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This study proposes a relationship between the ride comfort of passenger vehicles and

two different types of magnetorheological (MR) dampers, with and without orifice holes

in the piston. To achieve superior ride comfort, two cylindrical-type MR dampers with

identical dimensions (piston radius, pole lengths, and the distance between two poles)

are proposed. One of the MR dampers adds the orifice holes in the piston bobbin to

obtain a relatively low damping force slope in the low piston velocity region. To enhance

the ride quality of a passenger vehicle, the damping force slope of the rear damper should

be more gradual than that of the front damper. Thus, it can be inferred that identical

semi-active vehicle systems require normal MR dampers in the front and MR dampers

with orifice holes in the rear, with proper control strategies. To evaluate ride performance,

a robust sliding mode controller was designed. It is demonstrated through simulation

that the proposed vehicle system produces better ride comfort than vehicle systems

equipped with only one type of MR damper.

Keywords: magnetorheological fluid, MR damper with orifice hole (OMRD), ride quality, damping force, sliding

mode controller, passenger vehicle

INTRODUCTION

Magnetorheological (MR) fluid is considered a smart material because its rheological properties
can be controlled by the application of magnetic fields. Specifically, the yield shear stress of MR
fluid is easily controlled by the intensity of the magnetic field. Owing to this salient feature,
numerous studies have been conducted on the development of new application devices and
systems using this material, and continuous advancements are being made. Among its numerous
applications, MR dampers for vehicle suspension systems have been commercialized and installed
in numerous vehicles of different types, such as passenger vehicles and sport utility vehicles, for the
improvement of the ride quality by controlling unwanted vibrations. Conventionally, the primary
design parameters of MR dampers for vehicle suspension applications are: the magnetic gap in
which MR fluids flow between the upper and lower chambers, the radius of the piston, and the
bobbin structures with coil turns. By appropriately selecting these primary design parameters,
successful vibration control performance can be obtained. Furthermore, when a control device
malfunctions during the operation of an MR suspension system, it can still provide vibration
control because of the viscosity of the MR fluid serving as its carrier liquid. Active suspension
systems of vehicles also provide excellent vibration control capability during normal operation.

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00008
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00008&domain=pdf&date_stamp=2019-02-04
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jongseok@kongju.ac.kr
mailto:seungbok@inha.ac.kr
https://doi.org/10.3389/fmats.2019.00008
https://www.frontiersin.org/articles/10.3389/fmats.2019.00008/full
http://loop.frontiersin.org/people/591487/overview
http://loop.frontiersin.org/people/154352/overview


Oh and Choi Rising Star: JongSeok_Oh

However, vibration control stability of an active suspension
system could be lost because of a malfunction of the numerous
sensors and actuators that require a sophisticated control logic
and are significantly costly (Sunwoo et al., 1991).

The benefits of a semi-active MR damper are fast response
time, easy controllability, and a simple structure. Dyke et al.
researched an MR damper for absorbing seismic vibrations and
verified the validity of a proposed analytical model of the MR
damper (Dyke et al., 1996). Carson et al. researched an MR
damper for vehicle suspension systems and applied a sky-hook
controller to evaluate vibration control performance (Carlson
et al., 1996). Choi et al. proposed a novel controller to improve
the ride quality of a vehicle using the MR damper (Choi et al.,
2009; Sung and Choi, 2012). In addition to the above studies, a
number of studies have been conducted on the vibration control
performance of passenger vehicles using electrorheological (ER)
or MR dampers (Ahmadian and Pare, 2000; Choi et al., 2001;
Yao et al., 2002; Poussot-Vassal et al., 2006; Brigley et al., 2008;
Choi and Sung, 2008; Sung et al., 2013). All MR dampers used
in these previous studies were cylindrical types in which MR
fluid flows only through the magnetic gap (or orifice). This type
of MR damper exhibits a steep slope of the field-dependent
damping force in the low range of piston velocities, which could
degrade the smooth motion of the vehicle body at low speeds.
Therefore, a number of researches have proposed an MR damper
which has orifice holes to allow increased MR fluid flow without
any magnetic effect like in the passive viscose-resistance holes
(Hong et al., 2007; Bai et al., 2013; Sohn et al., 2015; Park
et al., 2016). Hong et al. researched a hydro-mechanical model
to analyze the field-dependent damping force of an MR damper
with orifice holes (Hong et al., 2007). Bai et al. researched an MR
damper featuring inner orifice holes for increased MR fluid flow
and applied it to land-vehicle suspensions for vibration control
(Bai et al., 2013). Sohn et al. researched an MR damper with
orifice holes in the piston and investigated its field-dependent
damping force characteristics (Sohn et al., 2015). Recently, Park
et al. reported that an MR damper with orifice holes exhibited a
relatively lower damping force slope than anMR damper without
orifice holes (Park et al., 2016).

