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Abstract: This article discusses the research to determine
the suitable magnetorheological (MR) damper model to
produce the damping force generated by the sliding mode
control (SMC) strategy. The MR damper models studied
are parametric, i.e., the Bingham model, the Bouc-Wen
model, and the Bouc-Wen model with a hyperbolic tan-
gent function. The damping force of SMC usually includes
sudden changes in the force and chattering. The research
was carried out by calculating the value of the similarity
measure of the damping force of the controller and the
damping force of each model. The results show that the
two Bouc Wen models had a high similarity measure.
The Bouc Wen model with the hyperbolic tangent func-
tion was selected because it provides a sudden change of
force and reasonable force tracking needed to develop
the inverse MR damper model.

Keywords: damping force, magnetorheological device,
semi-active suspension system, sliding mode control

1 Introduction

Rheological devices have recently become an intensive
research theme as well as their application in the field
of vibration control and isolators (structural dampers

for earthquakes [1], vehicle suspensions [2–6], and seat
suspensions [7–9]). However, to be applied effectively,
properties of advanced material, the modeling of the
magnetorheological (MR) devices, and the control strategy
have to be appropriately selected.

The sliding mode controller (SMC) strategy selects a
sliding surface and switching actions to bring the control
variables to an initial state or reference condition within a
particular time. The choice of the sliding surface is based
on the sliding function. When the states are on a sliding
surface, the states are forced to remain on the sliding
surface. Switching actions work on the state variables
and control them so that they are around the sliding sur-
face and go to the origin within a particular time.

Researches on implementing SMC are presented in
refs. [2–5]. Previous studies [2,3] apply the SMC strategy to
the MR damper as a component of a semi-active suspension
system. In previous studies [4,5], the MR damper is applied
in an active suspension system, while in ref. [6], the control
strategy used is the PID controller. This study chose SMC for
the suspension controller system because it is suspected that
SMC can respond to inputs or disturbances that change
suddenly, such as disturbances that occur in vehicles on
the highway. SMC can also generate nonlinear forces that
match the nonlinear forces generated by the MR damper.

In SMC, control action consists of equivalent action
and switching action. Switching action is a discontinuous
function, i.e., a signum function that leads to chattering.
Chattering is a phenomenon where the controlled state
variables oscillate around a sliding surface. Therefore,
implementing an SMC strategy that uses the MR damper
has to consider the MR damper specifications and the
chattering phenomenon.

Furthermore, this study chose an MR damper model
that can produce damping force from this SMC controller.
The study compared the Bingham model [10], the Bouc
Wen model [10], and the Bouc Wen model with a hyper-
bolic tangent [11]. The current research was carried out by
comparing the value of the similarity measure between
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the damping force of the controller and the damping
force of each model. A similarity measure measures the
similarity of the damping force of the controller and the
damping force of the MR damper model so that a func-
tional product design can be obtained.

The research objective is to obtain an MR damper
model that can produce commanded damping force from
an SMC controller. The selected MR dampermodel must be
simple, consider the ease of obtaining an inverse model,
and be implemented with hardware.

The rest of this article is organized as follows. This
research is computer simulation research. Section 2 dis-
cusses the simulation setup. Section 3 describes the results
and discussion and includes benchmarking with previous
studies. Finally, the conclusions are presented in Section 4.

2 Simulation setup

This study is a simulation to investigate the performance
of a semi-active suspension system that implements the
SMC strategy. The suspension system was chosen because
the objective is to reduce vibration due to the road rough-
ness profile transmitted to the vehicle body. Furthermore,
the suspension system should provide ride comfort and
good handling [2]. However, these objectives are contradic-
tory; ride comfort requires soft suspension (soft springs),
while good handling is achieved by rigid suspension (stiff
springs). Therefore, designing a controller that meets these
objectives is an exciting and challenging task. First, the
model of the quarter car model of suspension as shown in
Figure 1 [12] is used, and then the equations of motion (1)
and (2) are obtained:

( ) ( )= − − − −m z c z y k z ÿ ̇ ̇ ,s s s (1)

( ) ( ) ( )= − − − − − −m y c y z k y z k y ḧ ̇ ̇ ,u s s t (2)

ms is sprung mass;mu is unsprung mass; cs is suspension
damping coefficient; ks is suspension springs constant;
and kt is tyre spring constants. y and ẏ are unsprung
mass displacement and velocity, respectively. z and ż
are sprung mass displacement and velocity, respectively.

