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Abstract. Vehicle suspension is one of the important components to reduce vibration from the
road. The vehicle seat suspension acts as another component to provide ride comfort, especially
to reduce driver fatigues for long hour’s driving. In this paper, the ride comfort is therefore studied
based on the integrated suspension model which includes vehicle chassis suspension, seat
suspension and driver model. A four-DOF mathematical model is presented. The hydraulic
actuator is introduced as well. Three controllers, including skyhook damper control, slide model
control (SMC) and fuzzy logical control (FLC), are applied to the semi-active/active suspension
with passive seat suspension. To improve the ride comfort further, combination the best
performance of ride comfort from active chassis suspension, the semi-active seat suspension is
then designed. The ride performance is evaluated based on driver deformation and acceleration.

Keywords: semi-active suspension, active suspension, ride performance, integrated suspension.
1. Introduction

Suspension system is one of the important components to connect a vehicle and its wheel. It
contributes to the car’s handling, braking for good active safety, driving pleasure as well as
keeping vehicle occupants comfortable. Additionally, vibration transmission is reasonably well
isolated by the suspension system [1]. However, the passive suspension spring and damper are not
able to provide enough energy to the suspension system. In other words, they cannot produce
relative motion between the body and tire. Therefore, the semi-active/active suspension system
has been investigated to provide promising performance for the suppression of vehicle body
vibrations. The active chassis suspension has a potential to improve the ride comfort and handling
of passenger. That is the reason why there are many researchers to study it.

In order to improve the ride characteristics, many control strategies were proposed to control
the active chassis suspension. LQR control scheme was used by Sam to compare the ride
performance between the passive and active suspension [2]. A backstepping controller was
designed by Kalsson based on the quarter car model [3]. Time delay controller (TDC) with LQR
was presented by Xuan [4]. In his paper, the quarter car model is made based on the ADAMS
model. The actuator model was described as well. Fuzzy controller was applied to the quarter car
model to improve the characteristics of ride in Barr’s paper [5]. Sliding model controller with
disturbance observer was developed by Deshpande to estimate the uncertainties and unknown road
disturbance so as to improve the ride comfort [6]. H,, controller was employed to reduce the
vibration disturbance [7]. A novel control system, impedance control, was developed to control
behavior of the vehicle subject to road disturbances [8]. The ride comfort performance with
different active control strategies based on the quarter car model was studied by Mantars [9].

Seat suspension servers as another component to provide driver ride comfort and to reduce
driver fatigue especially long hour driving or exposure to server working environment. Therefore,
many researches pay much attention to the seat suspension. MR seat damper was designed to
reduce vibration for commercial vehicle by Choi [10]. Tiemessen gave an overview of strategies
to reduced body vibration [11]. Sun investigated the problem of H, control for active seat
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suspension [12]. In Du’s paper, although the integrated chassis suspension with driver body was
presented, the seat suspension is only controlled by linear matrix inequalities with passive chassis
suspension system [13].

In the literatures, most of the current studies concerning ride performance of chassis and seat
suspension, both are separately studied to improve the performance of ride comfort. Integrated
vehicle suspension studies are neglected; especially ride comfort comparison studies of integrated
suspension are few.

In this work, four-DOF mathematical models are firstly presented including the vehicle chassis
suspension, seat suspension and driver body. Based on the passive seat suspension, semi-active
chassis suspension with sky-hook controller, active chassis suspension with FLC and SMC are
separately employed to reduce the vertical vibration of driver body. Comparing the performance
of ride comfort, the best one is chosen as basic. Then the semi-active seat suspension is designed.
The standard LQR controller is considered to control semi-seat suspension with ideal model of
electro-rheological damper (ER).The driver body acceleration is used to evaluate the performance
of ride comfort. The active suspension system is decomposed into two loops. The desired force
signal is calculated at the outer loop. For simplicity, the PID controller is then used to design the
force controller with hydraulic actuator in the inner loop such that the desired force signal is
achieved in a robust manner.