Different ride frequencies and damping ratios are experienced
by a vehicle as the front and rear wheels experience different static
loads because of the weight distribution. Therefore, a difference
in optimum values between the front and rear damping should
be anticipated (Georgiou and Natsiavas, 2009; Albinsson and
Routledge, 2019). Typically, the slope of the damping force of
the front damper is high because of the mass of the engine, as
shown in Figure 1. Therefore, in this study, MR dampers with
(or without) orifice holes were used as rear or front dampers. The
ride quality of the total vehicle system is then evaluated. Despite
the number of studies on MR dampers with orifice holes, the
relationship between the ride comfort of a vehicle and the effect of
using different types of front/rear MR dampers has not yet been
reported on.

The originality of this study lies in demonstrating the superior
ride quality achieved by using two different types of MR dampers
as opposed to one. To achieve this aim, two MR dampers,
applicable to middle-sized passenger cars, are considered based

FIGURE 1 | Required damping force characteristics of passenger vehicle.

on a mathematical model. Prior to investigating the ride
comfort, the field-dependent damping force characteristics of
two MR dampers were evaluated via simulation, and a full car
mathematical model was derived. A sliding mode controller was
then designed. Vibration control performance and ride quality
were then investigated and evaluated under two different road
profiles: bumps, and random road excitations. The reductions
in both body displacements and body accelerations in the ride
comfort of a vehicle equipped with two different types of MR
dampers is significantly improved compared to with one using
the same type of MR dampers.

MR DAMPER

MR Damper Without Orifice Holes
Figure 2 shows the configuration of a cylindrical-type MR
damper. The MR damper can be divided into upper and lower
chambers, and it is filled with MR fluid. The MR fluid flows from
one chamber to the other through the orifice. The gas chamber
acts as an accumulator for absorbing sudden pressure variations
in the lower chamber of the MR damper induced by the fast
motion of the piston. By neglecting frictional forces, the damping
force of the MR damper can be written as follows:

Fd_MRD = kexp + Fv + FMR sgn
(

ẋp
)

(1)

where xp and ẋp are the piston displacement and velocity,
respectively.

The first term in Equation (1) represents the spring force from
the gas compliance, and the spring constant of the air chamber
can be expressed as follows (Choi and Han, 2012):

ke =
Ar

2

Cg
=

P0κ

V0
Ar

2 (2)
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FIGURE 2 | Schematic configuration of conventional MR damper.

where Ar is the piston-rod area; P0 and V0 are the initial volume
and pressure of the gas chamber, respectively; Cg is the gas
compliance in the gas chamber;κ is the specific heat ratio.

The second term in Equation (1) represents the damping force
due to the viscosity of the MR fluid. The viscous damping force
of the damper is as follows:

Fv = 1P
(

Ap − Ar

)

1P = ρghf (3)

where Ap and Ar are the cross-sectional areas of the piston and
piston head, respectively; 1P is the pressure difference between
the upper and lower chambers; hf is the head loss induced by the
viscous friction force. As mentioned earlier, the MR fluid flows
through the gap and the orifice holes. Therefore, the head loss for
the annular duct and orifice holes should be derived. Initially, the
annular duct flow is assumed as the flow of a duct between two
parallel plates (Choi and Han, 2012). This assumption is valid
because the radius of the duct is greater than the radius of the
gap. From this assumption, the head loss for the annular duct is
as follows:

hduct = fduct
Lduct

Dduct

V
duct

2g
=

96ηV
duct

Lduct

2gρDduct
2

Dduct =
4Wd

2d + 2W
= lim

W→∞

4Wd

2d + 2W
∼= 2d (4)

where fduct , Dduct, and Lduct are the friction coefficient, the
diameter, and the length of the duct, respectively; Vduct is the
flow velocity through the duct; η is the viscosity constant of the
MR fluid. As the total flow rate is identical to the flow rate at the

orifice, the velocity of the duct and the viscous damping force can
be obtained as follows:

