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ABSTRACT: Due to significant nonlinearity of magnetorheological (MR) suspension, one
of the main challenges in the application of this technology is to develop appropriate
control algorithms. The main purpose of this study is to identify a suitable control method for
semi-active isolation in MR suspension application. The semi-active control schemes include the
following: a new proposed intelligent control scheme, Human Simulated Intelligent Control
(HSIC) and three representative semi-active control schemes that are skyhook control, hybrid
control algorithm, and fuzzy logic control. A full-car dynamic model considering the effect of
roll motion is adopted as the baseline model for our analysis. After deriving the governing
motion equations of the proposed dynamic model, the HSICler and other three controllers with
nonlinearity of MR dampers are formulated. Then each control policy is applied to the baseline
model equipped with four MR dampers. The performances of each control algorithm under
various road conditions are compared along with the equivalent passive model in both time and
frequency domains. The results indicate that the semi-active suspension with each control
scheme is more effective than the passive in reducing vibration of the vehicle body. The results
further indicate that HSICler performs the best among the considered control policies.
Key Words: magnetorheological, control, optimization.

INTRODUCTION
recent years, research work on vibration suppression of a vehicle system using semi-active suspension
has significantly increased. There are three broad
classifications of suspension systems including passive,
active, and semi-active. Each of these types of suspension has different advantages and disadvantages.
Though the passive suspension system in common use
provides design simplicity and cost effectiveness,
performance limitations are inevitable due to the way its
characteristics are optimized for given driving conditions,
and do not perform well under normal driving conditions. On the other hand, the active suspension system
can provide the best performance in a wide frequency
range. However, active suspension systems are less
commonly used than passive systems due to their
associated cost and power requirements. Therefore,
one way to resolve these problems is to adopt the semiactive suspension system. In principle, semi-active
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isolation systems can deliver the versatility, adaptability,
and higher performance of active systems with a fraction
of the power consumption. For the last decade, a very
attractive and effective semi-active suspension system
featuring magnetorheological (MR) fluids has been proposed by many researchers (Lee and Choi, 2000; Simon
and Ahmadian, 2001; Lai and Liao, 2002; Yao et al.,
2002; Liao and Wang, 2003; Sassi et al., 2005; Song et
al., 2005; Karkoub and Zribi, 2006; Shen et al., 2006;
Sahin et al., 2007). However, the nonlinear behavior of
MR dampers makes it difficult to design effective semiactive control strategies, and consequently a wide range
of control systems have been proposed in the literature.
In one of the first examinations of semi-active control,
Karnopp et al. (1974) proposed a ‘skyhook’ damper
control algorithm for a vehicle suspension system and
demonstrated that this system offers improved performance over a passive system when applied to a singledegree-of-freedom system. To overcome the weakness of
skyhook control in depressing the vibration of unsprung
mass, Ahmadian and Simon (2002) and Ahmadian and
Vahdati (2006) studied two others including groundhook control and hybrid control. The test results
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confirm the features of each control policy discussed in
the past analytical studies. Skyhook control is much
more effective in improving the ride comfort, groundhook control is effective in better road holding ability
and improving vehicle stability, and hybrid control is a
trade-off between skyhook and groundhook.
Besides the three well-known semi-active control
strategies, some linear feedback control methods were
also applied in vibration control of a suspension.
Wang et al. (2003) proposed a PI control scheme for
vibration attenuation of a quarter-vehicle model subject
to idealized harmonic and transient base excitations,
and Yamamoto and Nakano (2002) proposed a
proportional feedback control of automotive suspension
featuring electrorheological (ER) shock absorber. When
these linear feedback control strategies were applied in
engineering practice, they were limited since the
significant nonlinearity, uncertainty, and time delay
always exist in MR suspension systems.
To compensate for the nonlinearity of MR damper,
many control techniques have been applied to control
the MR suspension system. For example, Guo et al.
(2004) proposed a neural network control to deal with
the nonlinear hysteresis between its output force and
relative velocity of MR damper in the MR suspension
system. The method is proven effective in a low
frequency range through numerical simulations and an
experiment. Choi et al. (2002) proposed a H-infinity
controller with inherent robustness against system
uncertainties for a full-vehicle suspension system featuring MR dampers. The control performances are
evaluated under various road conditions through the
HILS methodology. The same control strategy was also
proposed by Zribi and Karkoub (2004) and Du et al.
(2005). Recently, many control methods including fuzzy
logic control (Yagiz and Sakman, 2006; Yu et al., 2006),
neural network-based fuzzy control (Eslaminasab et al.,
2007), neuro-fuzzy control (Choi et al., 2001), discretetime fuzzy sliding mode control (Sung et al., 2007),
optimal fuzzy control (Wang and Hu, 2005), adaptive
fuzzy logic control (Dong et al., 2006; Yang et al., 2006),
etc. have been explored. Most of these studies used a
quarter-car model or a half-car model through numerical simulation. All these efforts have proved that fuzzy
logic control and its improvements are very popular for
use in semi-active control, as they are very intuitive for
the user, easily implemented, and can account for system
nonlinearities. On the other hand, it can be seen that it is
not an easy task to tune reasonable control rules.
In addition, theoretical and experimental researches
have demonstrated that the performance of an MR suspension system is highly dependent on the choice of
algorithm employed (Ying et al., 2003). Because the characteristics of the various semi-active devices are different
(e.g., range of controllable MR fluids, response ability,
etc.) and the semi-active control of MR suspension is

ET AL.

highly nonlinear, a control algorithm that performs well for
one device may not be suitable for use with another device.
Consequently, the main contribution of this work is to
evaluate a selection of control algorithms for use in
vehicle suspension system with four MR dampers. Four
semi-active control algorithms are discussed, including
the new intelligent control algorithm, Human Simulated
Intelligent Control (HSIC) based on schema theory
proposed in this study, skyhook control, hybrid control,
and fuzzy logic control. In order to accomplish this goal,
a cylindrical MR damper applicable for a middle-sized
passenger vehicle is designed and manufactured. Then
an experimentally verified polynomial model is used to
simulate the behavior of the MR damper. After
formulating the governing motion equations of full-car
dynamic model considering the effect of roll, the
HSICler is formulated and tuned by hybrid Taguchi
genetic algorithm (Tsai et al., 2004). Three representative semi-active control algorithms including skyhook
control, hybrid control, and fuzzy logic control are also
developed on the basis of quarter-car MR suspension
system. In numerical examples, the full-car dynamic
model with four MR dampers is used to compare the
performance of the proposed control algorithms.
Control performances under bump and random road
conditions with three vehicle velocities are presented in
time and frequency domains. In addition, a comparative
work between the HISC, skyhook control, hybrid
control, and fuzzy logic control is undertaken by
presenting control responses.