3 SEMI-active suspension system

The semi-active suspension system is obtained by adding
a semi-active damping element between the sprung mass
and unsprung mass in the quarter car model as shown
in Figure 1. The semi-active damping force is expressed
by fd. Furthermore, the semi-active suspension system is

expressed as a state space equation as shown in equation
(3), = =x z x y,1 2 and = =x x x ẋ ; ̇ .3 1 4 2 The semi-active
suspension equations of motion are as follows:
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where fd is a damping force. Suspension deflection is
determined as follows: = −y y x x: 1 2, i.e., sprung mass
deflection minus unsprung mass deflection.

4 SMC for suspension system

The objective of the suspension control system is to make
suspension deflection y fast and accurately follows the
set point, yd. Suspension system tracking error e is deter-
mined as follows in equations (4)–(9):

= −e y y,d (4)

The sliding surface is

= +s e cė , (5)

where c is a positive constant. Derivative of sliding sur-
face with respect to time is:

= +s e cė ̈ ̇ , (6)

Figure 1: Quartenion car model [12].
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where ė is

( ) ( )= − = − − = − −e y y y x x y x ẋ ̇ ̇ ̇ ̇ ̇ ̇ ,d d 1 2 d 3 4 (7)

and ë is
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SMC consists of the reaching phase and the sliding
phase. The reaching phase is when state variables move
to a stable manifold and stay in the sliding phase, and the
state variables are moved to the equilibrium point by a
reaching law. In this research, the reaching law equation
(10) is determined as follows:

( )= −   −   >   >s ϵ s ks ϵ k̇ sign , 0, 0. (10)

By equating the two previous equations, damping
force is obtained as shown in equation (11):
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Damping force is equivalent to SMC signal u and
consists of an equivalent control ueq and a switching
control signal usw, which are sequentially written in
equations (12)–(14):

= +u u u ,eq sw (12)
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5 The selection of MR damper
model

MR damper is expected to work better than ER damper in
several ways, i.e., operation temperature range, max-
imum yield stress, and sensitivity to impurities [13]. In
addition, the performance of the MR damper is not sen-
sitive to temperature change because the magnetic polar-
ization mechanism remains unchanged in the operating
temperature range.

As a semi-active element in a control system, a rea-
listic MR damper model is desirable to analyze control
system performance. Therefore, the MR damper model
has to be simple as possible and able to simulate the
nonlinear property of the MR damper so that it can be
effectively applied with a control algorithm. Models that
are widely used are the Bingham model and Bouc-Wen
model, as shown in Figure 2.

The Bingham model and the Bouc-Wen model are
parametric dampers MR models. The damping force is
expressed by equations (15) and (16):

( )= + +F F c x F xBingham model: ̇ sign ̇ ,v yBh 0 (15)

( )− = + − +F c x k x x αzBouc Wen model: .0 0 0
˙ (16)

The variable ż determines the velocity–force nonlinear
hysteresis property of the MR damper as follows [10]:

∣ ∣∣ ∣ ∣ ∣= − − +

−z γz x z βx z Aẋ ̇ ̇ .n n1
˙ (17)

z is also determined by using the hyperbolic tangent func-
tion [11] as follows:

( ( ))= +z h βx δ xtan ̇ sign . (18)

In this research, initial values are =x 00 [13]. Both α
and c0 parameters depend on voltage input, V supplied to
the damper. The α parameter is calculated as follows [10]:

( ) =  × − × +α V V V2.3363 3.4209 5,000.2 (19)
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Parameter of c0 is calculated as follows [10]:

( ) = × − × +c V V V0.179 2.048 2,700.0
2 (20)

In this research, the input voltage is =V 15 volts.
This study aims to select a damper model that can

produce the damping force obtained from the SMC strategy.
The similarity measure is used as a qualitative measure of a
level of confidence and that the damper model can produce
the expected damping force.

6 Similarity measures

MR damper design can be started by looking for a similar
damper design. The new damper design is then evalu-
ated based on the existing design. By using a similarity
measure, the similarity of damper force of the MR
damper model and the MR damper to be designed can
be explored. Therefore, a functional product design
can be obtained.

