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Abstract

In this article, the Magneto-Rheological (MR) automobile
suspension is thoroughly reviewed. MR suspension has a smart
behaviour of the fluid and it is preferred in many industries. The
paper reviews the different model which was developed to
represent the behaviour of MR suspension in automobile
systems. This paper also presents the advantages, drawback and
parameter estimation error for all proposed models. The
conclusion of the intelligent model used to represent the
behaviour of the MR automobile suspension systems also
described.
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I. INTRODUCTION

Suspension is a term given to the system of springs, shock
absorbers and linkages that connects a vehicle to its wheels.
These suspension components support the vehicle and
transmits its weight to the wheels. Suspension systems serve a
dual purpose which is contributing to the car’s road
holding/handling and braking for good active safety and
driving pleasure, and keeping vehicle occupants comfortable
and reasonably well isolated from road noise, bumps,
vibrations, and others. The perfect automobile suspension
system can absorb road shocks that produced by the vehicle
rapidly and return it to the normal position slowly while
maintaining optimal contact between the tire and the surface of
the road [1]. Reyat [2] mentioned that it is essential for the
suspension to keep the road wheel in contact with the road
surface as much as possible, because all the forces acting on the
vehicle do so through the contact patches the tires. The
suspension also serves several secondary purposes such as
alters the positions of the wheels to increase the traction when
the load transfers during cornering. The others secondary
purpose is to resist change in wheel positions during cornering
to decrease traction and helps the metal brackets, wiring
harnesses and structural components throughout the vehicle last
longer by cushioning against road shocks [2]. Suspension
working by compression where when a wheel rides over the
bumps, the suspension compresses to absorb the energy of the
jolt instead of transmitting it to the frame and known as jounce.
The opposite of jounce is rebounded which occurs when the
force of the compressing removed and the suspension extends.
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The complete cycle of the suspension jounce and rebound or
compression and extension known as bounce.

Ox-drawn was an early form of suspension. This model had the
platform swing on iron chains attached to the wheeled frame of
the carriage. The suspension model was invented in 1500s
which the body of the carriage was suspended from the frame
by chains or by the leather straps. The suspension gives
passengers compartment sway instead of bumping on the rough
road surfaces. In the 1600s, carriage makers began mounting
the suspensions straps on metal spring that attached to the
frame. However, this type of suspension was just suitable for
slow speed systems, and the suspension design was not suitable
to the higher speed combustion engine. Christian Huyghens,
describes the first internal combustion engine with single
cylinder and single piston engine [3]. This idea converts horse
drawn carriage into horseless carriage. The dawn of the actual
history of the automobile was in 1769 when Captain Nicholas
Cugnot from France built the actual-propelled road vehicles. It
was a three wheeled carriage propelled by steam engine. Its
engine drives the front single wheel and the boiler of the engine
was projecting towards front of the vehicles. This carriage had
to stop every hundred feet to develop the steam. Therefore, in
1801s, Richard Trevithick built England’s full-sized steam
carriage. The steam vehicles had the disadvantages which was
a long starting period and the limited fuel supply [3].

This suspension system remained the basis until the turn of the
19th century [3]. The first vehicle pattern with a spring was
introduced by Obadiah Elliott which had two durable steel leaf
springs on each side of the wheels and the body of the carriage
was fixed directly to the springs which were attached to the
axles. The springs were developed in a variety of shapes, types,
sizes, and capacities. These were often made of low carbon
steel and usually took the form of multiple layer leaf spring. In
1901, Mors of Paris first fitted an automobile with shock
absorbers. Coil spring first appeared on vehicle production in
1906 in the Brush Runabout which was made by the Brush
Motor Company. In the year of 1932, the independent front
suspension became more common in popular cars. Triumph
Mayflower introduced the combined of the coil spring and
damper unit in 1948 and in 1950 Ford adopted the McPherson
strut independent front suspension.