MR SUSPENSION SYSTEM
Fabrication of MR Damper
In this study, a cylindrical type of MR damper shown
in Figure 1(a) is designed and manufactured. The MR
damper works in mixed mode operation of valve
mode and direct-shear mode. The MR damper is divided
into the left and right chamber by the piston, and fully
filled with the MR fluid. During the piston motion
from the left to the right, the MR fluid flows through the
gap between the inner cylinder and the piston.
The magnetic field exists in the gap perpendicular to
the motion direction of the MR fluid after the current
is applied to the coil. The viscosity of the MR fluid in
the gap is changed subjected to the magnet field
and the pressure drop across the piston varies. Thus, the
damping force of the MR damper is controllable by the
intensity of the magnetic field. The diameter of the outer
and inner cylinder is 50 and 48 mm, respectively.
The compressed length of the MR damper is 330 mm.
When it is extended, it reaches 508 mm. The dimensions of the MR damper have been determined by
considering the geometry of the test car. Figure 1(b)
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Figure 1. The MR dampers of a passenger vehicle: (a) schematic configuration, (b) photograph of four MR dampers.

shows the photograph of four MR dampers manufactured in this work.
In the absence of the magnetic field, the MR damper
produces a damping force caused only by the fluid’s
viscous resistance. However, if a certain level of
magnetic field is supplied to the MR damper, the MR
damper produces an additional damping force owing to
the yield stress of the MR fluid. This damping force of
the MR damper can be continuously tuned by controlling the intensity of the magnetic field. To simplify the
analysis of the damper, it is usually assumed that the
MR fluids are incompressible and that the pressure in
one chamber is uniformly distributed. Furthermore, it is
assumed that the frictional force between oil seals and
fluid inertia are negligible. Thus, the damping force of
the MR damper can be given by Equation (1) based on
the Bingham fluid model, flowing in the parallel duct,
which is composed of velocity damping force and
Coulomb friction (Yu et al., 2006):
F ¼ Ce V þ FMR

ð1Þ

in which Ce ¼ 24A2p l=bh3 þ 2bl=h, FMR ¼ ðð4lAP =Þ
þ2blÞy sgnðVÞ:
Experiment and Modeling of MR Damper
Although the damping force of MR damper can be
easily computed by Equation (1) under a determined
current, it is difficult to calculate the current inversely
when the damping force is known since the relation of
input current and damping force is highly nonlinear.
Therefore, to evaluate the potential application of
MR dampers, HSICler, and other three representative
controllers in vibration control of MR suspension
system, a model is developed to accurately reproduce
the behavior of the MR damper and an experiment is
set up to obtain the dynamic data necessary for
identifying its model parameters.
The MR damper is measured by using the MTS in
Figure 2. The MR damper is fixed between an upper and
lower head on MTS test machine. The lower head is
activated by the hydraulic cylinder up and down.

Figure 2. MTS material testing system.

The load cell on the upper head can record the force
applied to the MR damper during tests. In each test,
the hydraulic actuator drives the lower head with a varying
sinusoidal displacement of fixed frequency and constant
amplitude, and the input current to the MR damper is
maintained at constant level, while the upper head is fixed.
In this work, the excitation frequencies are 0.6369, 1.9108,
and 3.8197 Hz and the displacement amplitudes are
25 mm, respectively, which present that the peak velocity
of piston rod are 0.1, 0.3, and 0.6 m/s, respectively.
The applied input current is from 0 to 2 A with increments
of 0.4 A. The damper force is measured and recorded for
plotting the characteristic of MR damper and constructing
MR damper model. Velocity is obtained by differentiating the displacement. Figures 3(a) and (b) show the
relation between damping force and piston rod displacement and the relation between damping force and piston
rod velocity at peak velocity of 0.6 m/s under five different
input currents for MR dampers of fore suspension.
The polynomial model is adopted in this study,
which was first proposed by Choi et al. (2001), and
provided a convenient and effective choice to calculate
the desirable damper force in an open-loop control
system. In this model, the hysteresis loop is divided into
regions: positive acceleration (lower loop) and negative
acceleration (upper loop), which can be fitted by the
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polynomial with the power of piston velocity. Thus the
damping force of the MR damper can be written:
fMR ¼

9
X

ai v i

i ¼ 0, 1, . . . , 9:

Full Vehicle Dynamic Model
A full-car model with four MR dampers is shown
in Figure 5. The vehicle body itself is assumed to be
rigid and has degrees of freedom in heave, pitch, and
roll directions. The governing equation of the full vehicle
is derived as follows:

ð2Þ

i¼0

The efficient ai can be linearly approximated with respect
to the input current as follows: ai ¼ bi þ ciI, i ¼ 0, 1, . . . , 9.
Therefore, the damping force can be expressed by:
fMR ¼

9
X

ðbi þ ci IÞvi :



ms z ¼ Ffl þ Ffr þ Frl þ Frr
"

#
Hc 2  w
w
Ixx þ ms
 ¼ Ffl  Ffr
2
2
cos 


w
w
Hc
þ Frl  Frr þ ms g
sin  þ Mx
2
2
cos 

ð3Þ

i¼0

The specific values of bi and ci used in this work are
listed in Table 1.
To verify the obtained polynomial model, the measurement and simulation under four operating conditions
are compared in Figure 4 with excitation frequency 3.8197 Hz
and amplitude 25 mm. Once the piston velocity is known
and the desired force determined by control strategy, the
control current is determined from Equation (4):



Iyy ’ ¼ aFfl þ aFfr  bFrl  bFrr




¼ Frl  ktrl ðzurl  zrrl Þ

ð10Þ



ð11Þ

(b) 1.5

1

1

0.5

0.5

0

0

−0.5

−0.5

−1.1
−2.5 −2

ð9Þ

murr zurr ¼ Frr  ktrr ðzurr  zrrr Þ

(a) 1.5

ð6Þ

ð8Þ

mufr zufr ¼ Ffr  ktfr ðzufr  zrfr Þ

ð4Þ

ð5Þ

ð7Þ

mufl zufl ¼ Ffl  ktfl ðzufl  zrfl Þ


murl zurl

P
fMR  6i¼0 bi vi
I¼
:
P7
i
i¼0 ci v

Damping force (kN)
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Figure 3. Plots for damping force vs displacement and for damping force vs. velocity at peak velocity of 0.6 m/s.

