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Tis paper presents research results on semiactive suspension using a fuzzy logic controller. Firstly, a full car model is built with 7
degrees of freedom using a semiactive suspension system at all four wheels.Te dynamic equations are converted to the state space
representation to facilitate control design and improve accuracy in simulation design. Ten, a two-layer parallel fuzzy logic
controller is designed with 49 and 25 rules for two fuzzy inference systems. In this way, the fuzzy logic controller is able to respond
to a wide operating range of the system and the output force is smoother. Finally, the evaluation results are performed in the
frequency and time domains with a real random road profle, and they showed that the root mean square value of the signals when
using a semiactive suspension system with the proposed fuzzy logic controller decreased by over 25% compared to the passive
suspension system. Tis clearly demonstrates the efectiveness of the proposed controller in improving the ride comfort, the road
holding and ensuring the suspension travel of cars.

1. Introduction

1.1. Background. Te suspension system is an important
component of automobiles. Te two main parts of the
suspension system include the elastic element and the
damping element (shock absorber) as shown in Figure 1.Te
elastic element can be a spring, a leaf spring or an air spring;
meanwhile, the damping element that quenches the car’s
vibrations can be passive dampers or controlled dampers
(magnetorheological: MR and electrorheological: ER) [1].

Based on the characteristics of the elastic and damping
elements, the suspension system is divided into three main
types: passive suspension, semiactive suspension, and active
suspension [2, 3]. For semiactive suspension, the dampers
can be controlled in real time to adjust the damping co-
efcient.Tis makes it possible to fexibly switch between the
two characteristics of the ride comfort and the road holding.
Research and experimental results have shown that because
the dampers perform the task of consuming vibrational
energy, the semiactive suspension system has a great balance
between the goal of improving the vibration quality of the

car and fuel consumption. Terefore, the semiactive sus-
pension system is widely used for passenger cars [4].

1.2. Related Works. Research on semiactive suspension
systems has been carried out by researchers for nearly
30 years in the main areas including perfecting dampers,
control algorithms, and car modeling.

(i) Dampers: in the study of semiactive suspension
systems, the characteristics of the dampers (MR,
ER) are of interest to many researchers [5–7]. For
MR dampers, it uses the physical properties of MR
fuids. When a magnetic feld is applied to the MR
fuid, the particles form chains, resulting in a change
in the viscosity of the fuid and a change in the
damping coefcient of the suspension system. Tis
type of damper allows diferent control methods to
be used to match the desired performance goals by
delivering the appropriate current [8]. Similar to
MR dampers, ER dampers are flled with ER fuids,
which is a mixture of oil and particles that are very

Hindawi
Shock and Vibration
Volume 2023, Article ID 7020462, 19 pages
https://doi.org/10.1155/2023/7020462

https://orcid.org/0000-0002-8680-2244
mailto:vvtan@utc.edu.vn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/7020462


small in size and sensitive to electric felds. Tere-
fore, the volume of the ER liquid changes with the
change of the electric feld, leading to a change in the
damping coefcient [7]. To simplify the research
process of the semiactive suspension system, the
modeling of these two types of dampers in linear
and nonlinear forms has been proposed [9, 10].

(ii) Control algorithms: in order to control the semi-
active suspension system, diferent control methods
have been studied and applied. Te frst research
studies that can be mentioned are the Skyhook,
Groundhook, and Hybrid control methods pro-
posed by Karnopp et al. [11] and then developed by
many researchers at a higher level and with better
efciency [12, 13]. Te fuzzy logic control method
has been used in semiactive suspension systems, but
the construction of the control law is based on the
experience of the designer. Terefore, this method
has the advantage that it does not depend on the
parameters of the system, so it is easy to apply in
practice [14, 15]. Modern control methods such as
optimal control (LQ, LQR, and LQG), robust
control, and model predictive control have been
studied and applied to this type of suspension
[16–19]. Control methods are applied to the sem-
iactive suspension with the main objective of im-
proving ride comfort and road holding of cars. In
addition, special objectives of handling, loading, and
suspension travel limit are also considered from
diferent perspectives when studying semiactive
suspension control [20, 21]. Recently, the research
group of Professor Olivier Sename at Gipsa-lab
(Grenoble, France) has developed a research di-
rection of using linear parameter varying (LPV) to

control this suspension system and has conducted
experiments, as well as evaluated positive results on
the INOVE test-bench using ER dampers [22–24].