The key function of the car suspension is to deliver a smooth
ride and maintain an excellent control. It does this by
maintaining the tyre position to an optimum angle that
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eventually maximizes traction control, steering control, braking,
and even the acceleration. When acceleration transforms into
force or when a vehicle hit the bump, the vertical energy travels
through the frame of the vehicle. This forceful energy is
trapped by the car suspension system and reduces the tyre
friction, eventually preventing the car from jumping. The ride
is enhanced by method for the decrease of the body acceleration
which is caused by the car body when road disturbances from
smooth road and real road roughness. Despite the fact that car
suspensions come in variety of configurations, the basic
elements are springs and shock absorber. In the engineering
term, the suspension system can be categorized into passive,
active and semi-active suspension system according to external
power input to the system and/or a control bandwidth [4].

A passive suspension system is an ordinary suspension system
consists a non-controlled spring and shocking-absorbing
damper as Fig. 1. The commercial vehicles today use passive
suspension system to control the dynamics of a vehicle’s
vertical motion as well as pitch and roll. Passive indicates that
the suspension elements cannot supply energy to the
suspension system. The passive suspension system controls the
motion of the body and wheel by limiting their relative
velocities to a rate that gives the desired ride characteristics.
The good automotive suspension system can absorb road
shocks rapidly and could return to its normal position slowly
while maintaining optimal tire to road contact [1,5,6]. However,
this condition is difficult if passive automobile suspension
system is used. Passive automobile suspension systems will
produce too much movement if the soft spring is being used and
a hard spring causes passenger discomfort due to the road
irregularities. The passive automobile suspension system
incorporates the hydraulic damper and mechanical spring. The
disadvantage of the passive suspension systems is the design
that only achieves certain condition. The characteristics of this
suspension system also fixed and cannot be adjusted by any
mechanical part. Yahaya [7] stated that the problem of passive
suspension systems is evident when the vehicle travels at the
low speed on a rough road or at the high speed in a straight line,
where it will be perceived as a harsh road. Then, if the
suspension is designed lightly damped, it will give more
comfortable ride. Unfortunately, this design will reduce the
stability of the vehicle in making turn and lane changing.

Sprung mass

Spring Damper

Unsprung mass

Spring coeff.
of tyre

o

Fig. 1. A Passive Suspension System

Active suspension was produced to improve the passive
suspension system. A novel study by Yahaya [8] revealed that
active suspension differ from the conventional passive
suspension to get the energy into the suspension system. This
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automobile suspension system controls the vertical movement
of the wheels relative to the chassis or vehicle body onboard
system, different with the passive suspension which is
determined by the road surface. An active suspension is one in
which passive components are augmented by actuators that
supply additional force as Fig. 2. Active suspensions differ
from the conventional passive suspensions in their ability to
inject energy into the system, as well as store and dissipate it.

The active suspension is divided into two categories: the low-
bandwidth or soft active suspension and the high-bandwidth or
stiff active suspension. Therefore, such type of suspension can
only improve the ride comfort. [5,9]. Active suspension system
uses skyhook theory to let the car maintain a stable posture and
unaffected by the road conditions. Since the actual skyhook is
impractical, therefore the real active suspension system is based
on actuator operations. The first active suspension system was
introduced by using separate actuator which can exert an
independent force on the suspension to improve the riding
characteristics. Martin and his co-workers [10] stated that the
active suspension is high cost and complex in order to develop
power electronics, permanent magnet materials, and
microelectronic systems justifies analysis of the possibility of
implementing electromagnetic actuators in order to improve the
performance of automobile suspension systems. The active
automobile suspension also needs frequent maintenance in
some implementations and maintenance can require special
tools, and some problems can be difficult to be diagnosed. In
this regard, active elements are capable of inducing arbitrary
forces to provide the best performance; however, they have
higher energy requirements and a complex mechanical
implementation [11]. On the other hand, semi-active dampers
allow modifying the dynamical properties of the suspension
system with less energy consumption and mechanical
complexity. The result is that semi-active system is less
expensive, yielding a better level of performance-versus-cost
ratio.