ẋp
(

Ap − Ar

)

= VductAduct

Fv_MRD = ρghf
(

Ap − Ar

)

=
12ηLduct

d2

(

Ap − Ar

)2

Aduct
ẋ (5)

The third term in Equation (1) is deduced from the yield stress
of the MR fluid, which can be controlled by the magnitude of
the magnetic field. This phenomenon is due to the polarization
induced in the particles by applying amagnetic field. The induced
dipoles cause the particles to form columnar structures parallel
to the applied magnetic field. This phenomenon increases the
restriction in the flow direction. To describe the rheological
behaviors of MR fluids, the Binghammodel is adopted as follows:

τy (B) = A0 + A1B+ A2B
2 + A3B

3 + A4B
4 + A5B

5 + A6B
6

B = a0 + a1H + a2H
2 + a3H

3 + a4H
4 + a5H

5 + a6H
6 (6)

where τy (B) is the yield shear stress and is a function
of the magnetic flux density, B. This function can
be expressed by the polynomial function of magnetic
intensity, H. It is known that [a0 , a1, a2, a3, a4, a5, a6] =

[−155.548 328630593 − 277283388 119373779 − 27459273
3198253 − 146313.95]. In this study, the commercial MR fluid
(RMS Corp., MRF 500CP) was used. Based on the Bingham
model, the controllable damping force induced from the yield
stress of the MR fluid can be represented as follows:

FMR =
(

Ap − Ar

) cLm

hm
τy (B) (7)
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where Lm is the length of the magnetic pole; hm is the
gap between the magnetic poles; c is the coefficient
dependent on the flow velocity profile and has a value of
2.0–3.0.

MR Damper With Orifice Holes
The schematic configuration of the proposed MR damper
utilizing an orifice hole is shown in Figure 3. The piston
head comprises a bobbin, orifice holes, and a coil. The MR
fluid flows through the orifice hole and the gap between the
bobbin and the outer housing of the piston head. As the
orifice hole is closer to the center of the non-magnetic hollow
cylinder than the coil, the magnetic flux induced from the
coil is mainly applied to gap. Since the magnetic field has
little effect on orifice hole, the viscous damping force model
of OMRD is different with that of MRD. More information
related to magnetic analysis can be found in our previous
study (Sohn et al., 2015; Park et al., 2016). Since the MR
fluid of the OMRD flows through the annular duct and orifice
holes, the head loss for the orifice hole is represented as

follows:

hby = fby
Lby

Dby

V2
by

2g
=

64ηVbyLby

2gρDby
2

(8)

where fby, Dby, and Lby are the friction coefficient, the diameter,
and the length of the orifice hole, respectively. Particularly,
the other components of damping force model are identical
to Equation (1). As the inlet and outlet for the annular duct
and orifice hole are identical, the velocities of the annular
duct (Vduct) and the orifice hole (Vby) are obtained as
follows:

Vby = ẋp

(

Ap − Ar

)

(

Aby +
2Lby

3Dby
2
Dduct

2

Lduct
Aduct

) ,

Vduct = ẋp

(

Ap − Ar

)

(

Aduct +
3Lduct
2Dduct

2

Dby
2

Lby
Aby

) (9)

FIGURE 3 | Schematic configuration of MR damper with orifice hole.

FIGURE 4 | Damping force characteristics of MR damper (A) conventional MR damper (B) MR damper with orifice hole.
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By substituting Equations (8, 9) into Equation (3), the damping
force induced by the viscous friction force is represented as
follows:

Fv_OMRD = ρghf
(

Ap − Ar

)

=
32ηLby

Dby
2

(

Ap − Ar

)2

(

Aby +
2Lby

3Dby
2
Dduct

2

Lduct
Aduct

) ẋp

=
12ηLduct

d2

(

Ap − Ar

)2

(

Aduct +
3Lduct
2Dduct

2

Dby
2

Lby
Aby

) ẋp (10)

