the deflection of the shaft. A PCB
model-333B32 accelerometer and a PCB model-480C02 signal
conditioner were used to measure the acceleration. The 333B32
accelerometer is capable of measuring frequencies from 0.5 to
3000 Hz with a 101.3-mV/g sensitivity. The acceleration range
of the accelerometer is ±50 g peak. Additionally, the eddy cur-
rent displacement sensory system AH-416 is used to measure the
displacement. Fig. 6 shows the frequency-domain response of
the cantilever shaft measured, and the first two modes’ frequen-
cies are approximately 11.5 and 96 Hz, as shown in Table VI.

Because the two modes are dominant for this structure, the
deflection of the structure is approximated by the following
equation:

{x} ≈
2∑

r=1

Φr ηr (t) ≈ [Φ] {η} (20)

where [Φ] is the modal matrix, and {η} is the system response
based on the coordinates of the mode. Consider that there are
five nodes of the structure to be simulated as shown in Fig. 7;
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Fig. 6. Frequency response of the experimental and simulation results for the
MRF damper system.

TABLE VI
COMPARISONS OF THE ACTUAL AND SIMULATION RESULTS

Fig. 7. Definition of nodes on the experimental structure.

the modal matrix is described as follows:

[Φ]5×2 = [ Φ1 Φ2 ] .

Therefore, the dynamics of the system are transferred as
follows:

M̄ {η̈} + C̄ {η̇} + K {η} = {F̄ e} + {F̄ c} (21)

where M̄ = [Φ]T [M ][Φ] = I2×2 , C̄ = [Φ]T [C][Φ] = [diag
(2ξωn )], and K̄ = [Φ]T [K][Φ] = [diag(ω2

n )], {F̄ e} =
ΦT {Fe} and {F̄ c} = ΦT {Fc}. The damping ratio ξ for each
mode can be obtained according to the frequency response of
the structure. According to the frequency response, the damping
ratio for each mode can be obtained using the half power band-
width method [28]. This method is used to obtain an estimation
of the damping of a structure. First, if the amplitude at the peak
is P for the first mode, the method is to find the frequencies at
which the amplitude of the transfer function is P2 as follows:

P2 =
P√
2
≈ 0.707P. (22)

The frequencies ω1 and ω2 associated with the half power
points on either side of the peak are obtained. Then the damping
ratio ξ can be obtained using the formula as follows:

ξ =
ω2 − ω1

2ωn
. (23)

The damping ratio and natural frequency for the first two
modes are substituted into (21); therefore, the stiffness ma-

trix and the damping matrix are K̄ = 103 ·
[

0.1323 0
0 9.216

]

and

Fig. 8. Control diagram for the proposed semiactive fuzzy controller with
optimal tuning.

C =
[

1.73 0
0 2.76

]

. On one hand, as an external excitation force

{Fe} = Aejωt is applied at Node 1, {F̄ e} at Node 1 can be
obtained as follows:

{F̄ e} = [Φ]T · [ 1 0 0 0 0 ]T Aejωt = H̄1Aejωt .

On the other hand, the controlled damping force {F̄ c} at
Node 5 can be given as

{F̄ c} = [Φ]T · [ 0 0 0 0 1 ]T FM R = H̄2FM R

where FM R is the damping force, which can be obtained by
the biviscosity model. Based on the experimental frequency
response, the modal matrix can be obtained as follows:

[Φ] = [Φ1 Φ2 ] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.1727 2.5394

0.7728 5.2380

1.7753 5.9253

3.2263 3.9048

4.4086 2.5316

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(24)

and

H̄1 = [ 75 0 0 0 0 ]T

H̄2 = [ 0 0 0 0 0.0012 ]T .

To verify the above model for this structure with the MR
damper, the simulation is performed using the same excitation
input and the biviscosity model with the zero control current;
the frequency responses are shown in Fig. 6. Comparing the
simulation results with the experimental results in Fig. 6, the
frequency responses for the actual and simulation results are
shown in Table VI. From the comparisons in Table VI, the sim-
ulated model almost matches the actual system in the first mode,
and the modeling error in the second frequency is permissible
in the frequency value. After the simulated model has been ver-
ified, the next step is to establish the fuzzy rule table based on
the simulations for the various excitations.

B. Semiactive Fuzzy Controller Design
via the Optimization Algorithm

For this semiactive vibration control task, the optimization
for fuzzy controller is proposed. The main idea is that the fuzzy
rule base is determined by the optimization algorithm as shown
in Fig. 8. In this study, the design of the semiactive fuzzy con-
troller selects the two response quantities to be used as input to
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Fig. 9. Membership functions of the fuzzy controller.