Sprung

Spring coeff.
of tyre

Fig. 2. An Active Suspension System

The semi-active suspension has the same elements as passive
suspension system but the damper has two or more selectable
damping rate as shown in Fig. 3. Semi-active system can only
change the viscous damping coefficient of the shock absorber,
and does not add energy to the suspension system. The semi-
active suspension system also has an ability to reduce
acceleration of sprung mass continuously. This ability will
improve the tire grip with the road surface, thus, brake, traction
control and vehicle maneuverability can be considerably
improved [12]. The damper or spring in semi-active system is
intercedied by the force actuator which has its own task to add
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the energy from the suspension system. The force actuator is
controlled by various types of controller determined by the
designer. The dynamic behavior of the system in nature can be
observed by neglecting of the effect of force and damping
elements [13].

There are few studies have been conducted to determine the
semi-active suspension system to provide better result compare
to the passive suspension systems. Ankita et al. [9] identified
that traditionally or passive automotive suspension systems are
designed with three criteria which are load capacity, passengers
comfort and road handling. The semi-active suspension system
with its controller has good performance in vibration
suppression on various operation conditions [14]. For the better
comfort ride and vehicle stability, it is important to use the
correct control strategy. However, surprisingly, a few
researchers have studied in this field to find the optimization
design in improving the ride comfort. Griffin [15] has
performed a detailed experimental work to determine the
effects of road excitation on ride comfort. Several methods are
also developed in the field such as rotating square evolutionary
operation (ROVOP), gradient based method, genetic algorithm
and sequential search method in order to determine the ride
comfort. Shirahatti et al. [16] has used Genetic Algorithm to
find out the minimum acceleration and road holding and where
the results were compared with the Simulink model. From
Zayed et al. [17] studied conclude that the comparison between
experimental result for passive system and semi-active system
showed the MR damper improve the stability of the system.
Semi-active suspension also won the favors of vehicle
manufactures because it consists the advantageous such as high
strength, good controllability, wide dynamic range, fast
response rate, low energy consumption and simple structure.
Magneto-rheological (MR) damper is an intelligent damper,
which is used as automobile suspension for vibration semi-
active control [18].
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Fig. 3. Semi-Active Automobile Suspension System

Some literature studies have investigated about MR suspension
in automobile systems. To improve the comfort and stability of
the automobile, MR has been dispersed into conventional
suspension system and its performance has been acknowledged
by many researchers. However, there are some discrepancies in
the reported findings especially in the behaviour of the MR
suspension, the best model used to optimize the MR damper,
and others. Therefore, in the present paper, we attempt to
review thoroughly the model for MR damper in automobile
systems that have been published previously. To the best of
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authors’ knowledge, there is no comprehensive literature on the
subject.

This paper is organized as follows: The introduction about
suspension, passive, active and semi-active automobile
suspension systems are studied in Section 1. The Magneto-
Rheological automobile suspension systems are established in
Section 2. Section 3 about the model for Magneto-Rheological
automobile suspension systems. Finally, this study is concluded
in Section 4.

Il. MAGNETO-RHEOLOGICAL AUTOMOBILE
SUSPENSION SYSTEM

Ankita et al. [9] also stated the semi-active using
Magnetorheological (MR) damper offers a better control
performance than passive system. MR damper becomes the
most promising vibration controller in the intelligent
suspension presently. The advantageous of high strength, good
controllability, wide dynamic range, fast response rate, low
energy consumption and simple structure make MR damper
wins the favour of vehicle manufactures [19]. Now, American
LORD and Delphi companies have developed automobile
suspension MR damper and it has been used in Cardilac and
Audi cars. Chinese car manufactures also give good attention
to this intelligent suspension and take an active part in research
on the technology and production. Moreover, with the
increasing requirement of vehicle ride comfortable and safety,
intelligent suspension will be widely adopted in normal cars
and engineering automobile. Consequently, MR damper will
bring broad market to automobile suspension industries.
Ambhore et al. [20] also mentioned that MR damper is an
intelligent damper which can used as automobile suspension
for vibration control. MR damper have the main advantages
such as need very less control power, has simple construction,
quick response to control signal and very few moving parts.