2. Modeling
2.1. Modeling of integrated vehicle suspension model

This section is to describe the integrated vehicle seat suspension model, which includes a
quarter-car chassis suspension model, a seat suspension model and a driver body model.
Mathematical model is built to analyze different semi-active/active suspension control strategies
with/without semi-active seat suspension (Fig. 1).
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Fig. 1. Integrated car suspension, seat suspension and driver body model: a) passive integrated vehicle
suspension without any controller, b) controlled vehicle chassis suspension with passive seat suspension,
¢) controlled integrated vehicle suspension
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Integrated suspension model is connected by spring and dampers. m,, is the unsprung mass
which represents the wheel assembly. mg is the sprung mass which represents the vehicle chassis.
my is the seat frame mass and m,, is the driver body mass. z,, z,, z¢ and z, are the displacements
of the corresponding masses, respectively. z, is the road displacement input. ¢ and kg are
damping and stiffness of vehicle suspension system, respectively. c¢; and k; stand for
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compressibility and damping of the pneumatic tire, respectively. cgg, C¢, ks and k. are damping
and stiffness of seat suspension and seat cushion, respectively. u; and uy represent the active
control force applied to the vehicle suspension and the seat suspension.

It is assumed that only the vertical motion of vehicle is concerned in the paper. The driver
body model is assumed to be a rigid dummy mass which is rigidly contacted with the seat. Without
loss of generality, the actuator is assumed to be an ideal force generator of seat suspension.

The equations of motion for integrated suspension systems are given by:

myZ, = —ki(z, — z,.) — ¢ (2 — 2,) + ks(zg — z,) + cs(Zs — Z,,) + U, )
msis = _ks(zs - Zu) - CS(ZS - Zu) + kss(Zf - Zs) + Css(zf - Zs) —Us + uf! (2)
meZy = —kss(zf - ZS) - css(z'f - z's) + kc(zb - zf) + cc(z'b - z'f) — Uy, 3)
myz, = _kc(zb - Zf) - CC(Zb - Zf)- “

According to the above equations, the state space model of chassis suspension and seat
suspension are separately developed as two functions:

):(US = AUSXUS + BUSuS + CUSuf + DUSd’ (5)

Xss = AsXss + BgsZs + Cssuf' (6)
where vs is vehicle chassis suspension, ss is seat suspension:
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2.2. Road disturbance and hydraulic actuator system

The most road surface disturbances, including bumps, dips and small discontinuities, have
been studied. In order to evaluate the performance of suspension on a typical road, an analytical
model for the road input is developed based on the power spectral density (PSD) typical road. The
international organization for standardization (ISO) has a series of standards of road roughness
classification using power spectral density (PSD) values (ISO1982). According to the ISO, the
road displacement P.S.D can be described as:

G(n) = G(ny)(n/ne)™. @)
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Here, n is the spatial frequency (m™1), n, is reference spatial frequency, ny = 0.1m™1. G(n)
is the road displacement P.S.D, G (n,) is the road roughness coefficient, and w is the linear fitting
coefficient, which determines the frequency structure of road spectrum, where, w = 2. The spatial
spectral density can be transformed into time spectral density G, (f):

Gq(f) = Gq(no)nfzj V/fzi (8)

where f is time frequency.

Since the road input speed power spectrum is a constant within the entire frequency range, that
is, white noise [14]. Therefore, a random road roughness profile can be obtained by the white
noise passing a shaping filter. The detail calculation of time domain model of road roughness
excitation refers to the papers [14, 15]. In this paper the road is considered as Gaussian white noise
for requirements of ride comfort. A road velocity can be constructed by passing a white noise
through a low-pass filter. Mathematic modeling of road surface is given by [16]:

Z, = =21 fyz,(t) + 21,/ GoVw(t), ©)

where z,.(t) is road random power, G, is road roughness coefficient, V is vehicle velocity, f, is
lower limit cutoff frequency of filter and w(t) is Gaussian white noise.