Fig. 10. Input–output relation of the fuzzy controller.

the fuzzy controller and one output from the controller to the
MR damper. The two input variables are obtained via the mea-
surement of the accelerometer equipped on the structure. The
first input is the vibration frequency of the excitation, which
can be obtained using the FFT from the acceleration signal, and
the other input is the windowed root mean square value of the
acceleration, which is obtained using the definition as follows:

ẍeff =

√

1
T

∫ te

ts

ẍ2
5dt

where ẍ5 is the acceleration at the fifth node of the structure and
T is the time interval of the windowed integration in the above
equation. The windowed integration is used to integrate the
signal over a sliding time window from ts to te . In this windowed
RMS integration, the beginning time is ts and the terminal time
is te , where T = te − ts . Using this, windowed integration can
effectively reject the noise of the accelerometer and reveal the
quantity of the acceleration. For the proposed fuzzy controller,
each one input is designed to have four membership functions to
be used for the selected input variable, where one is the vibration
frequency of the excitation and the other is the effective value of
the acceleration. The output of the proposed fuzzy controller is
the controlled current to the MR damper. The output is designed
to have five membership functions as shown in Fig. 9, and the
block diagram of the fuzzy controller is described in Fig. 10.

After determining the input and output of the semiactive fuzzy
controller, how to obtain the fuzzy rule table is dominant to
the performance. Because the model of the system has been
established in the above section, the optimization of choosing
the fuzzy rules can be obtained via the simulation results using

TABLE VII
LOOKUP TABLE FOR THE BEST CURRENT COMMAND OF THE MR DAMPER

FOR THE VARIOUS EXCITATIONS

TABLE VIII
FUZZY RULE OF THE SEMIACTIVE CONTROLLER FOR THE MR DAMPER

the specified excitation. Because the excitation amplitude is
in proportion to the voltage applied to the shaker, the applied
voltages with the various amplitudes and frequencies are applied
to the shaker; then, the acceleration of the simulated model under
the various inputted currents can be obtained. The windowed
RMS values of the acceleration are obtained based on the input
voltages to the shaker with amplitudes from 90 to 120 (mV).
As a result, the fuzzy rules depend on the minimal windowed
RMS value, and Table VII shows the lookup table for the best
controlled current signals in the current range (0–5 A) for these
tested excitations.

Higher applied voltage to the shaker causes greater vibration
of the structure; therefore, the acceleration is in proportion to
the voltage applied to the shaker. According to the lookup table
in Table VII, the fuzzy rules can be intuitionally designed as
Table VIII, where the first input is the windowed RMS value of
the acceleration and the other is the vibration frequency of the
excitation, which can be obtained using the FFT from the ac-
celeration signal. For the two inputs, there are four membership
functions, which include S (small), M (medium), H (high), and
VH (very high), as shown in Fig. 9. For the output controlled
current of the fuzzy controller, there are five membership func-
tions as shown in Fig. 10, where a larger number means a larger
current to the MR damper. Therefore, the architecture of the
fuzzy controller can be implemented. To test the performance
of the proposed fuzzy controller for the MR damper, the fuzzy
rules are to implement for the fuzzy controller in real-time ex-
periments in the following two case studies.

Fig. 1 shows the control block diagram for the real-time con-
trol architecture for this semiactive MR damping system, where
the MR damper is self-designed as discussed in Section II and
the coil electromagnet is used to generate a magnetic field to
change the stiffness and damping coefficients of the MR damper.
An NI CompactRIO 9074 with the 9234 and 9263 modules is
used as the real-time embedded controller for the whole system.
The NI 9234 has four analog input channels with a 24-bit Delta-
Sigma ADC and it is used to capture the acceleration signal of
the structure. The NI 9263 (Analog Output Module) is used to
produce the control signal of the proposed fuzzy controller to
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TABLE IX
VIBRATION REDUCTION OF THE PROPOSED CONTROLLER FOR THE

EXPERIMENTAL STUDIES

Fig. 11. Vibration response for the open-loop system and the system using
the proposed controller for the excitation at 5 Hz.

the current supply (NF-BP4610). Since cRIO is made by Na-
tional Instruments, the real-time controller can be programmed
with LabVIEW (VI code), C, C++, or Java. However, Lab-
VIEW must be used to program the embedded FPGA. In this
study, a real-time control code embedded in cRIO 9074 is de-
veloped for the real-time implementation. Additionally, an eddy
current displacement sensory system (sensor: AH-416, ampli-
fier: AS-440-05, made by KEYNCE) is equipped above the
upper plane of the structure to measure its displacement for
comparisons. This coil electromagnet is actuated by a current
supply (NF-BP4610). The top of the moving piston is equipped
with an accelerometer (PCB model 333B32), which is incorpo-
rated with the PCB model-480C02 signal conditioner to measure
acceleration.