The similarity measure is usually expressed as a
numerical value. The values are higher when the data
samples are more alike. It is often expressed as a number
between 0 and 1 by conversion: zero means low similarity
(the data objects are dissimilar). One means high simi-
larity (the data objects are very similar). Similarity mea-
sures are defined by equations (21)–(24) [14]:

( ) (( ) [ ] ) (( ) [ ] )  = ∩   + ∪s A B d A B d A B, , 0 , 1 ,X X (21)

where d(A, B) is the Hamming distance, i.e.,
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A and B are the damping force signal from the Bouc-
Wen model and the damping force from the SMC, i.e.,

{( ( ))∣ ( ) }=   ∈   ≤ ≤A x μ x x X μ x, , 0 1 ,A A (23)

{( ( ))∣ ( ) }=   ∈   ≤ ≤B x μ x x X μ x, , 0 1 ,B B (24)

where X is the set domain (time) and μX is the signal
function. A and B are overlapped data.

7 Simulation parameters

Parameters based on ref. [12] are presented in Table 1.
Symbols and definitions are explained in Section 2.1
and Figure 1.

8 SMC simulation

The state equation of the semi-active suspension system
is expressed with equation (25):

= + +X AX Bh Ḟ , (25)

where h is road roughness profile.A is the systemmatrix andB
is the input matrix. System matrix A is expressed as follows:
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where = +f u ud eq sw as shown in equation (3).

9 Result and discussion

The simulation is conducted using Matlab software.
The parameters of SMC are presented in Table 2. These
values were selected by trial and error and have resulted
in slight chattering around the sliding surface in the e vs
ė plane.

Figure 2: (a) Bingham model and (b) Bouc-Wen model.

Table 1: Parameters of semi-active suspension system [12]

Parameter Symbol Values

Sprung mass ms 400 kg
Unsprung mass mu 40 kg
Suspension stiffness ks 2,100 N/m

Suspension damper coefficient cs 1,500 N s/m
Tyre stiffness kt 150,000 N/m
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The purpose of the suspension system is to achieve
suspension deflection, y follows the set point yd fast.
Therefore, the suspension performance can be specified
by observing the sprung and unsprung deflection and
acceleration of mass. In addition, the control action
obtained from the controllers should be produced by
the MR damper.

10 Sprung mass and unsprung
mass response

Vehicle body deflection is expected to be eliminated
immediately because this affects the ride comfort of the
driver and passengers. The sprung mass deflection and
sprung mass acceleration response are shown in Figure
3(a) and (b), respectively. The input is a step function.

Figure 3(a) shows the sprung mass deflection, which
implies settling time. While Figure 3(b) shows the sprung
mass acceleration associated with ride comfort quality.
The SMC controller produces sprung mass acceleration

faster than the passive suspension system, resulting in
better ride comfort.

Suspension systems work to isolate vibration caused
by road roughness, not to transmit to the vehicle body.
Suspension is also intended to maintain continuous con-
tact between the tire and road surface to perform road
handling. Displacement and acceleration of unsprung
mass determine the performance of suspension influ-
enced by the damping force.

Figure 4(a) shows the unsprung mass deflection,
which implies settling time, and Figure 4(b) shows the
unsprung mass acceleration related to the quality of
vehicle handling. Figure 4(b) shows high acceleration
at the beginning of step input. It is because the switching
action usw has not yet been computed.

11 Damping force to be applied with
MR damper

Figure 5(a) shows the damping force generated by the
SMC controller. The figure shows that the damping force
contains a sudden change in force and chattering. There-
fore, the MR should produce this damping force.

In this study, we selected parametric damper MR
models: the Bingham model, the Bouc-Wen model, and
the Bouc-Wen model with the hyperbolic tangent function
to produce the damping force with the state variable input
from the controller (displacement and velocity). Eachmodel
has MR damper parameters, as shown in Table 3.

Table 2: SMC parameters

Parameter Symbol Value

Sliding variable constant c 5
Switching control coefficient k 50
Signum function coefficient ε 5
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Figure 3: Response of unsprung mass: (a) sprung mass deflection and (b) sprung mass acceleration.
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Figure 5(b) shows the damping forces generated by
the Bingham model, the Bouc-Wen model, and the Bouc-
Wen model with a hyperbolic tangent function. Figure 6
shows that the damping force generated by the MR
damper model can track the damping force generated
by the SMC controller.