It is assumed that the hydraulic actuator consists of an electrical spool valve and a hydraulic
cylinder. The force function of linear electro-hydraulic actuator is expressed as [4]:

. _APApk,  4BAZ G2y 4B (k, + L)

10
a AT 7 far (10)

where k is the fluidic gain for the electrical servo, k, is the fluidic pressure constant.
The spool valve displacement x,, is expressed as:
1 kg,k
X, =——x, + S;’ v, (11)

v a

where kg, is the valve gain, k, is the servo amplifier gain, v is the input voltage. k,, is valve
coefficient, P is supply pressure, A, is the piston area, L is the fluid leakage coefficient, I/, is the
volume, S is the volumetric elastic coefficient.
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Fig. 2. Controller architecture
3. Controller design

The controller architecture of active chassis suspension is decomposed into two loops in Fig. 2.
The red dashed line is inner loop that tries to keep the actual force close to the desired force. The
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green dashed line is the main loop that the desired force signal is calculated. The dashed lines in
black color represent the mechanical signal. A fully benefit of this architecture is that the inner
loop can be directly utilized for the outer loop controller design.

One electro-hydraulic actuator is installed between unsprung and sprung masses, and another
electro-hydraulic actuator is placed between the cabin floor and the seat frame. The effect of the
actuator dynamics from seat suspension is neglected and the actuator is assumed to be an ideal
force generator. PID controller is applied to actuator as an inner control loop so that actuator can
track its desired force. We assume that the system does not have parameter uncertainties and
measurement noises.

3.1. Sky-hook control

Skyhook damping control, introduced in 1974 by Karnopp et al. [17], is one of the most
popular and implemented controllers for the semi-active suspension in commercial applications
because it can dissipate system energy at a high rate. The basic idea of skyhook damping control
is to link the vehicle body sprung mass to the stationary sky by a controllable ‘skyhook’ damper,
which could generate the controllable force of fgxyno0x and reduce the vertical vibrations from the
road disturbance of all kinds [18]. The original work uses only one inertia damper between the
sprung mass and inertia frame. The skyhook control is applicable to both semi-active systems as
well as to active systems. In this study, on-off skyhook control is implemented because of simple
and better suiting for the industrial application. This strategy indicates that if two velocities Z; and
Z, are in the opposite directions, the damping force should be at the minimum value to reduce
body acceleration. The damper force in the skyhook subsystem is calculated by the skyhook
working principle. The semi-active skyhook control law is:

Ch A
. . ard S
(Chard(zs - Zu), <= P

Co Zs — 2y
Cso t Zs Chard
Ufa = COZS' ! < B . < ] (12)
Co Zy — Zg Co
. . Zs Csoft
Csoft(Zu - Zs); 7 —< ’
Zy — Zg Co

where ¢, is the nominal damping coefficient selected by the designer, ¢, f¢ is minimum value of
damping coefficient, Cpqrq is maximum value of damping coefficient, 55 < o < Cpgrq. The
relative velocity Z; — Z,, is obtained by integrating the measured relative acceleration between the
sprung mass and the unsprung mass, since the accurate measurement of the absolute vibration
velocity of body Z; on a moving vehicle is very different to measure.

3.2. Slide model control

Sliding mode control theory has been applied in numbers of nonlinear systems because of its
robust features. A sliding mode control can be used to handle system nonlinear behavior, mode
uncertainty and external disturbance, thus it is applicable to the control of active suspension.
Designing a sliding mode control is to consider the nonlinear tether system as the controlled plant,
therefore defined by the general state-space in equation as:

x=f(x,ut), (13)
where x € R™ is the state vector, n is the order of the nonlinear system, and u € R™ is the input

vector, m is the number of inputs.
s(e, t) is the sliding surface of the hyper-plane, which is given in Eq. (14). Its aim is to hold
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the system motion on a sliding surface of s:

n-1

s(e,t) = {x:6(x,t) =0} = (% + /1) e. (14)

In order to obtain a stable solution of the system, it must stay on this surface, i.e. 6(x,t) = 0,
A is a positive constant referred to as the sliding surface slope which strongly affect the rate of
error convergence. The detailed design processes could be found in [19].