From the obtained viscous damping force model in Equations
(5, 10), it is observed that the obtained viscous damping force
of the OMRD is smaller than that of the MRD. In addition, when
magnetic input is applied to the coil, and the damper is moved
at a low piston velocity, it is difficult for the MR fluid to flow in
the annular duct. The viscous damping force in the orifice hole is
expressed as follows:

Fv_orifice = ρghf
(

Ap − Ar

)

=
32ηLby

Dby
2

(

Ap − Ar

)2

Aby
ẋp (11)

The orifice holes are located close to the center of the bobbin to
avoid the MR fluid effect on the flow motion through the orifice
hole. When magnetic input is applied to the MR damper, fluid
friction induced from yield stress makes the MR fluid flow via
only the orifice hole. However, at high piston velocity, the viscous
damping force in the orifice hole is larger than the viscous and the
controllable damping force in the orifice, as shown in Figure 4.

TABLE 1 | Design parameters of MR dampers.

Specification Value Specification Value

Conventional

MR Damper

Gap size of

orifice [mm]

0.7 Length of

Orifice [mm]

35

Diameter of

bobbin [mm]

37.5 Height of Coil

[mm]

8.5

Diameter of

Coil [mm]

0.49 Number of

Coil Turns

100

MR Damper

with Orifice

Hole

Number of

Orifice Hole

[EA]

4 Diameter of

Orifice Hole

[mm]

1.9

Therefore, the total damping force of the (OMRD) is expressed
as follows:

Fd_OMRD = min
(

Fv_orifice, Fv_OMRD + FMR sgn
(

ẋp
))

+ kexp
(12)

where min () means the minimum value between two damping
forces. More information regarding this can be found in our
previous study (Sohn et al., 2015; Park et al., 2016).

Characteristics of Damping Force
From the damping force models in Equations (1, 12), analytical
calculations were implemented on a personal computer for MRD
and OMRD. Appropriate design parameters were obtained to
generate a maximum damping force of 4,000N, which is the
required damping force for a middle-sized passenger car. Design
parameters were selected based on an input current of 3A. The
properties of the MR fluid and the design specifications of MR
dampers are presented in Table 1. To reasonably compare the
ride comfort of the vehicle under the different conditions, all
design parameters of the two dampers were identical, except for
the orifice holes. The number of orifice hole is 4, and the diameter
of the orifice hole is 2.5mm.

Figures 5A–C shows the calculated damping force curves.
Firstly, under the same input current, the maximum damping
force of the OMRD is lower than that of theMRD. Themaximum
damping forces of each damper are 4,238N, 3,890N, and 3,657N,
respectively. Additionally, the damping force gradients at 0 A are
1,534 N · s/m, 1,303.5 N · s/m, and 1,148 N · s/m, respectively.
This is the result of the additional flow rate via the orifice
holes, which are not affected by the input current, reducing
the damping force. It can be inferred from these results that
the orifice hole limits the maximum damping force. However,
this does not imply that the damping force can be controlled
by orifice holes. Secondly, parameter study of MR damper with
orifice hole had been conducted and the results can be found
in our previous study (Sohn et al., 2015). From previous study
results, the number of orifice holes is considered as dominant
factor among many design parameters. From Figure 5, it is
known that the damping force of OMRD is smaller than that of
MRD. Also, the low damping characteristic is generally known
as essential for superior ride quality (Els et al., 2007). So, it
can be expected that MR damper with many orifice hole ensure

FIGURE 5 | Simulated field-dependent damping force (A) w/o piston orifice hoel (B) with two piston orifice holes (C) with four piston orifice holes.
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good ride quality. Although the main objective of this work is
to evaluate the ride quality of MRD and OMRD, optimal design
of MR damper related to damping capability also very important
for commercialization so it will be conducted as a future study.
Thirdly, Figures 5B,C show that the orifice holes reduce the
occurrence of sudden increases in the field-dependent damping
force at low piston velocities. In other words, the damping force
with 4 orifice holes is smaller than that with 2 orifice holes.
The maximum difference in damping force is 1831.5N at low
velocity (approximately 0.05 m/sec) at 3 A. This difference in
the trend of damping force controllability by the magnitude of
the current will result in different ride qualities for the vehicles.
Accordingly, in order to compare the performance in ride quality,
MRD and OMRD with 4 orifice holes will be considered at next
chapter.