(iii) Car modeling: the most used studies are the two-
degree-of-freedom (DOF) quarter car model with
sprung and unsprungmasses.Tis model is not only
specifc to automobiles but also to oscillating sys-
tems in engineering in general. However, this model
has the disadvantage that it only considers vibra-
tions in the vertical direction but cannot evaluate in
other directions [25, 26]. Te pitch and roll half car
models were used in the study of semiactive sus-
pension systems to evaluate the vibration quality in
two other directions of cars: longitudinal and lateral
[27, 28]. For the most general assessment of the
efectiveness of the controlled suspension system,
the full car model of 7 DOF is considered to be the
most accurate and closest to reality [29, 30]. Tere
have been some researchers using this model in
suspension control, but most of the studies just stop
at the basic level when considering individual cri-
teria. Tis is also an area of research that needs to be
expanded to accurately assess the advantages and
disadvantages of the semiactive suspension system.

1.3. Research Contributions. Tis paper focuses on building
a two-layer parallel fuzzy logic controller to control the
semiactive suspension system with a full car model, and the
main contributions are listed as follows:

(i) A full car model using the semiactive suspension
system with 7 degrees of freedom is proposed. In
this model, the state vector is selected reasonably to
ensure that the output signal includes variables
related to the ride comfort, the road holding, and
the suspension space. Te dynamic equations are
converted to the state space form, and matrices are
used to perform simulation design. Tis helps in-
crease accuracy during simulation and evaluation.

(ii) A two-layer parallel fuzzy logic controller is built to
ensure that the fuzzy inference output force meets
the operating ranges of the system. Te frst fuzzy
inference system consists of 49 rules, while the
second fuzzy inference system consists of 25 rules.
Both fuzzy inference systems use the input signals
related to the sprung mass, the output signal being
the damping force. Te study also conducted to
determine the optimal correlation of the two sys-
tems to ensure the most efective control target.

(iii) Simulation results are performed in both time and
frequency domains. In the frequency domain, the
efciency of the fuzzy-controlled semiactive sus-
pension is evaluated through the amplitude-
frequency transfer function of the signals. In the
time domain, the author evaluates through the
random road profle measured in practice. Te
analysis results have shown that the semiactive
suspension system using the fuzzy logic controller
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Figure 1: Structural diagram of the car’s suspension system [2]. 1-
chassis, 2-cushion for tilt adjustment, 3-lower swing arm, 4-
damper, 5-limiting lugs, 6-upper ball joint, 7-upper wishbone; 8-
brake disc, 9-lower ball joint, 10-spring, 11-lower wishbone, and
12-antiroll bar.
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has reduced the root mean square value of the
signals by more than 25% compared to the car using
the passive suspension system.

Te structure of the paper is organized as follows: Section
2 introduces a full car model and converts the dynamic
equations into the state space form. Section 3 designs a two-
layer parallel fuzzy logic controller.Te vibration quality and
evaluation results in the time and frequency domains are
presented in Section 4. Finally, the conclusions are in
Section 5.

2. Vehicle Modeling

Te most accurate model used to evaluate the vibration
quality of an automobile is a full model consisting of an
absolutely rigid frame as a sprung mass with 3 degrees of
freedom (DOF) and unsprung masses with 4 DOF corre-
sponds to the four vertical displacements of the wheels. In
this paper, the author uses a full car model as shown in
Figure 2, and the model’s parameters are shown in Table 1.
In this model, the forces fd1, fd2, fd3, and fd4 are those
generated by the semiactive dampers.