3.3. Fuzzy logic controller design

Fuzzy control, developed by L. A. Zadeh [20], is a practical alternative for a variety of
challenging control applications since it provides a convenient method for constructing nonlinear
controllers via the use of heuristic information. The fuzzy logic control’s rule-base comes from an
operator’s experience that has acted as a human-in-the-loop controller. It actually provides a
human experience based on representing and implementing the ideas that human has about how
to achieve high-performance control. The synthesis of FLC can be designed in accordance with
four steps: 1) a fuzzification interface, 2) an “if-then” rule-base, 3) an inference mechanism and
4) a defuzzification interface. The active control of suspension is constructed by using fuzzy
reasoning shown in Fig. 3. The velocity and acceleration of the sprung mass are inputs of fuzzy
controller. The output of the controller is force from actuator. Here, e is the velocity error of
sprung mass, ec is the derivative of e.

sensor

Reference

Inference i
Mechanism 1! B |
(Mamdani
Method)

Velocity

—>
Outputs

Fuzzy controller
Fig. 3. Fuzzy logic control workflow diagram of vehicle suspension system

q ! I 1 1 1 1 1
1 NL NM NS ZE PS PM PL
=3
-=
[
@
-=
H
0.5 |— —
o
[=]
3
e
7]
<
[=]
0
1 1 1 1 1 1 1
-6 -4 2 0 2 4 6
E

Fig. 4. Triangular-shaped membership functions for FLC controller

The first step in making a fuzzy logic control is to map variable from practical space to fuzzy
space. In other words, a fuzzification interface converts controller inputs into information (fuzzy
set) so that the inference mechanism can easily use to active and apply rules. A numerical value

3704  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2014, VOLUME 16, ISSUE 8. ISSN 1392-8716



1453. COMPARISON OF THE RIDE PERFORMANCE OF AN INTEGRATED SUSPENSION MODEL.
Y ANGHAI NAN, CHAO DENG, WEI SHI

of input is to be fuzzied so that the fuzzification of the input becomes a membership function to
be evaluated. The triangular—shaped membership function is selected, because they are very basic
and widely used. The universe of discourse for the both input variables is divided into seven grades
based on the following linguistic variables, negative large (NL), negative middle (NM), negative
small (NS), zero (ZE), positive small(PS), positive middle (PM), positive large (PL) in a range of
[-6-6]. The membership functions of positive, negative are selected so that they cover large
bounds of uncertainties. While defuzzification is a mapping from the fuzzy control actions (fuzzy
space) into a space of the non-fuzzy control action (practical space). In the FLC for active
suspension system, the seven elements in the fuzzy sets for one output of FL are applied as well
which are the same as inputs of Error (e) and Error-in-Change (ec). The used membership
functions for the fuzzy control are triangular for the input and output variables, respectively, see
Fig. 4.

The relationship between two inputs of the Error (e) and Error-in-Change (ec) with one output
of the active control force (u) are defined by the rule base. The fuzzy control rules are designed
by a collection of if-then rules. A rule-base contains a fuzzy logic quantification of the expert's
linguistic description of how to achieve good control. In other words, the “if-then” rule-based is
employed to describe the experts’ knowledge. The relationship between 2 inputs of the error (E)
and the change in error (EC) with 1 output of the active control force (U) can be defined by the
FLC rule-based could map, which presents mapping of fuzzy rules in the control space. The FLC
rule-base is characterized by a set of linguistic description rules based on conceptual expertise
which arises from typical human situational experience. Using the linguistic variables, the 49
fuzzy rules are defined based on the human situational experience. The rule-based for the ride
comfort of the four-DOF suspension system is shown in the format of a lookup Table 1, which
came from previous experience gained for the active force control during body acceleration
changes for ride comfort. By using basic engineering sense, these rules are developed. Briefly, the
main linguistic control rules are that the body acceleration is a propositional function of
suspension actuator force. In other words, the active force is increased with body acceleration
increasing, vice versa. The type of fuzzy control rules are: If E is NL, EC is NL then U is PL.

Table 1. 2-in-1-out FLC rule table for active suspension

U EC

NL NM NS ZE PS PM PL

NL PL PL PM PS PS PS ZE

NM PL PM PS PS PS ZE NS

NS PM PS ZE ZE ZE ZE NM
ZE PM PS ZE ZE ZE NS NM
PS PM PS ZE ZE ZE NS NM

PM PS ZE ZE ZE ZE NM NL

PL ZE NS NS NS NM NL NL

Note: N: negative, P: positive, L: large, M: middle, S: small, ZE: zero

=

FIS of FLC

Mamdani
method

49 rules

u

—

EC
Fig. 5. 2-inputs-1-out FLC inference system
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An inference mechanism emulates the expert’s decision making in interpreting and applying
knowledge about how the best to control the plant. In this paper, the input variables to the fuzzy
control are velocity and acceleration of chassis suspension, the Fuzzy Inference System (FIS) of
Mamdani-type inference for the FLC is selected to defuzzificate output shown in Fig. 5. A detailed
analysis and description of the fuzzy logic control of suspension systems can be found

n[l,5, 19].