Table 1. Coefficients bfi and cfi of polynomial model.
Positive acceleration
bf0
bf1
bf2
bf3
bf4
bf5
bf6
bf7
bf8
bf9

278.9883
169.1461
96.0680
83.4791
26.9841
0.9004
10.6079
2.0571
1.3534
0.1992

Negative acceleration
cf0
cf1
cf2
cf3
cf4
cf5
cf6
cf7
cf8
cf9

374.7905
141.3833
261.3038
92.4920
51.5936
14.9536
2.6601
0.1415
1.0755
0.0606

bf0
bf1
bf2
bf3
bf4
bf5
bf6
bf7
bf8
bf9

1113.47
 314.50
908.89
261.75
231.94
66.38
17.53
3.82
0.86
0.29
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cf0
cf1
cf2
cf3
cf4B
cf5
cf6
cf7
cf8
cf9

534.6609
57.1168
478.9752
60.0778
140.9436
20.9273
14.4323
2.7582
0.5481
0.0000
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where:

DESIGN OF HSICLER




Ffl ¼ kfl ðzfl  zufl Þ  cfl ðzfl  zufl Þ þ Fdfl ,
Ffr ¼ kfr ðzfr  zufr Þ 


cfr ðzfr

Frl ¼ krl ðzrl  zurl Þ 


crl ðzrl

Frr ¼ krr ðzrr  zurr Þ 


 zufr Þ


 zurl Þ


crr ðzrr

The HSIC theory aims at emulating human behavior
based on the human macro-control structure, and starts
with the lowest level of hierarchical intelligent control,
constructing the model of the ‘motor sensory preview
intelligence’ in manual control. Thus, the theory
possesses some excellent control properties like an
expert operator. The original HSIC algorithm, first
proposed by Prof. Zhou and others in 1983, has made
big progress in recent years. The theory has been applied
successfully in many perplexing processes and plants
(such as delay system, multivariable system, nonlinear
system, etc.). For example, Li and Wang (2003) have
solved the swinging-up control of the single pendulum
under limited torque with HSIC method.
The HSIC is a multilevel hierarchical structure information processing system with two levels in this study.
As the lowest level of HSIC, the running control level,
executes real-time control, based on the characteristic
mode of a car, the motion attitudes of vehicle are
identified and corresponding control means are selected

þ Fdfr ;

þ Fdrl ,


 zurr Þ

þ Fdrr :

and:
zfl ¼ z  w sin   a sin ’  z  w  a’,
zfr ¼ z þ w sin   a sin ’  z þ w  a’;
zrl ¼ z  w sin  þ a sin ’  z  w þ a’,
zrl ¼ z þ w sin  þ a sin ’  z þ w þ a’;
in which:




Ffl ¼ kfl ðzfl  zufl Þ  cfl ðzfl  zufl Þ þ Fdfl ,




Ffr ¼ kfr ðzfr  zufr Þ  cfr ðzfr  zufr Þ þ Fdfr ;




Frl ¼ krl ðzrl  zurl Þ  crl ðzrl  zurl Þ þ Fdrl ,




Frr ¼ krr ðzrr  zurr Þ  crr ðzrr  zurr Þ þ Fdrr ;
a

zfr ¼ z þ w sin   a sin ’  z þ w  a’,

w

Zfr

Fdfr

Kfr Cfr

zrl ¼ z  w sin  þ a sin ’  z  w þ a’,

Zufr

zrl ¼ z þ w sin  þ a sin ’  z þ w þ a’:

Zrfr

Thus, the control damping force vector can be descri



bed as u ¼ ½cfl ðzfl  zufl Þ þ Fdfl ; cfr ðzfr  zufr Þ þ Fdfr ;




T
crl ðzrl  zurl Þ þ Fdrl ; crr ðzrr  zurr Þ þ Fdrr  , which is
determined by the below-discussed control strategies.
Once the control input vector u is determined, the input
current vector to be applied to the MR damper is
obtained by Equation (4).
(a)

Zrr

b

zfl ¼ z  w sin   a sin ’  z  w  a’,

1.5

ms

x Ixx

muf

C.O.G q
Hc

Ktfr

Fdrr
c
krr rr
z
Zurr
mur
Ftrr
w
Iyy

crl

y
Cfl

Fdrl

mur
ktrl

Fdfl

muf
ktfl

Figure 5. Mechanical model of the MR suspension system.
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Figure 4. Comparison of polynomial model and experimental results (3.8197 Hz, 25 mm): (a) force vs displacement; (b) force vs velocity.
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from among a combination of open-loop control,
skyhook control and proportional plus differential control
schemes. Assuming the vehicle body is rigid, the motion
attitude of vehicle body consists one or more of
heave, pitch, and roll motions. As a result, motion
attitudes of running car can be classified eight kinds in
Figure 6. After analyzing these attitudes, the first
motion attitude is an ideal attitude with little change
of motion attitude, which means good ride comfort and
stability can be achieved; it is thus feasible to propose an
open-loop control strategy. The second to eighth motion
attitude are the coupling of one or more motion of
heave, pitch, or roll motions owing to road input or
driver’s maneuvers. It is effective to propose to combine
skyhook control with proportional plus differential
control schemes.
At the second level, the parameter correction level,
automatic readjustment of control mode parameters
in running control level enhance the adaptability
of HSIC. Both levels combined form a unit controller
with structure of typical high-order production system.
For each level in HSIC, the control problem solving is in
reality a combination of qualitative and quantitative
double mapping information process and decision
procedure. The procedure of designing the intelligent
control algorithm is the process of setting up a
characteristic model and multimode control model.
It can be described by production rule in the form of
IF 5condition4 THEN 5result4 (condition is
characteristics and result is decision). The two-level
designs will be discussed in turn.

ET AL.

SENSED SCHEMA
To determine the motion attitude of running car, a
characteristic set can be selected:
SP8 ¼ ðR8 , Q8 , K8 ,  , Þ

ð12Þ

P
P
P
P
in which R8 2 14 , Q8 2 9 , K8 2 89 , 5 2 8 .
A characteristic primitive set is selected to effectively
percept attitudes of running car and can be expressed as:
(


Q8 ¼ q81 jjzj4z , jj4 , j’j4’ , q82 jz z


50, q83 jz z






0, q84 j  50, q85 j 
)


0, q86 j’ ’ 50, q87 j’ ’

ð13Þ

0 :

The association matrix K8 can be determined deflecting
from or approaching the target attitude:
1
0
1 1 1 1 0 1 0 1 0
B1 1 1 0 1 1 0 1 0C
C
B
B1 1 1 1 0 0 1 1 0C
C
B
B1 1 1 0 1 0 1 1 0C
C:
B
K8 ¼ B
C
B1 1 1 1 0 1 0 0 1C
B1 1 1 0 1 1 0 0 1C
C
B
@1 1 1 1 0 0 1 0 1A
1 1 1 0 1 0 1 0 1
As a result, the sensed characteristic model can be
obtained:

Running Control Level
At this level, eight sensor-motor intelligent schemas
(SMIS) are designed to directly control corresponding
attitudes according to the characteristic mode. Each SMIS
consists of sensed schema, motion schema, and association
schema. The design course of the eighth motion
attitude including heave, pitch, and roll motions is
similar to others. Therefore, only the design of eighth
motion attitude is discussed in the following.