Te dynamic equation of the full car model in the vertical
direction is determined in the following equation:

m€z � k12 z1 − z1′(  + c12 _z1 − _z1′(  − fd1 + k22 z2 − z2′(  + c22 _z2 − _z2′(  − fd2

+ k32 z3 − z3′(  + c32 _z3 − _z3′(  − fd3 + k42 z4 − z4′(  + c42 _z4 − _z4′(  − fd4,

Jx€φ � dk12 z1 − z1′(  + dc12 _z1 − _z1′(  − dfd1 + dk22 z2 − z2′(  + dc22 _z2 − _z2′(  − dfd2

− ck32 z3 − z3′(  − cc32 _z3 − _z3′(  + cfd3 − ck42 z4 − z4′(  − cc42 _z4 − _z4′(  + cfd4,

Jy
€θ � −ak12 z1 − z1′(  − ac12 _z1 − _z1′(  + afd1 + bk22 z2 − z2′(  + bc22 _z2 − _z2′(  − bfd2

+ bk32 z3 − z3′(  + bc32 _z3 − _z3′(  − bfd3 − ak42 z4 − z4′(  − ac42 _z4 − _z4′(  + afd4,

m1€z1 � − k12 z1 − z1′(  − c12 _z1 − _z1′(  + fd1 + k11 q1 − z1( ,

m2€z2 � − k22 z2 − z2′(  − c22 _z2 − _z2′(  + fd2 + k21 q2 − z2( ,

m3€z3 � − k32 z3 − z3′(  − c32 _z3 − _z3′(  + fd3 + k31 q3 − z3( ,

m4€z4 � − k42 z4 − z4′(  − c42 _z4 − _z4′(  + fd4 + k41 q4 − z4( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

In equation (1), it should be noted that the displacements
of the sprung mass at the position associated with the
suspension systems are determined in equation (2). Since the
pitch and roll angles of the sprung mass are small under
normal conditions of motion, applying the rule for trigo-
nometric functions with small angles, therefore
tanφ ≈ φ, tan θ ≈ θ.

z1′ � z + d tan φ − a tan θ ≈ z + dφ − aθ,

z2′ � z + d tan φ + b tan θ ≈ z + dφ + bθ,

z3′ � z − c tanφ + b tan θ ≈ z − cφ + bθ,

z4′ � z − c tanφ − a tan θ ≈ z − cφ − aθ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

Te forces of the semiactive dampers are determined by
the relative displacement velocity between the sprung and
unsprung masses with the damping coefcient, which is
varied according to the control algorithm: fdi � cei( _zi

′ − _zi)

with i� 1÷ 4. Generally, there are two main types of

dampers, which are used for semiactive suspension systems:
magnetorheological (MR) and electrorheological (ER).
Based on Guo’s model, the dynamical nonlinear model of
the ER damper is represented as follows [23]:

τ _fd + fd � ccunl, (3)

where unl � u tan(k1(Zi
′ − Zi) + c1(

_Zi
′ − _Zi)); u is the duty

cycle of the PWM signal; τ, cc, k1, andc1 are the time con-
stant, dynamic yield force of ER fuid, hysteresis coefcient
due to displacement, and hysteresis coefcient due to ve-
locity, respectively.

Te dynamic equation (1) is written in the state space
representation form as follows [32]:

_X � AX + BU,

Y � CX + DU,

⎧⎨

⎩ (4)

where the state vector is as follows:

X � z1 − z1′, z2 − z2′, z3 − z3′, z4 − z4′, z1, z2, z3, z4, _z1, _z2, _z3, _z4, _z, _φ, _θ 
T
,

⟹ _X � _z1 − _z1′, _z2 − _z2′, _z3 − _z3′, _z4 − _z4′, _z1, _z2, _z3, _z4, €z1, €z2, €z3, €z4, €z, €φ, €θ 
T
.