4. Numerical simulations

In the first subsection, three control strategies are used to the chassis suspension system
combination of passive seat suspension system. The ride comfort performances are compared. The
best performance is chosen as basic. Then the semi-active seat suspension is designed combination
the best performance of active suspension in the second subsection. The parameters used in the
simulations are listed in Table 2.

Table 2. Parameters of vehicle model

Mass (kg) | Damping coefficient (Ns/m) | Spring stiffness (N/m)
m, | 36 C; 400 K; 160000
mg | 240 C 1400 K 16000
ms | 20 Css 1080 K 7414.86
my, | 70 C. 152.8 K. 8228.78

4.1. A quarter-car model with passive seat suspension

The four-DOF semi-active and active suspension is studied based on the skyhook controller,
SMC and FLC. The performance of ride comfort is compared. The vertical acceleration of the
human body is used to evaluate the performance of ride comfort.

2
— Passive
1+ Skyhook ||
N: SMC
@ o Fuzzy
- ot
-1 d N
-2 L L L
0 2 4 8 10
Time (sec)
a) Driver body acceleration
0.8
0.6 4
0.4 R
0'2 7 I I 7
0

Passive Skyhook SMC Fuzzy
b) RMS of vertical driver body acceleration
Fig. 6. Comparison driver body acceleration response with Skyhook, SMC vs. FLC control methods

The drive body acceleration is compared with passive, skyhook controller, SMC and FLC,
shown in Fig. 6. The root-mean-squire (RMS) acceleration is calculated as well to elaborate its
histogram displayed in bottom of Fig. 6. The driver body deformation is presented as well given
in Fig. 7. From the comparison results, the FLC has better performance in isolating road vibration
than the two other controller approaches. The Fig. 8 shows the phase plot, body velocity against
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body acceleration. Obviously, the FLC controller goes faster convergence which corroborates the
fuzzy active suspension system controllable steady-state. Therefore, the FLC active suspension is
selected as basic. Then the semi-active seat suspension is designed.

0.02
Passive
----- Skyhook
0.015 e SMC I
- Fuzzy

— 0.01
E
c
2 0.005
©
£
o
‘D 0
°
>
°
2 -0.005
qh, 4
2 v
a -0.01 N

-0.015 U

-0.02 ! ! ! !
0 2 4 6 8 10
Time (sec)

Fig. 7. Driver body deformation response with Skyhook, SMC vs. FLC control methods
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Driver body acclearation (m/sec 2)
o

-0.8

-0.1 -0.05 0 0.05 0.1 0.15
Driver body velocity (m/sec)
Fig. 8. Suspension system driver body response phase plot

4.2. A quarter-car model with semi-active seat suspension

In order to improve the further performance of ride comfort, the semi-active seat suspension
is designed based on the active suspension system (fuzzy controller). The stander LQR controller
is employed to the semi-active seat suspension. The LQR controller designed is not presented in
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this paper. The more details see in [4]. A quarter car models with a semi-active seat suspension
model and driver model are shown in Fig. 1(c). The parameters are the same in the Table 2.

2 : \

Passive chassis+seat suspension

= Fuzzy chassis+passive seat suspension

===+ Fuzzy chassis+LQR seat suspension
rd Y H

-2 L L L L
0 2 4 6 8 10
Time (sec)
a) Driver body acceleration
0.8 T
0.6 R
0.4 1
0.2 . i
Passive+passive seat Fuzzy+passive seat Fuzzy+LQR seat

b) RMS of vertical driver body acceleration
Fig. 9. Comparison comfort performance with respect to the passive system

10

—— Passive chassis+seat suspension
e Fuzzy chassis+passive seat suspension
Fuzzy chassis+LQR seat suspension