Case I: The excitation signals with frequencies of 5, 10,
15, and 20 Hz are input to the shaker to make the structure
vibrate. Table IX summarizes the performance of the semiactive
fuzzy controller for excitation at the frequencies of 5–20 Hz.
Figs. 11 and 12 show the comparisons between the open-loop
system and the proposed controller at frequency of 5 and 20 Hz.
Fig. 11 shows that the performance at 5 Hz is very poor, but the
performance at 20 Hz is very well. Except for 5 Hz, the proposed
fuzzy controller has a 22∼27% reduction in amplitude. To deal
the worse performance at 5 Hz, the proposed fuzzy controller is
amended and a self-tuning strategy is discussed in Case II.

Case II: In Case I, Fig. 11 shows that the performance at
5 Hz is very poor. Why the controller at 5 Hz has such poor
performance could be ascribed to two reasons. One is because
the acceleration at 5 Hz is too small to make the accelerometer
sensitive enough. The other is that the semiactive control with
the constant current cannot make the MRF provide the sufficient
damping force for the vibration at low frequency and small
displacement. Therefore, we introduce a novel self-tuning active

Fig. 12. Vibration response for the open-loop system and the system using
the proposed controller for the excitation at 20 Hz.

TABLE X
PROPOSED RULE TABLE FOR THE FUZZY CONTROL AT LOW FREQUENCY

control law for this MRF damper as the excitation’s frequency
is low. The idea of the proposed active control is inspired by the
literature proposed by Dixon in 1999 [35].

According to the direction of the velocity and acceleration
of the piston, Table X shows the self-tuning rule table for the
active control law to determine the control current of MRF.
First, consider the case with the positive velocity of piston. If the
velocity of the piston is positive and the acceleration is negative,
then the control current should be decreased to make the MRF
reduce the damping force and let the structure go back to the
neutral position. In the other case, if the velocity of the piston is
positive and the acceleration is positive, then the control current
should be increased to make MRF provide more damping force.
Similarly, the other half control rules with the negative velocity
of the piston can be derived as shown in Table X.

To verify whether the proposed controller can handle exci-
tation at low frequency, the proposed self-tuning algorithm is
used for the fuzzy control and Fig. 13 shows the comparisons
between the response without control and with the proposed
self-tuning + fuzzy controller. Fig. 14 shows the control cur-
rent produced by the fuzzy controller. Resulting from Fig. 13,
the proposed controller has a better vibration reduction (13.4%)
than the one of the fuzzy control in Case I (2.83%). There-
fore, the self-tuning method shows the improvement for small
amplitudes at low frequency.

To verify whether the proposed controller can handle excita-
tion of varying frequencies, two excitation signals are inputted to
the system. The first signal with a frequency of 10 Hz is applied
in the interval of t = 0 ∼ 4 (s); then, the second signal at a fre-
quency of 20 Hz is applied after t = 4 (s). Table XI summarizes
the performance for vibration suppression for the excitation
with various frequencies. The proposed self-tuning + Fuzzy
controller has the better performance than the Fuzzy controller.
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Fig. 13. Time response for the open-loop system and the self-tuning + fuzzy
controller with the excitation at 5 Hz.

Fig. 14. Control current for the open-loop system and the self-tuning + fuzzy
controller with the excitation at 5 Hz.

TABLE XI
VIBRATION REDUCTION OF THE PROPOSED CONTROLLER FOR THE PROPOSED

METHODS AS THE EXCITATION’S FREQUENCY IS CHANGED FROM 10 TO 20 Hz

The proposed controller has 26.39% and 27.99% reduction in
amplitude for the excitation at 10 and 20 Hz.

V. CONCLUSION

A semiactive fuzzy controller using a squeeze-mode MR
damper is presented for the structure’s vibration reduction. To
investigate modeling of the squeeze-mode MR damper for the
fuzzy controller design, the Bouc–Wen model is used to describe
the dynamics of the nonlinear force–displacement relation first.
Because using the Bouc–Wen model to characterize the squeeze-
mode MR damper needs a lookup table of system parameters
for the application with various amplitudes and frequencies, a
biviscosity model is proposed to describe the MR damper. This

model is more robust for the various excitations with different
amplitudes or frequencies than the Bouc–Wen model. To eval-
uate the parameters of the nonlinear MR damper and the can-
tilever shaft, GA optimization is used. For the proposed semi-
active fuzzy controller, the fuzzy rules are determined using the
GA optimization based on the windowed RMS acceleration. To
establish the consistency of the simulation and real-time exper-
imental results, the proposed fuzzy controller was implemented
in real time using the NI CompactRIO in two case studies. The
experimental results thus verified the effectiveness of the pro-
posed controller and the consistency with the simulation results.
To improve the performance of the fuzzy controller, novel self-
tuning active control laws were proposed for this MRF damper
as the excitation’s frequency is low. Resulting from Fig. 13, the
proposed controller has the better vibration reduction (13.4%)
than the one of the fuzzy control in Case I (2.83%). Therefore,
the self-tuning method shows the improvement for small am-
plitudes at low frequency. The proposed self-tuning controller
has an almost 27% reduction in amplitude for the frequencies
which are changed from 10 to 20 Hz.
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