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ABSTRACT 

When the vehicle moves, the bump on the road surface is the main factor affecting the 
vehicle's stability. It produces non-cyclic oscillations and causes a feeling of discomfort 
and fatigue for passengers. The suspension system of the vehicle is used to regulate and 
reduce these negative effects. In order to improve vehicle stability and comfort, the active 
suspension is used to replace the conventional passive suspension system. There are 
many methods to control the suspension system, each with its advantages and 
disadvantages. This article focuses on the introduction and establishment of the sliding 
mode controller for the active suspension system. The results of the study show that when 
the vehicle is equipped with an active suspension system that is controlled by a sliding 
mode controller, the values of displacement and acceleration of the sprung mass are 
significantly reduced. Therefore, the vehicle's stability and comfort are also greatly 
improved. Besides, the sliding mode controller is very stable to the change of the impact 
factors. However, this method is more difficult and complex than the use of conventional 
linear methods. 
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1. INTRODUCTION

The suspension system of the vehicle is very important. The suspension supports
maintaining the vehicle's stability and smoothness while moving on the road. The 
suspension system separates the vehicle into two separate parts, including the sprung 
mass and the unsprung mass. If the displacement and acceleration of the sprung mass are 
small, the vehicle will be more stable. Otherwise, if these values are too large, passengers 
will feel uncomfortable and the smoothness of the vehicle will be lost. 

Today, there is a lot of methods to improve the stability and comfort of the suspension 
system. Almost luxury and modern vehicles can use the active suspension system, the 
semi-active suspension system instead of only using the conventional passive suspension 
system. Therefore, the safety and comfort of the vehicle have also been significantly 
improved. This study focuses on the control, simulation, and evaluation of the active 
suspension system compared to the conventional passive suspension system. 

The active suspension system is equipped with an actuator at each wheel (Marcu et al., 
2017). This unit is a hydraulic piston that is controlled by a controller based on the signals 
collected from the sensors. The hydraulic piston will generate the corresponding force 
FS on the sprung mass and unsprung mass of the vehicle. The magnitude of the generated 
force FS was consistent with the state of the vehicle's oscillation at that time. Therefore, 
the stability and comfort of the vehicle can be significantly improved. 

There are many studies on the vibration and oscillation of the suspension system using 
on the vehicle has been done during the last time. Konieczny and Burdzik (2017) 
introduced suspension system models, including the passive suspension system, the 
active suspension system, and the semi-active suspension system. This assessment was 
also commented on by Xue et al. (2011) in their paper. The study of Riduan et al. (2018) 
also had an overall evaluation of the active suspension system which is found in today's 
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modern vehicles. Most of kind of the active suspension 
system are equipped with a hydraulic actuator. This actuator 
is controlled by a servo valve based on the voltage signal 
supplied by the controller (Shafie et al., 2015). In 
Tamburrano et al. (2019), they introduced and specifically 
reviewed the electro-hydraulic servo valve which is 
equipped with the active suspension system. 

Many methods are used to control the operation of the 
active suspension system. In Avesh and Srivastava (2012), 
they proposed a plan to use the PID (Proportional – Integral 
– Derivative) controller to evaluate the efficiency of the
suspension system. This method is quite simple. However,
the selection of parameters to optimize the system is very
complex. Besides, this controller is just SISO (Single Input
– Single Output), so it cannot meet all the requirements for
control signals. In order to improve the suspension system’s
efficiency, an LQR (Linear – Quadratic Regulator)
controller was used (Maurya and Bhangal, 2018; Nagarkar
et al., 2011; Bello et al., 2015). Also, Pang et al. have
integrated Gaussian filters into their controllers. The LQR
controller becomes the LQG controller with the same
features (Pang et al., 2017). In Anh (2020), he compared the
difference between 2 linear controllers, PID and LQR.
Although the LQR controller is MIMO (Multiple Input –
Multiple Output), the control parameters are not close to the
desired threshold. Therefore, many studies have proposed to 
use nonlinear control methods and intelligent control of the
active suspension system.

The method of using the sliding mode controller is 
appreciated. This controller helps the output signal always 
track with the desired threshold value (Wei and Su, 2020; 
Bai and Guo, 2018; Deshpande et al., 2012). However, this 
is a nonlinear control method, so the design and simulation 
processes are also quite complicated. Besides, many other 

intelligent control methods are also used such as: H control 
(Rizvi et al., 2018), robust control (Kaleemullah et al., 2019; 
Li et al., 2019), adaptive control (Soleymani et al., 2012; Na 
et al., 2020), fuzzy control (Lin et al., 2009; Lin et al., 2019; 
Palanisamy and Karuppan, 2016; Turkkan and Yagiz, 2013; 
Sun et al., 2013), network control (Fu et al., 2017; Youness 
and Lobusov, 2019; Liu et al., 2019), etc. Also, integrated 
controllers with high performance were introduced (Na et 
al., 2020; Lee et al., 2020; Williams and Haddad, 1997; Soh 
et al., 2018; Elmadany, 2012; Xiao et al., 2009; Sam et al., 
2007). In general, the control methods for the active 
suspension system are very effective. This system makes the 
vehicle more stable and safe, ensuring comfort for 
passengers. This article focuses on the introduction, design, 
and evaluation of the active suspension system which is 
controlled by a sliding mode controller. 