10°

PSD of driver body acceleration((m/sec 2)lez)
s

1

10’ 10
Frequency (Hz)
Fig. 10. Suspension system body acceleration response in frequency domain

The driver body acceleration under the white noise road disturbance is shown in Fig. 9. The
histogram is given as well in bottom of Fig. 9. It can be seen that the proposed control strategy
largely reduces the driver body acceleration compared to the passive system, and therefore,
achieves good performance of ride comfort. Fig. 10 shows the driver body acceleration amplitude
in frequency domain. It gives that all the state, FLC with passive seat frame and FLC with
semi-active seat suspension, can reduce at two of the key resonance peak points around 10° Hz. It
also shows that the FLC with semi-active seat suspension has the best control effects on 4-DOF
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suspension system compared with semi-active/active chassis suspension and passive suspension
system. The phase plot shows the FLC+LQR can converge quickly in Fig. 11. Fig. 12 shows that
the active control methodologies improve the ride comfort but the tire load is increased as well.

2 ‘ ‘ ‘ ‘ :
Passive chassis+seat suspension
"""" Fuzzy chassis+passive seat suspension
150 e Fuzzy chassis+LQR seat suspension
-
3
o 1r )
E
c
2
E 0.5+ A
(7]
®
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©
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2
& -0.5F -
2
S
o
At N
1.5 I I I 1 I
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Driver body velocity (m/sec)
Fig. 11. Suspension system body response phase plot
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9 250 i
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Q
E 200 8
©
c
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o
2
o 100 i
50 4
0

Passive+passive seat Fuzzy+passive seat Fuzzy+LQR seat
Fig. 12. Comparison root-mean-square of tire load

5. Conclusions

In this paper, the ride comfort of integrated suspension system is studied based on the
skyhook-damping, slide model control and fuzzy logic control. Firstly, the semi-active/active
chassis suspension is designed with passive seat suspension to improve the ride performance
employing skyhook damper, SMC and FLC. The best ride comfort performance is then chosen as
bases to apply the integrated suspension. Secondly, the integrated suspension, active fuzzy
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suspension with LQR semi-active seat suspension, is employed to improve the ride comfort
performance. Numerical simulations are used to compare the performance of the designed
controllers. The results show that the integrated suspension control can provide better ride comfort
performance. Integrated suspension controller method obtain the desired results, however, the
uncertainties are not considered in the paper, therefore, further study on the control of the
integrated model, considering more complex car models, for example, parameter uncertainties,
measurement noise and time varying parameters, will be conducted.

References

(1
2]
3]
[4]
[51

6]

(71
8]
191
[10]

[11]

[12]

(13]

[14]

[15]
[16]
[17]

(18]

[19]

[20]

3710

Nan Y. H., Xuan D. J., Kim J. W., Ning Q., Kim Y. B. Control of an active suspension based on
fuzzy logic. International Conference on Computer and Electrical Engineering, 2008, p. 303-307.
Sam Y. M., Ghani M. R. A., Ahmad N. LQR controller for active car suspension. TENCON 2000
Proceedings, Vol. 1, 2000, p. 441-444.

Karlsson N., Teel A., Hrovat D. A backstepping approach to control of active suspensions.
Proceedings of the 40th IEEE Conference on Decision and Control, 2001, p. 4170-4175.

Xuan D. J., Kim J. Z., Nan Y. H., Kim Y. B. Time delay force control for vehicle active suspension
system. Proceedings of the 26th Chinese Control Conference, 2007, p. 640-645.

Barr A. J., Ray J. L. Control of an active suspension using fuzzy logic. Proceedings of the 5th IEEE
International Fuzzy Systems, 1996, p. 42-48.

Deshpande V. S., Bhaskara M., Phadke S. B. Sliding mode control of active suspension systems
using a disturbance observer. 12th International Workshop on Variable Structure Systems, 2012,
p. 70-75.

Yamashita M., Fujimori K., Hayakawa K., Kimura H. Application of Hw to activesuspension
systems. Automatica, Vol. 20, Issue 11, 1994, p. 1717-1729.

Fateh M. M., Alavi S. S. Impedance control of an active suspension system. Mechatronics, Vol. 19,
Issue 1, 2009, p. 134-140.