The semi-active devices use controllable fluids which have the
essential characteristic that able to reversibly change free-
flowing and linear viscous fluid to a semi-solid [21].
Rheological damper's work concept depends on how the
magneto-rheological fluid works. Each of the magneto-
rheological fluids (MR fluids), which have been discovered by
Jacob Rabinow in the 1940’s [22], known as a multi-functional
fluid for its property of getting magnetized. MR fluids
represent a class of smart materials that respond to an applied
electric or magnetic field with a dramatic change in rheological
behaviour [20]. MR fluid such as silicon or mineral oil that
contains micron-sized magnetically polarized particles and
when the fluid magnetic field is un-activated, the oil behaves as
ordinary oil. When the current passes through magnetic coil
then the magnetic field is produced. MR fluid is exposed to this
field when micron-size iron particles that are dispersed
throughout the fluid align themselves along magnetic flux lines
as shown in Fig. 4 and 5. Phule [23] studies mentioned that MR
fluids particles have improved stability and dispersibility were
prepared utilizing both iron and ferrite particles. The stability
can be improved by using nano-scale additives. The flow
characteristics of this non-Newtonain fluid change within a
millisecond to achieve a specific damping constant to minimize
the force which translates to the vehicle body and the passenger
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seat [24]. The magnetic field can be controlled according to the
system excitation. Magnetic circuit parameter and structure
parameter act or react to each other and usually they are needed
to be calibrated repeatedly [18]. The rheological behaviour
changed whenever the strength of magnetic field changed [25].
The MR fluid damper is also a device that appears to be
particularly promising for suspension protection. The MR fluid
is used to produce a controllable damping force. The MR fluid
has higher magnitude of yield stress [26]. MR fluid also is a
kind of smart material whose viscosity can be changed using an
external magnetic field. Moreover, MR fluid fluided in semi-
active suspension system for giving the actuators controlled the
produced vibration effectively. MR fluid damper is a semi-
active control device applied the MR fluid to produce the
controllable damping force [27]. The design of the MR fluid is
mainly about the application of MR fluid damper. To get the
performance of the design, combination of the damper
controllable damping force and damping force adjustable range
are used [28]. In previous study, MR fluid also applied in
various engineering devices such as dampers, clutches, brakes
and valves [29].

Carbonyl
iron
particles

Fig.4. Off-State MR Particle

Negative: pole

Line of
magnetic
flux

Positive pole

Fig. 5. Aligning in Applied Magnetic Field

I11. MODEL OF MAGNETO-RHEOLOGICAL
AUTOMOBILE SUSPENSION SYSTEM

The damping force is generated by the MR damper cannot be
controlled directly because it depends on the input current
(voltage) to the MR damper and the relative velocity and
displacement between the piston and the damper shell, among
which only the input current (voltage) can be controlled [30].
Therefore, the designation of the damper controller remains as
an important unresolved issue in the application of a
Magnetorheological damper. Hence, force tracking control of
the MR damper model to the corresponding desired control
force can be achieved by having an appropriate damper
controller. The experiments are usually performed on a
commercially available MR damper. The reported models of
hysteretic systems have employed different techniques in
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formulate the damping force function. Few types of model were
developed to present the behaviour of the MR damper such as
Bingham model, Simple Bouc-Wen model, Modified Bouc-
Wen model, Hyperbolic Tangent Function model, Nonlinear
Biviscous model and The Finite Element model.

111.1. Bingham Model

Bingham model is the earliest, simplest and most commonly
used model for predicting the response of magneto rheological
damping system. The Bingham model is simple, clear and easy
to understand the relationship between the damping force
displacement of the MR damper. However, Bingham model
cannot describe the damping force velocity nonlinearity, so that
it is only suitable to analyse the reaction and not suitable to
control analysis [11]. Bingham model describe as

F = coX + fesgn(x) + fo (1

with frictional force, f. represents yield of damper, f;, is a
storage energy, ¢, is damping coefficient, x is the input
velocity and F is the force from MR damper.