Heave and pitch and roll
attitude 8
Heave attitude 3

Heave and pitch
attitude 5
Pitch attitude 2

Target
attitude 1

Heave and pitch
attitude 7

8 ¼ K8  Q8
9
8



>
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,zz
50,’

>
>
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>
>
>
>
>
>
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>
>
> 82 jjzj4z ,jj4 ,j’j4’ ,zz 0,’ ’ 50,  50, >
>
>
>
>
>
>
>
>
>
>


>
>

>
>
>
’ 0,  50, >

jjzj4
,jj4
,j’j4
,zz
50,’
83
z

’
>
>
>
>
>
>
>
>
>
>



>
=
< 84 jjzj4z ,jj4 ,j’j4’ ,zz 0,’ ’ 0,  50, >
:
¼



>
>
>
>
’
>
> 85 jjzj4z ,jj4 ,j’j4’ ,zz 50,’ 50,  0, >
>
>
>
>
>
>
>


>
>

>
>
>
’ 50,  0, >

jjzj4
,jj4
,j’j4
,zz
0,’
>
>
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z

’
>
>
>
>
>
>
>
>



>
>
>
>
’
>
>

jjzj4
,jj4
,j’j4
,zz
50,’
0,
0,

87
z

’
>
>
>
>
>
>
>
>


;
:

88 jjzj4z ,jj4 ,j’j4’ ,zz 0,’ ’ 0,  0,
ð14Þ

Roll attitude 4

MOTION SCHEMA
Pitch and roll attitude 6

Figure 6. Attitudes of a running car.

SM8 ¼ ðR8 , P8 , L8 , 8 , U8 Þ
where, P8 2

P8

, L8 2

P88
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The eighth motion attitude involves heave, pitch, and
roll motion. The control inputs are adjustable damping
force of four MR dampers. Therefore, it is reasonable to
independently calculate the damping force required by
heave, pitch, and roll motion, respectively.
According to sensed schema, the heave motion can be
classified in two situations. One is when car body closes
to the target place, and skyhook control strategy is
proposed:


Fdfl þ Fdfr þ Fdrl þ Fdrr ¼ ksky Cskyz z :

ð16Þ

The other is when car body departs from the target place,
and proportional plus differential control scheme is
proposed:

After the other seven schemas of running level are
formulated, all schemas, including all sensed schemas,
all motion schemas, and all associated schemas, can be
described together.
The all sensed schema is:
SP ¼ ðR, Q, K, , Þ
P
P
P
P
in which, R 2 14 , Q 2 6 , K 2 86 ,  2 8 .
The characteristic primitive set is:
"
Q ¼ q1 jjzj4z , q2 jjj4 , q3 jj’j4’ , q4 jjzj
#T



z , q5 jjj

Fdfl þ Fdfr þ Fdrl þ Fdrr ¼ kpd ðKpz z þ Kdz zÞ: ð17Þ
To restrain pitch motion, we can get similar equations.
When car body closes to the target place:


Fdfl a  Fdfr a þ Fdrl b þ Fdrr b ¼ ksky Csky’ ’ :

0

0
B1
B
B0
B
B0
B
K¼B
B1
B
B0
B
@1
1

When car body departs from target place:


Fdfl a  Fdfr a þ Fdrl b þ Fdrr b ¼ kpd ðKp’ ’ þ Kd’ ’Þ:
ð19Þ


w
w
w
w
 Fdfr þ Fdrl  Fdrr ¼ ksky Csky 
2
2
2
2
w
w
w
Fdfl  Fdfr þ Fdrl
2
2
2

w
 Fdrr ¼ kpd ðKp  þ Kd Þ:
2

Fdfl

ð20Þ

It is impossible to calculate the four damping forces
through three equations. If neglecting the torsion of car
body, an equation can be supplemented:
Fdfl

w
w
w
w
 Fdfr  Fdrl þ Fdrr ¼ 0:
2
2
2
2

ð26Þ

0
0
1
0
0
1
1
1

0
0
0
1
1
1
0
1

1
0
1
1
0
1
0
0

1
1
0
1
1
0
0
0

1
1
1C
C
1C
C
0C
C
C
0C
C
0C
C
1A
0

3 jjzj

 , j’j

z , jj4 , j’j

5 jjzj4z , jj

’

’ , 4 jjzj

z , jj

 , j’j4’ ,

 , j’j4’ , 6 jjzj

7 jjzj4z , jj4 , j’j

z , jj4 , j’j4’ ,
o
’ , 8 jjzj4z , jj4 , j’j4’ :
ð27Þ

The all motion schema is:

ASSOCIATION SCHEMA
f!11 , !12 , . . . , !18 g

:

ð22Þ

According to sensed schema, an equation group consists
of (15), (16), (19), and (21) or (16), (18), (20), and (21).
The equation group is resolved to get a control force
vector p1 ¼ ðFdfl , Fdfr , Fdrl , Fdrr ÞT .

8 ¼ 8 ! 8 , 8

’

As a result, characteristic mode set can be determined:
n
 ¼ K  Q ¼ 1 jjzj z , :jj  , j’j ’ ,
2 jjzj4z , jj

ð21Þ

 , q6 jj’j

Finally the associated matrix is:

ð18Þ

With the same principle, the damping forces to
restrain roll motion can also be calculated as following
respectively:

ð25Þ

ð23Þ

where !8j : IF ’8j THEN 8j ðj ¼ 1, . . . , 8Þ.
Therefore, the whole schema of the eighth attitude can
be written as:


SKG, 8 ¼ SP, 8 , SM, 8 , SA, 8 :
ð24Þ

SM ¼ ðR, P, L, , UÞ

ð28Þ

P
P
P
where, P 2 8 , L 2 88 ,  2 8
The control mode primitive set is:
n
P ¼ SKG, 1 , SKG, 2 , SKG, 3 , SKG, 4 , SKG, 5 ,
o
SKG, 6 , SKG, 7 , SKG, 8 :

ð29Þ

If the mode computing matrix is L ¼ I88 , the control
mode set can be obtained:
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The all associated schema is:
SA ¼ f :  ! g,
 ¼ f1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 g

ð31Þ

j : IF j THEN j ðj ¼ 1, 2, . . . , 8Þ:
Consequently, all SMIS of running level for MR
suspension system can be concluded:
SKG ¼ hSP , SM , SA i:

ð32Þ

Parameter Adjustment Level
To increase adaptive ability of HSIC, two adjustable
factors ksky and kpd are introduced in running control
level. The adjusting rule can be written:
IF RMSðaÞ5RMSða0 Þ
ksky ¼

RMSðas Þ
RMSða0 Þ

ð33Þ

ELSE
kpd ¼

RMSðas Þ
:
RMSða0 Þ

ð34Þ

ET AL.