(5)
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Te variables of the input vector include the disturbances
from the road profle and the forces from the semiactive
dampers, specifcally as follows:

U � q1, q2, q3, q4, fd1, fd2, fd3, fd4, 0, 0, 0, 0, 0, 0, 0 
T
.

(6)

Te three basic criteria used to evaluate the vibration
quality of cars include ride comfort, suspension space, and
road holding. Terefore, the variables of the output vector
include the three accelerations of the sprungmass, the relative
displacement between the sprung and unsprung masses, and
the interaction forces between the wheel and the road surface
Fdt i � ki1(qi − zi) � ki1qi − ki1zi, specifcally as follows [33]:

Y � €z, €φ, €θ, − z1 − z1′( , − z2 − z2′( , − z3 − z3′( , − z4 − z4′( , − _z1 − _z1′( , − _z2 − _z2′( , − _z3 − _z3′( , − _z4 − _z4′( , Fdt1, Fdt2, Fdt3, Fdt4 
T
.

(7)
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Figure 2: A full car model using the semiactive suspension system.
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Te matrices A and B of the state space representation
form in equation (4) are defned as follows:
A � −T− 1A1; B � −T− 1B1

T �

−
c12

m1
0 0 0 0 0 0 0 −1 0 0 0 0 0 0

0 −
c22

m2
0 0 0 0 0 0 0 −1 0 0 0 0 0

0 0 −
c32
m3

0 0 0 0 0 0 0 −1 0 0 0 0

0 0 0 −
c42

m4
0 0 0 0 0 0 0 −1 0 0 0

c12

m

c22

m

c32

m

c42

m
0 0 0 0 0 0 0 0 −1 0 0

dc12

Jx

dc22

Jx

−
cc32

Jx

−
cc42

Jx

0 0 0 0 0 0 0 0 0 −1 0

−
ac12

Jy

bc22

Jy

bc32

Jy

−
ac42

Jy

0 0 0 0 0 0 0 0 0 0 −1

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Table 1: Te symbols and parameters of a full car model [31].

Symbols Description Value Unit
m1, m4 Unsprung mass at the frst, fourth wheels 30.2 kg
m2, m3 Unsprung mass at the second, third wheels 49.7 kg
m Sprung mass 1150 kg
k11, k21, k31, k41 Stifness coefcient of the tyres 181000 N/m
k12, k42 Stifness coefcient of front suspension 30000 N/m
k22, k32 Stifness coefcient of rear suspension 32500 N/m
c1, c2, c3, c4 Damping coefcient 1400 Ns/m
JY Pitch moment of inertia of sprung mass 861.8 kgm2

JX Roll moment of inertia of sprung mass 330.5 kgm2

a Length of the front axle from the CG 1.116 m
b Length of the rear axle from the CG 1.232 m
d, c Length of the left/right wheels from the CG 0.621 m
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A1 �
a7x8 07x7

08x8 a8x7
 ;

B1 �
b7x8 07x7

08x8 08x7
 ;