Performance Evaluation of Ride Comfort
As discussed earlier, as the front and rear wheels experience
different static loads because of weight distribution, different
values are applied. Therefore, it is anticipated that the required
damping force characteristics of the front or rear suspension are
in agreement with those of the MRD or OMRD. To investigate
this, different vehicle case studies were conducted:

Vehicle I: Four identical MRDs are installed for the front and
rear suspension.
Vehicle II: Two MRDs (or two OMRDs) are installed for the
front (or rear) suspension.

In addition, a robust sliding mode controller was designed and
applied identically to all vehicles. By comparing the control
performance, we aim to demonstrate the effectiveness of the
proposed method.

Vehicle Suspension System
The mathematical model of the full car system with four MR
shock absorbers is constructed as shown in Figure 6. The vehicle
body (sprung mass) is assumed to be rigid and has three
degrees of freedom (vertical, pitch, and roll directions). The
sprung mass is connected to four unsprung masses that have

FIGURE 6 | Mechanical model of a full passenger vehicle system with MR

dampers.

a vertical degree of freedom. The full car model includes body
bounce (zg), body roll (ϕ ), body pitch (θ ), wheel hop (z1,
z2, z3, and z4), and independent road excitations (r1, r2, r3,
and r4). The ride comfort of a passenger could be significantly
affected because of the vibrations in the bounce, pitch, and roll
directions. Therefore, in this study, the design configuration
of the proposed MR damper and controllers was simulated
to consider these multiple vibration modes. From Figure 6,
the governing equations of motion are derived as follows
(Jazar, 2017):

Mẍ = −cf
(

ẋ− ẋ1 + b1φ̇ − a1θ̇
)

− cf
(

ẋ− ẋ2 − b2φ̇ − a1θ̇
)

− cr
(

ẋ− ẋ3 − b2φ̇ + a2θ̇
)

− cr
(

ẋ− ẋ4 + b1φ̇ + a2θ̇
)

− kf (x− x1 + b1φ − a1θ)− kf (x− x2 − b2φ − a1θ)

− kr(x− x3 − b2φ + a2θ)− kr(x− x4 + b1φ + a2θ)

+ FMR1 + FMR2 + FMR3 + FMR4

Ixφ̈ = −b1cf (ẋ− ẋ1 + b1φ̇ − a1θ̇)+ b2cf (ẋ− ẋ2 − b2φ̇ − a1θ̇)

+ b2cr(ẋ− ẋ3 − b2φ̇ + a2θ̇)− b1cr(ẋ− ẋ4 + b1φ̇ + a2θ̇)

− b1kf (x− x1 + b1φ − a1θ)+ b2kf (x− x2 − b2φ − a1θ)

+ b2kr(x− x3 − b2φ + a2θ)− b1kr(x− x4 + b1φ + a2θ)

+ b1FMR1 − b2FMR2 − b2FMR3 + b1FMR4

Iyθ̈ = a1cf (ẋ− ẋ1 + b1φ̇ − a1θ̇)+ a1cf (ẋ− ẋ2 − b2φ̇ − a1θ̇)

− a2cr(ẋ− ẋ3 − b2φ̇ + a2θ̇)− a2cr(ẋ− ẋ4 + b1φ̇ + a2θ̇)

+ a1kf (x− x1 + b1φ − a1θ)+ a1kf (x− x2 − b2φ − a1θ)

− a2kr(x− x3 − b2φ + a2θ)− a2kr(x− x4 + b1φ + a2θ)

− a1FMR1 − a1FMR2 + a2FMR3 + a2FMR4

mf ẍ1 = cf (ẋ− ẋ1 + b1φ̇ − a1θ̇)+ kf (x− x1 + b1φ − a1θ)

− ktf (x1 − y1)− FMR1

mf ẍ2 = cf (ẋ− ẋ2 − b2φ̇ − a1θ̇)+ kf (x− x2 − b2φ − a1θ)

− ktf (x2 − y2)− FMR2

mr ẍ3 = cr(ẋ− ẋ3 − b2φ̇ + a2θ̇)+ kr(x− x3 − b2φ + a2θ)

TABLE 2 | Parameters of passenger vehicle system.