Ankita et al. [9] studies stated that the Bingham model is a
simple model because only two parameters are needed to
characterize the MR damper behavior and makes the analysis
become simple. The signum function appearing in the Bingham
model results in a non-smooth dynamic behavior [31]. Signum
function returns an integer indicates the sign of a number which
the number argument determines the return value of the sign
function. Semi-active suspension system based on Bingham
model have 93.9% and 63.70% percentage of fluctuation in
maximum sprung mass acceleration for Step and Half Sine
respectively from passive suspension system. So, it shows that
semi-active suspension system gives lower value of maximum
sprung mass acceleration for Step and Half Sine road excitation.
There is a new approach of controlling the response of a quarter
car vehicle travelling on rough roads with semi active MR
damper suspension and MR damper performance is founded to
be better compared to the conventional passive damper system
[9, 32].

In Khusyaie et al. [25] studied, the error for parameter
estimation is 3.8096 from Bingham model compared to other
models determine the most suitable model to represent the
behavior of the MR damper. Then, force velocity response and
the temporal variation of the force shows that the behavior of
the damper is not captured mentioned by Spencer et al. [21]. In
particular, Bingham model does not exhibit the nonlinear force
velocity response. It can be observed in the data when the
acceleration and velocity have opposite signs and the
magnitude of the velocities are small. Therefore, Bouc-Wen
model that have been used extensively introduced for
modelling the systems [21].

I11.11. Bouc-Wen Model

Bouc-Wen model proposed by Wen in 1997 as shown in Fig. 6
[11]. The Bouc-Wen model contains a viscous damper, a spring
and a hysteretic element [33, 34]. This model also can describe
the relation between displacement and force of MR damper
[35-39]. The characteristic of this model can fit the test result
which has a smooth transition, easy on numerical calculation,
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have a strong versatility and can reflect in all kind of hyteresis
systems [28].

X
Bouc-Wen b=
/]
A ﬁ
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/] k
T W\\—]

Fig. 6. Bouc-Wen Model [11]
The damping force for Bouc-Wen model is

F =z 4+ cox + ko(x — xq) 2)

)

¢y is damping coefficient, k, is spring stiffness, x is
displacement of the damper piston rod, o« represents the
coefficients determined by the control system and the magneto
rheological fluid, z is evolutional variable of the damper and
A, 5,y and n are Bouc-Wen parameters to control the shape of
the hysteresis loop [40].

z = ylxlz(lz|"Y) — Bxlz|™ + A%

Spencer et al. [21] mentioned that the Bouc-Wen model
predicts the force displacement behavior of the damper well,

and it forces velocity behavior closer than the experimental data.

However, it is similar with Bingham model, nonlinear force
velocity response for the Bouc-Wen model does not roll-off in
the region where the acceleration and velocity have opposite
signs and magnitude of the velocities are small. For Bouc-Wen
model, the parameter estimation error for this model is 1.9245
mentioned by Khusyaie et al. [25]. Bouc-Wen model also still
does not totally represent MR damper because it cannot fit
damping force velocity with nonlinear characteristics [41]. To
be better results, the modified version of the systems is
proposed.

I1.111. Modified Bouc-Wen Model

In the model proposed by Spencer [21] as a Fig. 7, other
parameters have to be included to get more tidy results [37,42-
46]. For Modified Bouc-Wen model, the accuracy of estimation
of MR damper behavior is modified compared to Bouc-wen
model. The internal displacement of damper is y, k; is
accumulator stiffness of the damper, x, is initial displacement

and c is damping coefficients. This model represents as follows:

F=cy+ki(x—x) &)
y=c0+c1 [ z 4+ coxt + kog(x — x0)]  (5)
z=—ylx = yl(|z|" Dz - B - N|z|" + Ax —y) (6)