a8x7 �

−1 0 0 0 1 d −a

0 −1 0 0 1 d b

0 0 −1 0 1 −c b

0 0 0 −1 1 −c a

−1 0 0 0 0 0 0

0 −1 0 0 0 0 0

0 0 −1 0 0 0 0

0 0 0 −1 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

a7x8 �

−
k12

m1
0 0 0 −

k12

m1
0 0 0

0 −
k22

m2
0 0 0 −

k22

m2
0 0

0 0 −
k32

m3
0 0 0 −

k32

m3
0

0 0 0 −
k42

m4
0 0 0 −

k42

m4

k12

m

k22

m

k32

m

k42

m
0 0 0 0

dk12

Jx

dk22

Jx

−
ck32

Jx

−
ck42

Jx

0 0 0 0

−
ak12

Jy

bk22

Jy

bk32

Jy

−
ak42

Jy

0 0 0 0
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b7x8 �

k11

m1
0 0 0

1
m1

0 0 0

0
k21

m2
0 0 0

1
m2

0 0

0 0
k31

m3
0 0 0

1
m3

0

0 0 0
k41

m4
0 0 0

1
m4

0 0 0 0 −
1
m

−
1
m

−
1
m

−
1
m

0 0 0 0 −
d

Jx

−
d

Jx

c

Jx

c

Jx

0 0 0 0
a

Jy

−
b

Jy

−
b

Jy

a

Jy
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Te matrices C and D of the state space representation
form in equation (4) are defned as follows:

C � c15x12 c15x3 ;

D �

03x4 d3x4 03x7

08x4 08x4 08x7

d4x4 04x4 04x7

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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,

d3x4 �

−
1
m

−
1
m

−
1
m

−
1
m

−
d

Jx

−
d

Jx

c

Jx

c

Jx

a

Jy

−
b

Jy

−
b

Jy

a

Jy
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;

d4x4 �

k11 0 0 0

0 k21 0 0

0 0 k31 0

0 0 0 k41
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,

c15x12 �

k12

m

k22

m

k32

m

k42

m
0 0 0 0

c12

m

c22

m

c32

m

c42

m

dk12

Jx

dk22

Jx

−
ck32

Jx

−
ck42

Jx

0 0 0 0
dc12

Jx

dc22

Jx

−
cc32

Jx

−
cc42

Jx

−
ak12

Jy

bk22

Jy

bk32

Jy

−
ak42

Jy

0 0 0 0 −
ac12

Jy

bc22

Jy

bc32

Jy

−
ac42

Jy

−1 0 0 0 0 0 0 0 0 0 0 0

0 −1 0 0 0 0 0 0 0 0 0 0

0 0 −1 0 0 0 0 0 0 0 0 0

0 0 0 −1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 −1 0 0 0

0 0 0 0 0 0 0 0 0 −1 0 0

0 0 0 0 0 0 0 0 0 0 −1 0

0 0 0 0 0 0 0 0 0 0 0 −1

0 0 0 0 −k11 0 0 0 0 0 0 0

0 0 0 0 0 −k21 0 0 0 0 0 0

0 0 0 0 0 0 −k31 0 0 0 0 0

0 0 0 0 0 0 0 −k41 0 0 0 0
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c15x3 �

−
1
m

c12 + c22 + c32 + c42(  −
1
m

dc12 + dc22 − cc32 − cc42(  −
1
m

−ac12 + bc22 + bc32 − ac42( 

−
1
Jx

dc12 + dc22 − cc32 − cc42(  −
1
Jx

d
2
c12 + d

2
c22 + c

2
c32 + c

2
c42  −

1
Jx

−adc12 + bdc22 − bcc32 + acc42( 

−
1
Jy

−ac12 + bc22 + bc32 − ac42(  −
1
Jy

−adc12 + bdc22 − bcc32 + acc42(  −
1
Jy

a
2
c12 + b

2
c22 + b

2
c32 + a

2
c42 

0 0 0

0 0 0

0 0 0

0 0 0

1 d −a

1 d b

1 −c b

1 −c −a

0 0 0

0 0 0

0 0 0

0 0 0
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3. Two-Layer Parallel Fuzzy Logic
Controller Design

3.1. Defning Input and Output Variables (Linguistic
Variables). Temain goal in the control of the suspension is
to ensure the improvement of the vehicle’s the ride comfort
and the road holding. Besides, this study proposes a new idea
to combine two fuzzy inference systems, which work in
tandem so that the damping force determination is softened
and covers the entire operating range of the system. Te two
sensors are used to determine the input signals, which are
velocity (Zs) and acceleration (€Zs) of the sprung mass, and
the linguistic variables are therefore defned in Table 2.