Figure 6 shows that the damping force generated by
the Bingham model cannot produce a large damping
force at the beginning of the step response. In contrast,
the Bouc-Wen model and the Bouc-Wen model with the
hyperbolic tangent function can produce a large damping
force at the beginning of the step response. The damping
force of both Bouc-Wen models shows similar parameter
values, as shown in Table 3 (c0, k0, α, β).

Furthermore, the value of similarity measure, s(A, B),
is used to assess the similarity of the damping force of the

MR model to the damping force generated by the SMC
controller. A is the damping force setting of the damper
model, and B is the damping force set from the SMC.
Similarity measure s(A, B) is calculated using equation
(21), where A is the damping force signal set from the
Bouc-Wen model and B is the damping force signal set
from the SMC. Table 4 presents the value of the similarity
measure for the damping force of the MR damper model.

Table 4 shows that the damping force generated by
the Bouc-Wen models produces a closer approximation
to the damping force from the SMC controller than the
Bingham model. The similarity measure is s = 0.964417,
higher than the Bingham model, which is s = 0.929852.
Therefore, the Bouc-Wen model can be used as an MR
damper model and applied as a component of the semi-
active suspension system.
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Figure 4: Responses of unsprung mass: (a) unsprung mass deflection and (b) unsprung mass acceleration.

Figure 5: Damping force: (a) damping force: SMC and (b) damping force SMC and models.
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Furthermore, to select the MR model that can produce
damping forces, the development of the inverse model
should be considered. Several parameters of theMR damper
are determined as a function of voltage or current, as shown
in ref. [20]. The electric current or voltage controls the mag-
netic field strength and, in turn, changes the properties of
the MR fluid, such as viscosity. Furthermore, this study
suggests that the Bouc-Wen model with the hyperbolic tan-
gent function is chosen as the MR damper model because
the inverse model only requires the variable c0. Meanwhile,
if precise force tracking is needed, the Bouc-Wenmodel can
be used because it uses two variables controlled by an elec-
tric voltage.

12 Benchmarking against existing
researches

This study aims to design an MR damper for a semi-active
suspension system, which is expected to improve ride
comfort and road handling. The quarter car model was
used, and the SMC control strategy was implemented.
Simulation results show that SMC controls can improve
that ride quality. Furthermore, the damping force has a
small amount of sudden change of force and chat-
tering, so the MR damper should generate it without
overloading.

This research had been successfully developed the
initial stage of MR damper design, that is, to determine
the damper MR model to produce commanded damping
force of the SMC controller. The Bouc-Wen damper model
is selected. MR damper is a component of a vehicle’s semi-
active suspension system. Thus, the following research
directions for MR damper can be conducted based on the
previous study:

Table 3: MR damper model parameter

Bingham model Bouc Wen model Bouc Wen model with hyperbolic tangent function

Parameter Value Unit Parameter Value Unit Parameter Value Unit

cv 2,000 N s/cm c0 Equation (20) N s/cm c0 Equation (20) N s/cm
F0 52.83 N k0 75 N/cm k0 75 N/cm
Fy 100 N/m2 α Equation (19) N/cm α 0.1 N/cm

β 1.6 cm−2 β 1.6 cm−2

ϒ 1.6 cm−2 δ 0.5 cm−2

Figure 6: Damper force: SMC and MR damper models (enlarged Figure 5(b)).

Table 4: Similarity measure, s (models and SMC damping force)

Model
Bingham

Model
Bouc Wen

Model Bouc-Wen with
hyperbolic tangent function

0.929852 0.964417 0.964417
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• Research develops control strategies to eliminate chat-
tering of SMC. Existing studies include refs. [2,5,15].

• Research to develop the MR damper model. Existing
studies include refs. [16–19].

• Research to develop an inverse model of MR damper by
using the existing MR damper model. The existing
study is ref. [20].

13 Conclusion

This research has successfully determined the MR damper
model that can produce the damping force generated by
the SMC controller used in vehicle semi-active suspension
systems. It is the first step to develop the inverse damper
MR model for simulation and experimentation of suspen-
sion system using the MR damper.

The Bingham model cannot produce damping forces
with sudden changes of force. On the other hand, the
Bouc-Wen model and the Bouc-Wen model with the
hyperbolic tangent function have a similarity measure
of 0.964417 and can produce a sudden force at the begin-
ning of the step response. Furthermore, the Bouc-Wen
model was chosen as the MR damper model and for the
development of the inverse model, which was applied in
the simulation and experimentation of the suspension
system with the MR damper.
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