Viswanathan et al. [26] stated that the performance of the MR
Fluid damper obtained by using the Modified Bouc-Wen model
is better as compared to the Bouc-Wen model in term of time
settlement. The time settlement is needed for the suspension
system for the Modified Bouc-Wen model back to its origin
position is shortest compared to the Bouc-Wen model between
the values of voltage of 0V, 1V and 2V. It can be summarized
that the car system with Modified Bouc-Wen model is able to
attain its stability within short period of time.
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Modified Bouc-Wen model predicts the behavior of the damper
very well in all regions, including in the region where the
acceleration and velocity have opposite sign and the magnitude
of the velocities are small [21,47]. The parameter estimation
error for this model is 1.3770 for input current 0 to 1 Ampere
that applied on the damper [25].

X
/—P

Boue-Wen

7}

AT

Fig. 7. Modified Bouc-Wen Model
I11.1V. Nonlinear Biviscous Model

Nonlinear Biviscous model, MR fluids assumes as plastic in
both pre-yield and post-yield region [48-51]. The model can
present as

CpostX + F, X=X, 7
F = Cprex, —ky =>x = x‘y
CpostX — F,, X< —x,
o _ E (®)
X =—"—""Cpre
Cpre — Cpost

with ¢y and ¢, are the damping coefficient, F, is the yield
force and the x,, is the yield velocity.