Te actual force of the semiactive damper is determined
in the equation as follows:

fd � fd1 ke, kec, ku, E,EC(  + χ fd2 ke, kec, ku, e, ec( ( ,

(10)

where fd1 (ke, kec, ku, E,EC) is the damping force according
to the frst fuzzy inference system E, EC, U; fd2
(ke, kec, ku, e, ec) is the damping force according to the
second fuzzy inference system e, ec, u; ke, kec is the scale
factor for fuzzifcation; ku is the scale factor for

defuzzifcation; χ-weights represent the role of the fuzzy
inference system e, ec, u.

3.2. Te Fuzzy Inference System E, EC, U. Te physical value
domain of the input variables is selected as follows: the
velocity of the sprung mass Żs, E: [−7÷ 7] (m/s) and the
acceleration of the sprung mass €Zs, EC: [−7÷ 7] (m/s2).
Meanwhile, the value range of the output variable damping
force is defned as follows: fd1, U: [−1, 1÷ 1, 1] (N). Each
input and output variable is quantifed by 7 linguistic values:
Negative Large: NL, Negative Middle: NM, Negative Small:
NS, Zero: ZE, Positive Small: PS, Positive Middle: PM, and
Positive Large: PL. Te membership function form of fuzzy
sets is selected in the form of trapezoid-trapmf and
triangular-trimf. Te membership function of the linguistic
values for the input/output variables of the fuzzy inference
system E, EC, U is shown in Figure 3.

Te rule set of the fuzzy inference system E, EC,U is built
to control the semiactive damping force to improve the ride
comfort with 49 rules shown in Table 3. Te communication
relationship of the fuzzy inference system E, EC, U is the
relationship between the input signals (E, EC) and the
output signal (U) shown in Figure 4.
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Table 2: Defnition of linguistic variables for the controller.

Input variables Output variables Linguistic variables
Żs E (e)
€Zs EC (ec)
fd U (p)

NL NM NS ZE PS PM PL
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Figure 3: Continued.
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3.3. Te Fuzzy Inference System e, ec, u. Te physical value
domain of the input/output variables is selected as follows:
the velocity of the sprung mass Żs, e: [−5÷ 5] (m/s), the

acceleration of the sprung mass €Zs, ec: [−6,3÷ 6,3] (m/s2),
and the damping force fd2, u: [−120÷120] (N). Te input
variables are quantifed by 5 linguistic values: Negative Big:

Table 3: Te rule set of the fuzzy inference system E, EC, U.

E
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 NS 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

NM NS ZE PS PM PL

0.2 1-0.4 0.80.6-0.8 0.4-0.6-1 -0.2 0
U

0
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0.8

1

D
eg
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(c)

Figure 3:Te membership function of the linguistic value for the input/output variables: (a) velocity of the sprung mass, E; (b) acceleration
of the sprung mass, EC; (c) damping force, U.
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Figure 4: Te communication relationship of the fuzzy inference system E, EC, U.
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Figure 5: Te membership function of the linguistic value for the input/output variables: (a) velocity of the sprung mass, e; (b) acceleration
of the sprung mass, ec; (c) damping force, u.
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NB, Negative Small: NS, Zero-ZE, Positive Small: PS, and
Positive Big: PB. Meanwhile, the output variable in the
linguistic value is defned as in the fuzzy inference system E,
EC, U. Te membership function of the linguistic values for
the input/output variables of the fuzzy inference system e, ec,
u is shown in Figure 5. Te rule set of the fuzzy inference
system e, ec, u is built with 25 rules shown in Table 4. Te
communication relationship of the fuzzy inference system e,
ec, u is shown in Figure 6.

3.4. Optimizing Fuzzy Controller. As mentioned in Sub-
section 3.1, the quality of the fuzzy controller for semiactive
suspension system depends on the scaling factor for the
defuzzifcation process (ke and kec) and the scaling factor for
the defuzzifcation process (ku). Te quality of control is
assessed through the criterion of the root mean square
(RMS) and from peak to peak of the acceleration of the
sprung mass.