Mantaras D. A., Luque P. Ride comfort performance of different active suspension systems.
International Journal of Vehicle Design, Vol. 40, Issues 1-3, 2006, p. 106-125.

Choi S. B., Ham M. H., Lee B. K. Vibration control of a MR seat damper for commercial vehicle.
Journal of Intelligent Material Systems and Structures, Vol. 11, Issue 12, 2000, p. 936-944.
Tiemessen L. J., Hulshof C. T. J., Fringsdresen M. H. W. An overview of strategies to reduce whole-
body vibration exposure on drivers: A systematic review. International Journal of Industrial
Ergonomics, Vol. 37, Issue 3, 2007, p. 245-256.

Sun W,, Li J., Zhao Y., Gao H. Vibration control for active seat suspension systems via dynamic
output feedback with limited frequency characteristic. Mechatronics, Vol. 21, Issue 1, 2011,
p. 250-260.

Du H., Li W., Zhang N. Vibration control of vehicle seat integrating with chassis suspension and
driver body model. Advances in Structural Engineering: an International Journal, Vol. 16, Issue 1,
2013, p. 1-9.

Chen X., Li G. F. Study of ride comfort of automobile semi-active suspension based on the interaction
of passenger vehicle road. International Conference on Computer Application and System Modeling,
2010.

Taghirad H., Esmailzadeh E. Automobile passenger comfort assured through LQG/LQR active
suspension. Journal of Vibration and Control, Vol. 4, Issue 5, 1998, p. 603-618.

Truscott A. J., Burton A. W. On the analysis, modeling and control of an advanced automotive
suspension system. International Conference on Control, Vol. 1, 1994, p. 183-189.

Karnopp D. C., Crosby M. J., Harwood R. A. Vibration control using semi-active force generators.
Journals of Engineering for Industry, Transactions of the ASME, Vol. 94, 1974, p. 619-626.

Savaresi S. M., Silani E., Bittanti S. Acceleration-Driven-Damper (ADD): An optimal control
algorithm for comfort oriented semi-active suspensions. ASME Transactions, Journal of Dynamic
Systems, Measurement and Control, Vol. 127, Issue 2, 2005, p. 218-229.

Chen Y. Skyhook surface sliding mode control on semi-active vehicle suspension system for ride
comfort enhancement. Engineering, Vol. 1, Issue 1, 2009, p. 23-32.

Zadeh L. A. Fuzzy sets. Information and Control, Vol. 8, 1965, p. 338-353.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2014, VOLUME 16, ISSUE 8. ISSN 1392-8716



1453. COMPARISON OF THE RIDE PERFORMANCE OF AN INTEGRATED SUSPENSION MODEL.
Y ANGHAI NAN, CHAO DENG, WEI SHI

Yanghai Nan received the B.S. degree in Mechanical Engineering Department from
Yanbian University, China, in 2006, and M.S. degree in Mechanical Engineering
Department from Chonnam National University, Korea, in 2008. Currently he works as
research engineer in University Libre de Bruxelles in Belgium. His research interests
include system dynamics and control, vibration control, offshore wind turbine modeling,
fault detection, fault tolerance control, and micro air vehicle robot mechanical design and
hovering control.

Chao Deng received the M.S. degree in Mechanical Design from China University of
Petroleum, China, in 2010, and received his Ph.D. degree in Automatics of Internal
Combustion Engine from Oreleans University, France, in 2013. He was a Project Engineer
in Schaeffeler, Luk France. His research interests include hybrid control system, system
identification, robust control design and application, modeling of combustion engine
system, suspension of vehicle system and data treatment.

Wei Shi received the B.S. degree in Mechanical Engineering Department from Yanbian
University, China, in 2006, and his Ph.D. degrees in Mechanical Engineering Department
from Pohang University of Science and Technology, Korea, in 2012. In 2013, he worked
as an assistant professor in Konkuk University in Korea. Currently he is a postdoctor fellow
at Norwegian University of Science and Technology. His research interests include
coupled simulation of fixed-bottom offshore wind turbine, ice loading on monopile and
spar wind turbine, dynamic analysis of floating wind turbine.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2014, VOLUME 16, IssUE 8. ISSN 13928716 3711




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