This model is compared with the experimental result by
Khusyaie et al. [25] using LORD RD-8041-1 damper. The
force applied on the damper is in downward motion and the
experiment is repeated for a few times with the different value
of current input. Nonlinear least square method is used for
parameter estimation. The error of the parameter estimation is
3.8052 for this model. The disadvantage of this model is
disability to perform well with varying input excitation current
[25]. An enhanced model in order to better represent the pre-
yield hysteresis’s represented by the non-linear hysteretic
biviscous model [49,50,52]. Stanway et al. [28] proposed that
the relationship between the four parameters and the current
could be described with second or fourth order polynomials.
But this model cannot describe accurately the F(t) if the
current value change, because the characteristic of the
parameters must be evaluated. However, further works by
[53,54] have brought forward a parameter for bi-viscous model
that can describes the motion of the fluid considering an
additional nonlinear function (quasi-steady velocity), the
control signal of the damper, the fluid compressibility and
inertia and the piston’s mass. This model proposes hyperbolic
tangent functions to solve the current effect on Fyeiq, Cpre, and
Cpost parameters.
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111.V. Hyperbolic Tangent Function 4.The hysteresis behaviour not
This model is better from the perspective of controller design, considered. L . [24]
. . . . . 5.The parameter estimation error is
parameter 1dent1ﬁcatlop and 1mp1ernentat19n [55]. The 3.8096
hyperbolic tangent function model can be described as Bouc-Wen | 1Predict the force displacement 3]
F=xz+4cox+kox+ fp S behaviour well.
. . 2.Has a smooth transition, strong [25]
z = tanh[fx + dsign(x)] (10) versatility and strong versatility.
where k is spring coefficient, ¢, is damper coefficient, f; as 3.Can reflect in all kind of hyteresis | [19,25]
offset force, o« is the scale factor of the hysteresis, z is the systems.
hysteretic variable, 8 is the scale factor in controlling the 4.The parameter estimation error is [24]
hysteretic slope and § is the scale factor in controlling the width 1.9245
of the hysteresis loop. 5.Many  parameters ~must  be [50]
) ) considered.
Hyp(.erboh.c Tangent Function model .showed that the Modified 1 Modified Bouc-Wen model is [33]
?‘elatIOI’lShlp between.pa‘rameter value anc} input currgnt mostly Bouc-Wen better as compared to the Bouc-
is nonlinear [25]. This is due to the nonlinear behavior of MR Wen model in time settlement.
damper itself. Frqm the stufly also mentioned that the parameter 2. Able to attain its stability within [33]
value can be estimated directly from the estimated equation short period of time.
within 0 to 1A of input current and the estimation error for the 3. Predicts the behavoiur of the | [39,42]
parameter is 3.3688. The hyperbolic tangent model is damper very well in all ’
established to characterize the performance of MR damper that regions.
is develqped for a Vehlcle suspension systerp. The. sem}-act}ve 4. Acceleration and velocity have [33]
suspension system displayed more effectively in vibration opposite signs.
when‘ the MR damper is combined with corresponding control 5. The parameter estimation error is [24]
algorithms [56]. 1.3770.
111.VI1. The Finite Element Model 6.Magnitude of the velocities is small. | [17, 39,
The flnite element model is the sim}lla'tion of the magnetic ﬂux Hyperbolic | 1. Better in _ controller _ design, éé]]
density on the' area where MR ﬂuld is stored. The flux 1¥nes Tangent parameter  identification  and
concentration increases as the distance between one flux lines Function implementation.
to its aQJacent becomes closer. The average magnitude of the 2. Relationship between parameter [24]
magnetic flux density of a particular applied current can be value and input current is
calculated by dividing the summation of the highest value and nonlinear.
the lowest value generated in the solution by two [57]. The 3. Parameter value can be estimated [24]
expression of the equation for this model is in the form of directly from the estimated
fourth-order polynomial. equation and the parameter
T, = 6.2983;’—25.824319 + 26.639B]? (11) estimation error is 3.3688.
— 0.43B Nonlinear | 1. Cannot describe accurately the F(t) [25]
f .. .
Biviscous if the current value change.
The equation expresses the magnetic flux density as a function 2. Disability to perform well with [24]
of the fluid shear stress. The finite element modelling results varying input excitation current.
provide evidence that the semi-active damper works well in 3. The parameter estimation error is [24]
exploiting the unique properties of the MR fluid. The MR semi- 3.8052.
active damper also improves the ride comfort by decreasing the Finite 1.The flux lines increase as the [57]
acceleration of the sprung mass compare to the passive damper Element distance between one flux lines to
[57]. The summary of previous research on MR suspension its adjacent become closer.
model in automobile systems is tabulated in Table 1. 2. Provide evidence that the semi- [57]
Table 1: Summary of Previous Studies on MR Suspension active damp er Works well.
Systems 3. MR seml-ac'.uve damper also [57]
improves the ride comfort compare
Model Advantages and/or Drawback Ref. to passive damper.
Bingham 1. Easy to implement. [25] Present Study: From all the studied model, Modified Bouc-
2. Only two parameters are needed to [6] Wen model gives more advantages to the system. Therefore, for
characterize the MR damper the further work, MR damper will be added to the Modified
behaviour. Bouc-Wen system as in Fig.8. The expected results for this
3.The MR damper performance is | [6,41] model are better in time settlement, stability in short period and
better compared tothe conventional small magnitude of velocities compare to Modified Bouc-Wen
passive damper system. model.
[39]
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Fig. 8. Proposed Model

IV. CONCLUSION

The MR suspension system for automobile system has been
comprehensively reviewed. The effective of an MR damper
depends on understanding its nonlinear hysteretic behavior
under an applied magneticfield. Therefore, the mathematical
models have to be developed for characterizing the intrinsic
nonlinear behavior of the MR damper. The selection of optimal
model is important in order to represent the real behaviour of
the MR damper in mathematical form. This mathematical form
will be used in controller design that will improve the
performance of the MR damper. The selection of the model is
based on the advantages from each model and paramter
estimation error value. For the parameter estimation error, the
lower error value gives the closer behaviour of the model with
the real one. Modified Bouc-Wen model has the most
advantages from other model and lowest parameter estimation
error. Therefore, Modified Bouc-Wen model is the most
suitable model to represent the behaviour of the MR damper
and can be used to design controller or simulation study. The
Modified Bouc-wen model also a successful model to describe
a wide range of nonlinear hysteretic systems. For the future
study, the proposed model can be tested with different features
to expand its applications.
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