In this study, the author uses the least squares method
(LQ). Te goal of the nonlinear minimum variance is to fnd
the optimal parameter set of the vector function F(x) with
the required parameter x according to equation (11), where
‖F(x)‖22 is defned as the square of the 2-norm [34].

min
x



n

i�1
Fi(x)

2
� min

x
‖F(x)‖

2
2. (11)

Te optimal results using the LQ method for the fuzzy
controller with a random road profle are determined as
follows: ke � −10, kec � −1, and ku � 21.

4. Vibration Quality Analysis

4.1. Vibration Quality Analysis in the Frequency Domain.
In order to evaluate the efectiveness of the fuzzy logic
controller for the semiactive suspension system, the author
investigates the excitation frequency up to 100 rad/s when
comparing the fuzzy-controlled semiactive suspension
system (solid line) with the four cases of the passive sus-
pension system which have diferent damping coefcients
(700, 1400, 3000, and 5000Ns/m) [35, 36]. Te simulation
results in the frequency domain are characterized by the
amplitude-frequency transfer function: the vertical dis-
placement of the sprung mass (Figure 7), the vertical ac-
celeration of the sprungmass (Figure 8), and the acceleration
of the pitch angle (Figure 9).

Figure 7 shows the frequency-amplitude transfer func-
tion of the vertical displacement of the sprung mass. Te
resonance region is most pronounced in the frequency range
from 5 to 8 rad/s. For a passive suspension system, as the
damping coefcient increases, the vertical displacement of
the sprung mass decreases. Te efect of the semiactive
suspension using the fuzzy controller is evident when the
displacement of the sprung mass is reduced in most

Table 4: Te rule set of the fuzzy inference system e, ec, u.

e
u

ec
NB NS ZE PS PB

NB ZE ZE ZE ZE ZE
NS ZE PS ZE NS ZE
ZE PM PS ZE ZE NM
PS PM PM NS NM NM
PB PS PS NS NB NB
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-80
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4

6
5 4 3 2 1 0 -1 -2 -3 -4 -5

e

u

ec

Figure 6: Te communication relationship of the fuzzy inference system e, ec, u.
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frequency ranges from 0 to 100 rad/s. Figure 8 shows the
frequency-amplitude transfer function of the vertical ac-
celeration of the sprung mass. For the passive suspension, in
the low-frequency resonant range (5–8 rad/s), when the
damping coefcient increases, the acceleration decreases;
however, in the high-frequency resonant range (50–80 rad/
s), the system response is opposite. For the semiactive
suspension with the fuzzy logic controller, the amplitude of

the acceleration is reduced in both the low- and high-
frequency resonance ranges. Figure 9 shows the
frequency-amplitude transfer function of the acceleration of
the pitch angle. Te efect of the semiactive suspension with
the fuzzy logic controller is well defned over most frequency
ranges. Although in the frequency range from 58 rad/s to
70 rad/s, the amplitude is higher than that of the passive
suspension system, and due to its very small value, it still
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Figure 7: Te amplitude-frequency transfer function of the vertical displacement of the sprung mass.
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Figure 8: Te amplitude-frequency transfer function of the vertical acceleration of the sprung mass.
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ensures the goal of improving the ride comfort. Tus, the
simulation results on the frequency domain clearly show the
efectiveness of the semiactive suspension with a fuzzy
controller in improving the vibration quality of the cars.