2. MATERIALS AND METHODS

2.1 Dynamic Vehicle 
In studies of controlling mechatronic systems in the 

vehicle, the quarter model is commonly used. The schematic 
of the model is shown in Fig. 1. 

Equations describing the vehicle's oscillation is given as 
follows: 

K C SMz= F +F +F&& (1) 

KT K C Smξ= F - F - F - F&& (2) 

Where: 

 KF = K ξ - z (3) 

 CF = C ξ - z& & (4) 

 KT TF = K h - ξ (5) 

Fig. 1. Quarter model of the vehicle 
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2.2 Design the Sliding Mode Controller 
The sliding mode control method is a nonlinear control 

method with the SISO system. Compared with the linear 
control methods such as PID, LQR, LQG, … the sliding 
mode control method helps the system to be more stable and 
suitable against the changes of external influences. However, 
the sliding mode controller design process is also very 
complicated. 

Consider a nonlinear system SISO with an instability. Let 
u(t) be the input signal and y(t) be the output signal. This 
system is described by the equation below: 

n n-1

n n-1

d y dy d y
= f y, ,..., +u

dt dt dt

 
 
 

(6) 

Let: 
k -1

kk-1

d y
= x ;k = 1,n

dt
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Equation (6) can be rewritten as follows: 
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When the function is instability, the state feedback 
controller should be designed so that the closed system is 
asymptomatic stable at the origin. Let e(t) be the signal of 
deviation: 

     de t = y t - y t         (9) 

Consider the smooth function s(e) of the deviation e(t): 

 
n-1

n-1

de d e
s e = s e, ,...,

dt dt

 
 
 

 (10) 

The differential equation s(e) = 0 needs root e(t) that 
satisfies the following condition: 

k k

k+1 k kt t t

d y d e
lim x = lim = - lim = 0

dt dt  
(11) 

Then, the function s(e) is the sliding surface. Usually, the 
constant parameter sliding surface is the most commonly 
used type: 

 
n-2 n-1

0 1 n-2 n-2 n-1

de d e d e
s e = a e+ a + ...+ a +

dt dt dt
    (12)

In which, the coefficients are real numbers. Then, the 
characteristic polynomial p() must be the Hurwitz 
polynomial: 

  n-2 n-1
0 1 n-2p λ = a +a λ+...+a λ + λ (13) 

After the sliding surface has been determined, the sliding 
mode controller should also be designed. This controller 
must make s(e)0. This is called the sliding condition. The 
schematic of the sliding mode controller is shown in Fig. 2. 

With the dynamic model as shown in Fig. 1, the sliding 
surface is designed as follows: 
     1s e = e t + a e t&        (14) 

The algebraic expression of the sliding mode controller 
takes the form: 

    S d 1

K C K C
u = F = M - ξ - ξ+ z + z + y + a e t + Asgn s e

M M M M
 
  

& && &&  

(15) 
With the designed sliding mode controller, the results of 

the simulation are given in section 3. 

3. RESULTS AND DISCUSSION

3.1 Simulation Conditions 
This study focuses on simulating the oscillation of the 

vehicle using the quarter model. The specifications of the 
vehicle are shown in Table 1. 

The bump on the road is the direct cause of displacement 
and oscillation of the sprung mass. There are many types of 
bump on the road that can appear when a vehicle moves on 
the road. In the studies about simulation and control, there 
are some commonly used types such as sine wave, step, 
ramp, ... The sine wave is typical stimulation for simulation 
problems. Because it changes cyclically over time, the 
values of acceleration and displacement of the sprung mass 
can be calculated stably. However, when the vehicle moves 
on the road, the random stimulation from the road surface 
will appear. They continuously change and do not follow 
any rules. This is the stimulating condition consistent with 
reality. Therefore, the simulation process should be done in 
these two cases. 

Case 1: Sine wave type (Fig. 3). This oscillation changes 
cyclic according to the sine function rule. It is often used in 
studies of control algorithms. 
h= 50sin5t (mm)        (16) 

Fig. 2. The schematic of the sliding mode control method 
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Table 1. Specifications of the vehicle 
Description Symbol Value Unit
Sprung mass M 405 kg 

Unsprung mass m 38 kg 
Coefficient of spring K 28500 N/m 
Coefficient of damper C 2150 Ns/m 

Coefficient of tire KT 140000 N/m

Fig. 3. Bump on the road (Case: 1) 

Fig. 4. Bump on the road (Case: 2) 

Case 2: Random type (Fig. 4). This oscillation varies 
randomly and does not depend on other factors. This is the 
kind of bump that can be encountered while vehicles move 
on the road. 
h = 50Rand(0.1t) (mm)       (17) 

3.2 Results 
The simulation process is performed in the 2 cases above. 
Case 1: Sine function 
The graph of Fig. 5 shows the displacement of the sprung 

mass of the vehicle when using the active suspension system 
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Fig. 5. Displacement of the sprung mass 

Fig. 6. Displacement of the suspension system 

and the passive suspension system. The value of 
displacement of the sprung mass when the vehicle is 
equipped with the active suspension system has been 
significantly improved. The maximum amplitude of 
oscillation is less than 310-7 mm, the body of the vehicle is 
almost unchanged. In contrast, the displacement of the 

sprung mass when using the passive suspension system is 
quite large, around 50 mm. 