One fundamental SMIS of running level can be
described as double mapping relation in Figure 8.
In Figure 8, the control mode
is not fixed and a
function of open-loop hold control, skyhook, or PD
control. The control output vector can be calculated
through Figure 9.
The Parameters of HSICler are Determined by Hybrid
Taguchi Genetic Algorithm
Some threshold parameters of HSICler that need to be
determined initially are Cskyz , Csky’ , Csky , Kpz , Kp’ ,
Kp , Kdz , Kd’ , and Kd ; the others such as Ksky and
Kpd can be adjusted at parameter adjustment level while
running. Usually, the course of determination for those
threshold value parameters need much trial and error.
Therefore, in this article, a HTGA (Tsai et al., 2004) is
proposed to tune the parameters through the Matlab
6.5\Simulink full-car model that is responsible for
generating the root mean square of accleration of vehicle.
ENCODING AND INITIALIZATION OPERATION
The real number encoding is adopted in this article.
The length of chromosome is determined by the number
of the threshold parameters. If ðx1 , x2 , . . . , xi , . . . , x9 Þ is
the optimal solution, the initialization chromosomes can
be obtained by:
xi ¼ li þ ðui  li Þ:

The Structure of HSIC based on SMIS
The HSICler based on SMIS with two levels with
hierarchical structure is shown in Figure 7. In this figure,
the MR semi-active suspension system is excited by road.
The HSICler consists of two levels: the running level
and parameter adjustment level. At the top level, the
parameter adjustment level adaptively modifies
control parameters when the running road condition
is changed. At running level, eight SMISes automatically switch according the condition of running car.

SS, Sp,1

FITNESS FUNCTION
To choose the ideal threshold value parameters, a
trade-off is assumed between ride comfort and stability.
Therefore, the fitness function is chosen as:

MS, SM,1



þ RMSð ’ Þ þ

r, r
X



!ij RMSð z uij Þ:

i¼f, j¼l

Parameter
adjustment

(ksky, kpd)

SS

MS

SS, Sp,1





FitnessðtÞ ¼ RMSð z Þ þ RMSð  Þ

Parameter
adjustment
level
Running
level

AS, SA,8

AS, SA,2

AS, SA,1

ð35Þ

MS, SM,2

SS, Sp,8

MS, SM,8

Control output
MR semi-active suspension system

Road input

Figure 7. HSICler for MR suspension.
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¼ 0:1, !fl ¼ !fr ¼ !rl

CROSSOVER AND MUTATION
The crossover operators used here are one-cut-point
crossover by convex crossover. After generation of
diverse offspring by crossover operation, the orthogonal
arrays of Taguchi method are used to study the nine
parameters of HSIC controller with a small number of
experiments (Figure 10). In this work, a two-level
orthogonal array L12 ð211 Þ is used. The L12 ð211 Þ represents 12 columns and 11 individual experiments
corresponding to 11 rows; only the first nine columns
are used, and the other two columns are ignored.
The best level for each gene is determined from two
chromosome chosen randomly at each run by orthogonal experiments with 16 times. Once the optimal level
of each gene is selected, one can obtain the optimal
chromosomes.
The mutation operator used in this article is
convex combination. The parameters used in the
simulation of the HTGA are population size ¼ 150,
mutation probability ¼ 0.3, crossover probability ¼ 0.1.
After 100 generations, the optimized parameters are
shown in Table 2.

FORMULATION OF THREE REPRESENTATIVE
CONTROL SCHEMES
So far, a variety of approaches have been proposed in
the literature for the control of semi-active suspension.
As comparison of HSICler, three model-free semi-active
control algorithms have been formulated, including
skyhook control, hybrid control, and fuzzy logic
control. To develop the three controllers, the popular

quarter-car model is adopted and derived from the
full-car model in Figure 5. A full-car model consists of
four independent quarter-car models corresponding to
four corners of full vehicle, respectively. Therefore, four
independent controllers need to be designed. Taking
fore left suspension model as an example, the three
representative controllers are formulated in the
following.
Output of decoupling
Damping forces to
depress vertical
Vibration
damping forces to
depress pitch motion

1

1

1

1

−a
w

−a
w

b
w

b
w

Damping forces to
depress roll motion

2
w

2
w

2
w

2
w

2

2

2

2

ϕ

z
z

ϕ

wi 2

ϕ

θ
θ

θ

Characteristic
memory

e
A
Error
information

λ
e

...

Fdrr

3

2.8
0

20

40

60

80

Generations
Figure 10. Convergence trends of fitness function values.

Double mapping of
information process

fij

yi1 (Hold Skyhook and PD)

R

Fdrl

3.2

Multimode
contol
Ω

Fdfr

3.4

wi 1

...
wir

Fdfl

3.6

Characteristic
identification

z

−1

Figure 9. The generating course of control mode.

Fitness function values

In this study,  ¼ 0:4,  ¼ 0:2,
¼ !rr ¼ 0:075.

yi2 (Hold Skyhook and PD)
...
yir (Hold Skyhook and PD)

Figure 8. Double mapping relation of HSIC in control and decision.

Downloaded from jim.sagepub.com at PENNSYLVANIA STATE UNIV on September 18, 2016

Control
output

Fd

100

780

X. M. DONG

ET AL.

Table 2. Initial parameters and optimized parameters.