4.2. Vibration Quality Analysis in the Time Domain. In the
time domain, the author surveys with a random road profle
of 600m long on the Hanoi-Langson national highway [37]
with a forward velocity of 50 km/h as shown in Figure 10.
Survey results are evaluated through the magnitude value
and the root mean square (RMS) value of displacement and
acceleration of the sprung mass, acceleration of pitch and

roll angles as shown in Figures from 11 to 14. It can be clearly
seen that the magnitude values of the signals with time
response in the case of using the semiactive suspension
systemwith the fuzzy controller are reduced when compared
with the passive suspension system. For the vertical dis-
placement of the sprung mass, the RMS value reaches
0.0229, which is a decrease of 27%, while the value decreases
about 36%, 43%, and 50%, respectively, of the three-
direction acceleration of the sprung mass.

To evaluate in more detail the main criteria related to the
ride comfort, this study evaluates the three displacements of
the sprungmass and their acceleration (Zs, θ, ϕ, €Zs,

€θ, €ϕ), and
the criteria related to the road holding is the interaction force
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Figure 9: Te amplitude-frequency transfer function of the acceleration of the pitch angle.
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Figure 10: Random road profle measured in the Hanoi-Langson national road [32].
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of the four wheels acting on the road (Fdt1, Fdt2, Fdt3, Fdt4).
Te survey results in Figure 15 are compared through the
RMS value, showing that the car using the semiactive sus-
pension system with the fuzzy logic controller reduces the
RMS value by over 25% compared to the passive suspension
system. Specifcally, the RMS values RMS(€Zs), RMS(€ϕ),

RMS(€θ) are equal to 64.10%, 50.01%, and 56.61%, respectively,

compared to the passive suspension system. Meanwhile, the
RMS values RMS(Fdt1),RMS(Fdt2), RMS(Fdt3),

and RMS(Fdt4) are equal to 73.91%, 70.78%, 69.18%, and
72.76% compared to the passive suspension system.

Figure 16 shows the time response of the forces gen-
erated by four semiactive dampers (fd1, fd2, fd3, andfd4).
In this survey case, the damping forces move from −1050N
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Figure 11: Time response of the vertical displacement of the sprung mass.
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Figure 12: Time response of the vertical acceleration of the sprung mass.
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to 700N to ensure improved ride comfort of the car. Te
values of the forces change continuously according to the
road profle states, which clearly show the advantages of the
proposed control strategy.

Tus, the survey results in the frequency and time do-
mains with the random road profle have shown that the car
using a semiactive suspension with the fuzzy logic controller
has improved the ride comfort, when compared to the car
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Figure 13: Time response of the acceleration of the pitch angle.
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using the passive suspension system. In addition, the results
of the evaluation of the displacement of the unsprung
masses and the interaction forces of the four wheels
acting on the road also indicate that the car using the

semiactive suspension system has improved the road
safety criteria. Tis confrms the outstanding advantage
of the semiactive suspension with the proposed fuzzy
logic controller.
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Figure 15: Graph to evaluate the quality of the car using a semiactive suspension system with the fuzzy logic controller compared to
a passive suspension system.
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5. Conclusions

Semiactive suspension systems are increasingly used in cars.
In this paper, a full car model with 7 DOF is built, in which
the semiactive suspension system is arranged at all four
wheels. A two-layer parallel fuzzy logic controller is built
with 49 rules for the frst fuzzy inference system and 25 rules
for the second fuzzy inference system. Tis fuzzy logic
controller has the input of the signals related to the sprung
mass, and the output is the damping force. As a result, the
controller is capable of responding to a wide operating range
of the system and allows for smoother force output. Te
simulation results are evaluated in the frequency and time
domains. Te results of the analysis with the random road
profle have shown that the root mean square value of the
signals when using the semiactive suspension with the fuzzy
logic controller is reduced by more than 25% compared to
the passive suspension system.Terefore, the proposed fuzzy
logic controller has improved the ride comfort and the road
safety and ensured the suspension space.

Te next research direction that can be taken is to
consider the nonlinearity of the MR or ER dampers in more
detail in a closed-loop control structure. Comparing the
efectiveness of this proposed control method with other
control methods such as PID, LQR, and H2/H∞ is also
a priority research direction in the coming time.
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