Since the displacement of the sprung mass of the vehicle 
when equipped with the active suspension is very small 
(almost unchanged), the value of the displacement of the 
suspension system will have to be increased as shown in Fig. 
6. The suspension system (active suspension) will oscillate
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Fig. 7. Acceleration of the sprung mass 

Fig. 8. Force of the actuator 

with an amplitude that approximates that of the bump on the 
road, about 50 mm. Meanwhile, the displacement of the 
suspension system when equipped with the passive 
suspension system will be smaller. 

The acceleration of the sprung mass is a very important 
value. This value is used to evaluate the comfort of the 
vehicle while moving. If this value is too large, the vehicle's 
comfort will be reduced. The graph in Fig. 7 shows the 
change of acceleration when the vehicle uses the active 
suspension system and the conventional passive suspension 
system. If the vehicle is equipped with the active suspension 

system, the acceleration's maximum value of the sprung 
mass is only about 0.035 m/s2. However, the acceleration of 
the sprung mass when the vehicle is equipped with the 
passive suspension system is great. This value reaches 
maximum at 0.34 m/s2 and stable oscillate around 0.05 m/s2. 
Therefore, if the car uses the active suspension system, it 
will be possible to improve comfort and stability when 
moving. 

The force generated by the actuator tracks the trajectory 
very well. In case 1, this value is not too large (Fig. 8), The 
change is continuous and stable. 
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Fig. 9. Displacement of the sprung mass 

Fig. 10. Displacement of the suspension system 

Case 2: Random function 
In this case, the bump on the road is a random function. 

The change of the displacement of the sprung mass is 
subject to the change of the road profile. If the vehicle uses 
the passive suspension system, this value will change 
continuously with a quite large amplitude, from -58 mm 
until 69 mm. However, the displacement of the sprung mass 

will be kept stable if the active suspension system is used 
with the designed sliding mode controller (Fig. 9). This 
value only fluctuates with a very small amplitude, about 
2.810-7 mm. 

In case 2, the displacement of the suspension system 
using a controller and without a controller is equivalent. The 
difference in value is not too great (Fig. 10). 
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Fig. 11. Acceleration of the sprung mass (m/s2) 

Fig. 12. Force of the actuator 

The acceleration of the sprung mass has been 
significantly reduced when using the active suspension 
system with the designed sliding mode controller (Fig. 11). 
Its maximum value does not exceed 0.03 m/s2. Meanwhile, 
the value of acceleration when the vehicle is equipped with 
the passive suspension system can be up to nearly 20 m/s2. 
This is a very large number, and this can directly affect the 

comfort of the smoothness of the passengers. 
The control force of the actuator also changes 

continuously according to the road’s profile (Fig. 12). 
Because the variation is continuous, these values are larger 
than those of case 1. In general, the stability range of this 
value will be less than 2000 (N). 
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4. CONCLUSION

The suspension system has a great influence on the
comfort and safety of the vehicle on the road. The vehicle's 
vibrations can cause discomfort for passengers. In order to 
enhance stability and comfort, the suspension system of the 
vehicle needs to be improved. Today, on modern vehicles, 
the active suspension system is used. This suspension 
system uses a hydraulic actuator to generate force, which is 
applied to the sprung mass and the unsprung mass. 
Therefore, the comfort and stability of the vehicle can be 
improved. 

There are many methods used to control the performance 
of the active suspension system. In this article, the sliding 
mode control method is used. The results of the study have 
shown that: 
 When the vehicle uses the active suspension system

controlled by the sliding mode controller, the value of
the displacement of the sprung mass is almost
unchanged (its value is very small). If the vehicle uses
the conventional passive suspension system, this value
changes according to the bump on the road.

 The acceleration of the sprung mass when the vehicle
uses the active suspension system, which is controlled
by the sliding mode controller is much smaller than the
passive suspension system.

 The displacement of the suspension system when the
vehicle is equipped with the active suspension system
will be greater than the value of the remaining system.
This is completely compatible and does not affect the
comfort of the vehicle when moving.

 The sliding mode controller is very robust and stable
against the change of external factors. However, its
design and control process are much more complicated
than that of other linear controllers.

In order to accurately evaluate the effectiveness of this 
controller, experiments in the future need to be conducted. 

NOMENCLATURE 

: Displacement of the unsprung mass (m) 
C: Coefficient of the damper (Ns/m) 
FC: Force of the damper (N) 
FK: Force of the spring (N) 
FKT: Force of the tire (N) 
FS: Force of the actuator (N) 
h: Bump on the road (m) 
K: Coefficient of the spring (N/m) 
KT: Coefficient of the tire (N/m) 
M: Sprung mass (kg) 
m: Unsprung mass (kg) 
z: Displacement of the sprung mass (m) 
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