Initial parameters
Lower limit
Upper limit
Optimized parameters

Csky–z

Kp–z

Kd–z

Cskyu

Kpu

Kdu

Cskyu

Kpu

Kdu

2000
1000
4000
3210.0

1000
750
2000
1324.2

1500
1000
3000
2515.1

1000
800
2000
1400.0

700
500
1500
842.5

750
500
1500
1210.7

1000
800
1500
1311.4

500
300
1500
756.3

750
500
1500
1058.5

Skyhook Damping Control
As a classical semi-active control approach, skyhook
damping control was first proposed by Karnopp
in 1973. The control strategy is adopted widely to
control semi-active suspension through numerical
and experimental research. The approach supposes the
sprung body is connected to a virtual sky by a damper.
The skyhook control law is mathematically
described by:
(


Gsky zfl zfl ðzfl  zufl
Þ40
Fdflsky ¼
:
ð37Þ
 

0 zfl ðzfl  zufl Þ 0
Hybrid Control

R1l ¼ Ai  Un \ Bj  Un ¼ R1Al \ R1Bl ,

The hybrid control approach is a combination of a
skyhook control approach and a groundhook control law.
The goal of hybrid control approach is to provide direct
control of both the sprung and unsprung bodies.
Ahmadian et al. studied the control policy (2002,
2006). The results indicated that hybrid control could
offer benefit to both the sprung mass and the unsprung.
If the groundhook control law can be written as:
(
Fdflground ¼

employed to design a controller for vibration isolation
and to compare with others.

The sprung mass velocity zsfl , unsprung mass velocity



zusfl , and relative velocity (zsfl zusfl ) between them are
the input variables of the fuzzy controller while the
damping force Fdfl is its output. Ai, Bj, Ck (i, j, k ¼ 1–5)
are the fuzzy subsets of three input variables (Vsfl, Vufl,
Vrelfl) with value (NB, NS, ZE, PS, PB). Their membership functions figure is shown in Figures 11 and 12.
The fuzzy subset of output variables is Un (n ¼ 1–5) with
value (NB, NM, NS, ZE, PS, PM, PB). The fuzzy control
rules (shown in Tables 3 and 4) are based on skyhook and
groundhook strategies in order to improve ride comfort
without sacrificing driving stability.
Execution of rules in Table 3:



Gground zufl
0







zufl ðzfl  zufl Þ



zufl ðzfl


 zufl Þ40

0

: ð38Þ

ði, j, n ¼ 1, 2, . . . , 5,

Execution of rules in Table 4:
R2l ¼ Ci  Un \ Bj  Un ¼ R2Cl \ R2Bl ;
ði, j, n ¼ 1, 2, . . . , 5,

Usfll ¼ Vsfl0 R1Al \ Vrelfl0 R1Bl ,
25

Fdflhybrid ¼ Fdflsky  ð1  ÞFdflground :

l¼1

ð39Þ

l ¼ 1, 2, . . . , 25

ð42Þ

l ¼ 1, 2, . . . , 25:

ð43Þ

Controlled variables are executed by rules in Table 4:
Uufll ¼ Vufl0 R2Cl \ Vrelfl0 R2Bl ,

Fuzzy Logic Control

ð41Þ

l ¼ 1, 2, . . . , 25Þ:

For one input (Vsfl0, Vrelfl0, Vufl0), controlled variables
are executed by rules in Table 3:

Usfl ¼ _ Usfll ,

Then the equation for hybrid control law is:

ð40Þ

l ¼ 1, 2, . . . , 25Þ:

l ¼ 1, 2, . . . , 25

ð44Þ

25

Uufl ¼ _ Uufll :

ð45Þ

l¼

Due to nonlinearity and uncertainty of MR suspension, fuzzy logic control independent of model is
also adopted. It is switchable for real-time application
because of these reasons. The idea of fuzzy logic control
imitates human intelligence in the learning and decisionmaking process. Instead of using very tedious
digital manipulations, fuzzy logic adopts linguistic
variables or human languages to describe the quantity
and measurement, and to classify them in terms of
levels. In this study, a fuzzy logic control algorithm is

The defuzzification used for this research is the weighted
average method. The last controller output is given by
Equation (46):
P
P
 7n¼1 Un ðUsfl Þ Un þ ð1  aÞ 7n¼1 Un ðUufl Þ Un
Fdfl ¼ K
P
P
 7n¼1 Un ðUsfl Þ Un þ ð1  aÞ 7n¼1 Un ðUufl Þ
ð46Þ
where K is output factor,  is adjust factor, and 0
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NS

NB

ZR

PS
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where YðnTÞ is correction matrix that is obtained by
self-learning online; m is a factor of proportionality.

PB

1

NUMERICAL SIMULATION AND RESULTS

0.5

0
−1

−0.8 −0.6 −0.4 −0.2

0

0.2

0.4

0.6

0.8

1

Figure 11. Input membership function.

NB
1

NM

NS

ZR

PS

PM

PB

−2

−1

0

1

2

3

0.5

0
−3

Figure 12. Output membership function.

Table 3. Control rules based on skyhook.
Vrel
Vs
NB
NS
ZE
PS
PB

NB

NS

ZE

PS

PB

PB
PM
PM
ZE
ZE

PM
PS
PS
ZE
ZE

PS
ZE
ZE
ZE
NS

ZE
ZE
NS
NS
NM

ZE
ZE
NM
NM
NB

Table 4. Control rules based on groundhook.
Vrel
Vu

NB

NS

ZE

PS

PB

NB
NS
ZE
PS
PB

ZE
ZE
NM
NM
NB

ZE
ZE
NS
NS
NM

PS
ZE
ZE
ZE
NS

PM
PS
PS
ZE
ZE

PB
PM
PM
ZE
ZE

An adaptive adjustor is designed to correct the output
force in real time. The performance of semi-active
suspension will be optimal by continuous modification
and feedback. If n is the number of samples and T is
sampling interval, then controller output sequence can
be given as follows:
F 0dfl ðnTÞ ¼ Fdfl ðnTÞ þ m  YðnTÞ,

m 2 ½0, 1

ð47Þ

In this section, the performance of the semi-active
output feedback of the above four controllers applied to
the full-vehicle dynamic mode with four MR damper
is evaluated. The nominal model parameters for full-car
model are shown in Table 5.
Once the desirable damper force is obtained according
to the above designed controllers, the control of input
current to achieve the desirable damper force is
determined from Equation (4), where the desired
damper force vector Fd to be tracked is set by the
motion schema in Equation (15), skyhook control
damping force in Equation (37), hybrid control
damping force in Equation (39), or fuzzy logic
control damping force in Equation (46), respectively,
then applied to the MR dampers. Due to the actual
constraint of the input current to the MR damper, the
input current is restricted within 0 and 1.5 A in
this study. The block diagram for the semi-active
controllers of full-vehicle model with four MR dampers
is depicted in Figure 13. It can be seen that the desired
damper forces are calculated from the designed controllers, which are equal to the active control force, then
this desired force is approximately realized by the MR
damper with an appropriate input current using
Equation (4).
In order to equally evaluate the four semi-active
control policies, the proposed HTGA above is also
applied to tune the control gains of the three representative control strategies. Consequently, Gsky equals
2540 Ns/m, Gground equals 2830 Ns/m, a equals 0.73.
Now, to validate the control performance characteristics of above four control strategies, numerical
simulation of the full-car suspension system under
various roads and vehicle speeds are carried out
in MATLAB and SIMULINK using a fourth order
Rung–Kutta integration scheme. The numerical
conditions consist of bump road at speed of 30 km/h,
and both B class road and D class road at speed of
40, 60, and 80 km/h. The dimensions of bump road
are determined by measuring the actual speed bump in
Figure 14. The random road inputs of two fore wheels
have the road power spectral density (Zhao and Lu,
1999):
 w
n
Gxr ðnÞ ¼ Gxr ðn0 Þ
:
ð48Þ
n0
If the vehicle velocity is v0 , then the delay time of the rear
wheel excitations compared to fore wheel excitations is
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Table 5. Simulation parameters of saloon car.
Parameter