Specification Value Specification Value

Vehicle I (with

same MRD)

Sprung mass [kg] 1,370 Unsprung mass [kg] 80

Longitudinal mass

moments of inertia

[kg·m2 ]

356.3 Lateral mass

moments of inertia

[kg·m2 ]

1,159.6

Front suspension

stiffness constant

[N/m]

153,000 Rear suspension

stiffness constant

[N/m]

82,000

Tire stiffness

constant [N/m]

230,000 Damping coefficient

[N·sec/m]

1,534

Distance from C.G.

to front suspensions

[m]

1.11 Distance from C.G.

to rear suspensions

[m]

1.1666

Distance from C.G.

to left suspensions

[m]

0.335 Distance from C.G.

to right suspensions

[m]

0.335

MR damper

with orifice

hole

Front damping

coefficient [N·sec/m]

1,534 rear damping

coefficient [N·sec/m]

1,148
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− ktr(x3 − y3)− FMR3

mr ẍ4 = cr(ẋ− ẋ4 + b1φ̇ + a2θ̇)+ kr(x− x4 + b1φ + a2θ)

− ktr(x4 − y4)− FMR4 (13)

where M is the sprung mass; mf and mr are the front and rear
unsprung masses, respectively; Ix and Iy are the longitudinal and
lateral mass moments of inertia, respectively; kf and kr are the
front and rear suspension stiffness constant, respectively; kt is
the tire stiffness; cf and cr are the front and rear suspension
damping coefficients, respectively; and a1, a2, b1, and b2 are the
distances from the center of gravity to each sprung mass and
shock absorber.

By defining the state vector of the vehicle dynamic system asX

=
[

x ẋ φ φ̇ θ θ̇ x1 ẋ1 x2 ẋ2 x3 ẋ3 x4 ẋ4
]T
, the state

space model for the vehicle dynamic system can be rewritten as
follows:

Ẋ = AX+ BU+ ŴD

Y = CX (14)

Where A, B, Ŵ, C, U, and Dare defined in Appendix 1. Yis
the piston velocity matrix of each damper. Table 2 presents the
mechanical properties of the vehicle system, and in it the spring
and damping properties of the front and rear suspensions are
different.

Controller Design
To evaluate the control performance, a sliding mode controller
(SMC), which has an inherent robustness against system
uncertainties and disturbances (Edwards and Spurgeon, 1998;
Utkin et al., 1999), was designed. Before designing the SMC,
multiple inputs of the vehicle system in Equation (13) are
transformed as follows:









u1
u2
u3
u4









= T









FMR1

FMR2

FMR3

FMR4









=









1 1 1 1
b1 −b2 −b2 b1
−a1 −a1 a2 a2
−1 0 0 0

















FMR1

FMR2

FMR3

FMR4









(15)

To regulate the generalized inputs, the sliding surfaces are
designed as follows:

s1 = G1X = c1x+ ẋ

s2 = G2X = c2φ + φ̇

s3 = G3X = c3θ + θ̇ (16)

s4 = G4X = c4x1 + ẋ1

A control law must be selected to drive the system state to
the sliding surface s = 0, in which the following reachability
condition is satisfied:

si ṡi ≤ −η |si (t)| , i = 1, 2, 3, 4 (17)

where η is a strictly positive constant. To satisfy the reachability
condition in Equation (17), the control input is determined as
follows:

ui = −(GiBi)
−1

[

GiAX (t) + ki · sgn (si (t))
]

(18)

where sgn (·) is a signum function andki is the discontinuous
gain which is designed to overcome the uncertainty of the
passenger vehicle system. The left side of Equation (16) is
expressed as follows:

sṡ = siGiẋ

= si [GiAX+ GiBiU+ GiŴD]

= si
[

GiAX−
[

GiAX+ ki · sgn (s (t))
]

+ GiŴD
]

(19)

= si
[

−ki · sgn (s (t)) + GiŴD
]

≤ |si|
(

−ki
)

Therefore, to ensure that the condition (17) holds, the
discontinuous control gain in Equation (18) is chosen as follows:

ki > |GiŴD| (20)

Moreover, the signum function is switched with a saturation
function to avoid the problem of chattering:

sat (si (t)) =

{

si(t)
ε
, |s (t)| ≤ ε

sgn (si (t)) , |s (t)| > ε
(21)

where ε is the boundary layer width of the saturation function.
Finally, the control input voltage is determined as follows:

ui = −(GiBi)
−1

[

GiAX+ ki · sat (si (t))
]

(22)

Then the generalized inputs are transformed to original inputs of
the vehicle system via the inverse matrix of T.