Value

Parameter

Value

Parameter
ktfl ; ktfr ;
ktrl ; ktrr
cfl ; cfr
crl ; crr
Hc

ms

745.2 kg

kfl ; kfr

30,000 N/m

Ixx
Iyy
mufl ; mufr
murl ; murr

375.2 kgm2
768.8 kgm2
25.35 kgm2
68.8 kgm2

krl ; krr
w
a
b

32,500 N/m
1.277 m
1.1161 m
1.2319 m

Bump input or
random road input
Actual
damping
Full vehicle model
forces

Four MR dampers

Value
181,000 N/m
1039.7 N/m/s
2638.0 N/m/s
0.37 m

z, q, j, zufl, zufr, zurl, zurr, etc.

Input currents
Four MR dampers
reverse model

Desired damping forces

The skyhook, hybrid,
fuzzy and HSIC
controllers

Figure 13. Block diagram of semi-active controllers for full vehicle suspension model with four MR dampers.

ν = 30 km/h
320 mm

50 mm

Figure 14. Speed bump excitation profile.

t ¼ l=v0 ¼ ða þ bÞ=v0 . Thus, the time serials of four
wheels road model with D class road at speed of 80 km/h
via simulation are shown in Figure 15 according to
Equation (48).
In this study, the characterization in terms
of acceleration would be an appropriate index for
four control schemes, since the human body or sprung
mass is sensitive to inertial forces. The ratio of the
root mean square (RMS) reduction of the response
acceleration using control scheme to the RMS of
the response acceleration with passive suspension
system is used as a performance index to evaluate
the comparison of vibration isolation performance. This
is defined by:




pass

semi

RMSð x Þ  RMSð x Þ
TR ¼



RMSð x Þ
pass

 100%:

ð49Þ

The time histories of vehicle body vertical acceleration
and pitch angular acceleration under bump input
at vehicle speed of 30 km/h are shown in Figures 16
and 17. Some peak-to-peak values including heave
acceleration, pitch angular acceleration, fore suspension
deflection, and rear suspension deflection are given
in Table 6.
It is well-known that the first peak-to-peak acceleration value has great influence on a human’s ride
comfort when a car runs across a speed bump.
To evaluate the responses under the speed bump
input, the ration of peak-to-peak acceleration reduction with four semi-active control schemes to the
peak-to-peak acceleration with passive suspension
system is calculated in Table 6. In this table, a
positive percentage means performance improvement
is achieved, whereas a negative percentage denotes
performance is worsened. It can be seen that the MR
suspension with four designed controllers can depress
the peak-to-peak vertical or angular acceleration
compared with passive one. However, the MR
suspension system with four designed controllers will
degrade the suspension deflection. Among the four
designed control strategies, the first peak-to-peak
acceleration of the MR suspension with HSICler is
reduced by over 25% compared with passive ones.
In addition, the responses of the sprung mass
acceleration and unsprung mass acceleration are
shown in Figures 18 and 19. For brevity, only the
responses of the acceleration power spectral density
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Figure 15. The random road input time serials of two fore wheels.

12
Passive
Skyhook
Hybrid
Fuzzy
HSIC

Vertical acceleration (m/s2)

10
8
6
4
2
0
−2
−4
−6
−8
1.8

1.9

2

2.1

2.2

2.3

2.4

2.5

Time (s)
Figure 16. The time history of vertical acceleration of body under
bump input at vehicle speed of 30 km/h.

Passive
Skyhook
Hybrid
Fuzzy
HSIC

Pitch angle acceleration (rad/s2)

10

5

0

−5

−10
1.8

be seen that the semi-active suspension systems via
all the four control strategies have good performance
in sprung mass acceleration, pitch angular acceleration, and roll angular acceleration compared to that of
passive suspension system. Noteworthy, the semi-active
suspensions with fuzzy logic controller, hybrid controller or HSICler will also improve the performance of
unsprung mass but not the skyhook controller in
Figures 18 and 19. Considering the human sensitive
frequency range 4–8Hz, the semi-active suspension
system via HSICler can achieve the best improvement
in ride comfort of all four designed controllers. On the
other hand, the semi-active suspension system with
HSICler can only have a moderate effect on depressing the vibration of tire compared with that with
fuzzy logic controller.
When the vehicle speed is increased, the vibration
of vehicle becomes more violent. Compared to passive
suspension system, the semi-active suspension system
with all four controllers can also depress the vibration
of vehicle body. The semi-active suspension system
with skyhook controller or hybrid controller will
degrade the performance of unsprung mass except
for that with fuzzy logic controller or HSICler.
Of all four designed controllers, the HSICler
can achieve the best ride comfort and stability.
When the road is changed from class B road to class
D road, results similar to those on class B road can be
achieved.

CONCLUSION
2

2.2

2.4

2.5

Time (s)
Figure 17. The pitch angular acceleration time history of body under
bump input at vehicle speed of 30 km/h.