The block diagram of the control strategy is shown in
Figure 7, from which the minimum and maximum damping
forces are calculated based on the damping force model and
piston velocity.When the desired damping force is obtained from
the sliding mode controller in Equation (22), the final damping
force is determined by comparing the minimum and maximum
values.

FIGURE 7 | Block diagram of semi-active vehicle system.
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FIGURE 8 | Bump road responses at 40 km/h (A) vertical displacement (B) vertical acceleration (C) pitch angle (D) roll angle.

FIGURE 9 | Applied total damping force of rear right damper for bump road

responses.

RESULTS AND DISCUSSIONS

The MR suspension system should be installed on an actual
vehicle and its effectiveness for ride comfort should be evaluated
under various road conditions. However, it is expensive to
manufacture a full vehicle system from scratch with hardware.
Therefore, the ride quality performance and MR dampers are
evaluated by computer simulation. A number of previous studies
have reported that simulation results are in relatively good
agreement with field test results (Seong et al., 2011, 2012; Park
et al., 2016).

In this study, suspension control performance was evaluated
under two types of road conditions. The first excitation, which is
typically used to reveal the transient response characteristics, is a
bump described by:

yi = zb

(

1− cos

(

2πV

D
t

))

, i = 1, 2, 3, 4 (23)

where zb is half of the bump height (0.035m), and D is the width
of the bump (0.8m). In the bump excitation, the vehicle crosses
the bump at a constant vehicle velocity of 40 km/h (11.12 m/s).
The second type of road excitation is a stationary random process
with zero mean, described by White (1994):

FIGURE 10 | Random road responses at 72 km/h.

ẏi + ρrVyi = Wn, i = 1, 2, 3, 4 (24)

whereWn is the white noise with intensity 2σ
2ρrV ; ρr is the road

roughness parameter, 0.45 m−1; σ
2 is the covariance of white

noise, 300 mm2. For random excitations, the road irregularity
values were chosen by supposing that the vehicle drives on a
paved road at a constant velocity of 72 km/h (20 m/s).

Figures 8, 9 show road bump responses under road bump
excitation. It is typically accepted that the acceleration of
the sprung mass is used to evaluate ride comfort. As seen
in Figure 8, unwanted vibrations induced from the bump
excitations have been significantly reduced by adopting the
different damper combinations. It was also observed from the
vertical displacement of the sprung mass, vertical acceleration of
the sprung mass, pitch angle, and roll angle that the ride comfort
of Vehicle II is superior to that of Vehicle I.

Figure 10 shows random road responses at a constant vehicle
velocity of 72 km/h (20 m/s). The power spectral density (PSD)
of the vertical acceleration is plotted against frequency. As
anticipated, the PSDs for the vertical acceleration of Vehicle

II are significantly decreased compared to those of Vehicle

I, from 2.62 to 0.1364 (m/s2)2/Hz at 3.1Hz. The suspension
control performances shown in Figures 8–10 indicates that the
ride comfort of the vehicle can be simultaneously improved by
employing two front MRDs and two rear OMRDs.
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CONCLUSION

In this study, the ride comfort of passenger vehicles equipped
with different combinations of front/rear suspension systems
featuring two different types of MR dampers, with and without
orifice holes, were compared. To achieve this aim, the damping
force model of the two different MR dampers were analyzed. It
was observed that the OMRD exhibited a smaller damping force
than theMRD. To evaluate the ride quality, a robust slidingmode
controller was designed. It was demonstrated that displacement,
acceleration of the vehicle body, and pitch angle could be
significantly reduced by activating the MR dampers under two
road conditions: bumps, and random roads. In particular, it was
shown that the ride quality performance of the vehicle with
different damper combinations was superior to that of a vehicle
with the same type of MR dampers. This was because of the small
damping force in the low piston velocity range. In other words,

by eliminating sudden increases in the field-dependent damping
force, smooth and comfortable vehicle motions are obtained. In
the second phase of this study, two semi-active MR dampers will
be manufactured, and the ride comfort of both will be tested
under various road conditions.
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APPENDIX I
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