(PSD) at speed of 80 km/h on B class road are
presented. Other root-mean-square (RMS) values of
the responses are given in Figures 20–23 considering
the frequency weighting from 0 to 50 Hz. It can also

In this study, a new model-free control algorithm
is
proposed
based
on
full-vehicle
dynamic
model. Together with three represented modelfree semi-active control algorithms that are formulated, all four designed controllers are applied to
the full-vehicle MR suspension model with four MR
dampers. The polynomial model of MR damper
is constructed through the experimental data.
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Table 6. Comparison of control performance under speed bumps.
Peak-to-peak
value of heave
acceleration (%)
14.40
1.70
7.34
25.01

Peak-to-peak
value of fore suspension
deflection(%)

14.95
3.10
15.82
25.00

Passive
Skyhook
Hybrid
Fuzzy
HSIC

102

101

100
10−1

Peak-to-peak
value of rear suspension
deflection(%)

7.17
2.93
3.95
3.95

4.34
3.14
1.35
1.65

26
RMS reduction of acceleration (%)

PSD of sprung mass acceleration ((m/s2)2/Hz)

Skyhook
Hybrid
Fuzzy
HSIC

Peak-to-peak
value of pitch angular
acceleration (%)

Heave and skyhook
Heave and hybrid
Heave and fuzzy
Heave and HSIC
Pitch and skyhook
Pitch and hybrid
Pitch and fuzzy
Pitch and HSIC
Roll and skyhook
Roll and hybrid
Roll and fuzzy
Roll and HSIC

24
22
20
18
16
14
12
10
8
6

10−2

40

50

60

70

80

90

100

Vehicle speed (Km/h)

10−3
100

101

Figure 20. The vibration acceleration reduction comparison of
vehicle body on B class road.

Frequency (Hz)

104

103

15
RMS reduction of acceleration (%)

PSD of unsprung mass acceleration ((m/s2)2/Hz)

Figure 18. The PSD of sprung mass acceleration under bump input
at vehicle speed of 80 km/h on B class road.

Passive
Skyhook
Hybrid
Fuzzy
HSIC

102

10

0
−5
−10
−15
−20
40

101

Fore unsprung mass and skyhook
Fore unsprung mass and hybrid
Fore unsprung mass and fuzzy
Fore unsprung mass and HSIC
Rear unsprung mass and skyhook
Rear unsprung mass and hybrid
Rear unsprung mass and fuzzy
Rear unsprung mass and HSIC

5

45

50

55
60
65
Vehicle speed (Km/h)

70

75

80

Figure 21. The vibration acceleration reduction comparison of fore
or rear suspension unsprung mass on B class road.
100
100

101
Frequency (Hz)

Figure 19. The PSD of unsprung mass acceleration under bump
input at vehicle speed of 80 km/h on B class road.

The performances of all the four designed controllers
are validated and compared by numerical simulation
on various road conditions and vehicle speeds. The
results demonstrate that the performances of the

resulting controlled system are highly dependent on
the control algorithm employed. Each controller
performed noticeably better than the passive controllers in some way. As for bump input, the peak-topeak acceleration values are achieved with HSICler.
Under random road, HSICler can also achieve great
improvement of ride comfort and stability. In a word,
the semi-active suspension system with HSICler
exhibits better comprehensive properties. The next
paper will examine issues related to actual road test

Downloaded from jim.sagepub.com at PENNSYLVANIA STATE UNIV on September 18, 2016

Formulation of Control Schemes and Numerical Simulation

RMS reduction of acceleration (%)

30
Heave and skyhook
Heave and hybrid
Heave and fuzzy
Heave and HSIC
Pitch and skyhook
Pitch and hybrid
Pitch and fuzzy
Pitch and HSIC
Roll and skyhook
Roll and hybrid
Roll and fuzzy
Roll and HSIC

25

20

15

10

5
40

50

60
70
80
Vehicle speed (Km/h)

90

100

Figure 22. The vibration reduction acceleration comparison of
vehicle body on D class road.

RMS reduction of acceleration (%)

15
10
Fore unsprung mass and skyhook

5

Fore unsprung mass and hybrid
Fore unsprung mass and fuzzy

0

Fore unsprung mass and HSIC
Rear unsprung mass and skyhook
Rear unsprung mass and hybrid

−5

Rear unsprung mass and fuzzy
Rear unsprung mass and HSIC

−10
−15
−20

40

45

50

55
60
65
Vehicle speed (Km/h)

70

75

80

Figure 23. The vibration acceleration reduction comparison of fore
or rear suspension unsprung mass on D class road.

and the robustness analysis of those semi-active control
algorithms.

NOMENCLATURE
¼ effective piston area
¼ inner radius of the cylinder
¼ width of damping path
¼ length of damping path
¼ viscosity of MR fluid
¼ yield stress caused by the applied
magnetic field
bi , ci ¼ coefficient obtained from the fitness
of experimental data
I ¼ MR damper input current
fMR ¼ the desired damping force determined by control strategy.
zfl , zfr , zrl , zrr ¼ fore left suspension spring mass
displacement, fore right suspension
spring displacement, rear left suspension spring mass displacement,
rear right suspension spring mass
displacement
AP
Rl
h
l

y

785

ms ¼ sprung mass
mufl , mufr , ¼ unsprung mass of fore left suspension,
murl , murr
fore right suspension, rear left
suspension, rear right suspension
Ixx , Iyy ¼ roll and pitch mass moment of inertia
kfl , kfr , krl , krr ¼ spring constants of the suspensions
.ktfl , ktfr , ktrl , ktrr ¼ stiffness coefficients of the tires
zfl , zfr , zrl , zrr ¼ vertical displacements of four
corners of vehicle body
zufl , zufr , zurl , zurr ¼ vertical displacements of unsprung
mass
z, , ’ ¼ heave displacement, pitch and roll
angular displacement
zrfl , zrfr , zrrl , zrrr ¼ road excitations
a, b ¼ distance between the front damper
and center of gravity (CG) of
sprung mass, distance between the
rear damper and CG of sprung
mass
cfl , cfr , crl , crr ¼ invariable damping coefficients of
four MR dampers
Fdfl , Fdfr , Fdrl , Fdrr ¼ controllable damping forces of four
MR dampers
z ,  , ’ ¼ threshold values
ksky ¼ skyhook damping coefficient
modification factor
Cskyz , ¼ skyhook damping coefficient
Csky’ , Csky
kpd ¼ proportional differential control
modification factor
Kpz , Kp’ , Kp ¼ proportional factor
Kdz , Kd’ , Kd ¼ differential factor
RMSðas Þ,
RMSða0 Þ ¼ root mean square vertical acceleration of car body during a period
of time
a0 ¼ reference vertical acceleration of car
on B grade road at 60 km/h.
 ¼ a random number and
 2 f0:1, 0:2, 0:3, . . . , 1g
xi ¼ initialization chromosomes
ui , li ¼ upper limit and lower limit of xi
a ¼ weighting factor
T ¼ simulation time
Fdflsky ¼ skyhook damping force

zfl ¼ sprung mass velocity of fore left
MR suspension

zufl ¼ unsprung body velocity
Gsky ¼ skyhook gain
Gground ¼ groundhook gain
Fdflsky ¼ skyhook damping force
Fdflground ¼ groundhook damping force

x ¼ RMS of acceleration of passive
pass
suspension system

x ¼ RMS of acceleration of MR sussemi
pension system
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