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Abstract:- Suspension system is an important part of the car design, because it influences both the comfort 

and safety of the passengers. Controlling of Suspension system has special difficulties since this system is 

highly nonlinear, essentially unstable systems and energy demands of the system. In particular, this article is 

focused on experiments with the physical model of semi-active quarter-car suspension that using the method of 

fuzzy sliding mode which uses the fuzzy logic techniques to adjust the control gains that occur under the 

sliding mode.  

Functionality of the modification was verified taking various experiments and the results show that the 

proposed fuzzy controller robustly is efficiency. The computation of the command force to apply to the system 

in order to control the suspension was based on the fuzzy logic theory for which three essential steps were 

developed: fuzzification, inferences, and defuzzification. To put into evidence the efficiency and the 

performances of such a control system, we have compared the results obtained through the sliding mode 

technique solely, then through the combination of the fuzzy logic theory and the set up by the sliding mode, 

and the fuzzy sliding mode. 
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1. INTRODUCTION  

 

There are three type of vehicle suspension: passive, 

semiactive and active. Differences depend on the 

operation mode to improve vehicle ride comfort, 

vehicle safety, road damage minimization and the 

overall vehicle performance. Normally, 

conventional passive suspensions are effective only 

in a certain frequency range and no on-line 

feedback action is used. Thus, optimal design 

performance cannot be achieved when the system 

and its operating conditions are changed. On the 

contrary, active suspensions can improve the 

performance of the suspension systems over a wide 

range of frequency and can adapt to the system 

variations based on on-line changes of the actuating 

force. Nowadays, increased competition on the 

automotive market has forced companies to 

research alternative strategies to classical 

suspension systems. The basic function of the 

vehicle suspension is to support the weight of the 

car, maximize the friction between the tires and the 

road surface, provide steering stability with good 

handling and ensure sufficient comfort of the 

passengers. In order to improve handling and 

comfort performance instead of a conventional 

static spring and damper system, semi-active and 

active systems are being developed and also it is 

essential to conceive optimized suspension systems 

[1], [2]. As passive suspensions are not always able 

to meet such requirements, researchers were rather 

interested rather interested in the conception of 

semi-active or active suspensions which could 

change their control parameters in function of the 
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road conditions. An ideal vehicle suspension 

system should have the capability to reduce sprung 

mass displacement and acceleration, and provide 

adequate suspension deflection to maintain tyre-

terrain contact. Active suspension system with 

addition actuator to generate the control force for 

vibration suppression is a right choice to achieve 

better suppression effect. Generally, it is difficult to 

establish or identify an accurate dynamic model of 

a complicated hydraulic suspension system for 

designing optimal controller [3]–[7]. Fuzzy logic 

control law can be designed based on some 

knowledge or without any knowledge about the 

control system. In addition, an appropriate fuzzy 

logic controller can overcome the environmental 

variation during operation processes. Therefore, it 

has been employed in the field of active suspension 

system. Ro et al. [8] developed a fuzzy logic 

algorithm for an active ride comfort of a quarter-car 

model. Yester and Mcfall [9] and Cherry and Jones 

[10] employed fuzzy logic strategy for controlling 

an automotive suspension incorporating active 

elements. Huang and Chao [11] proposed a gery 

fuzzy control scheme to remove tyre deformation 

from the control variable using a grey predictor for 

improving the control performance. However, the 

design of a traditional fuzzy controller depends 

fully on an expert or the experience of an operator 

to establish the fuzzy rules bank. There is no guide 

rule for designing the fuzzy rules bank and 

parameters. A time-consuming adjusting process is 

required to achieve the specified control 

performance. Thereafter, self-tuning algorithms 

were introduced into fuzzy controller to adjust 

fuzzy parameters and improve the control 

performance based upon a specified performance 

index [12], [13]. Rao and Prahlad [14] proposed a 

tuneable fuzzy controller for an active suspension 

system. However, they need a complicated learning 

mechanism or a specific performance decision table 

designed by trial-and-error. Its application still 

presents certain difficulty. The number of rules 

increases exponentially with respect to the number 

of dimensions. In addition, there is still lacking of 

theoretical modeling and analysis for the fuzzy 

logic control (FLC) stability and robustness 

problems. The commercial industrial application is 

hesitated and progressed slowly. Hence, the 

robustness advantage of a sliding mode control was 

introduced into the fuzzy controller in recent 

researches. For example, fuzzy sliding mode 

control [15]–[17] and adaptive fuzzy control [18], 

[19] were proposed to achieve the stability property 

and tracking error analysis of a FLC. Yi and Chung 

[20] employed fuzzy control to substitute the 

boundary layer term of a sliding mode in order to 

improve the chattering behavior of a sliding mode 

control. Hwang and Lin [21], Palm [15] and Wang 

[22] employed a switch function as the fuzzy input 

variables and proposed a fuzzy sliding mode 

controller. Lu and Chen [23] extended this 

approach and developed a self-organizing fuzzy 

sliding mode controller to smooth the chattering 

phenomenon. Lo and Kuo [24] combined the 

decoupling and sliding mode concepts into fuzzy 

controller. Wang [22] and Su and Stepanenko [25] 

proposed a globally stable adaptive controller based 

on Lyapunov stability theory. They employed a 

fuzzy system adjusted by an adaptive law to 

approximate an optimal controller to a specified 

accuracy. However, this kind of direct adaptive law 

is limited to nonlinear system with constant control 

gain. After that, Chai and Tong [26] proposed a 

fuzzy direct control scheme by using a fuzzy 

system to approximate an optimal controller that 

was designed based on the assumption that all of 

the dynamics in the system were known. Then, a 

fuzzy sliding controller was added to the adaptive 

controller for compensating the uncertainties and 

smoothing the control signal. Ting et al. [27] 

employed the fuzzy sliding mode control to design 

active suspension system for investigating the ride 

comfort. However, these approaches still depend on 

a certain model for a sliding mode to operate. In 

addition, the fuzzy rule bank design and calculation 

are still complicated. The number of rules was 

increased exponentially with respect to the number 

of fuzzy subsets. Kim and Lee [16] introduced a 

variable to reduce half of the dimension of the input 

vector and the number of fuzzy rules. However, it 

still needs nominal system model and the estimated 

value of uncertainty upper bound. Those factors 

hinder its applications and implementation. This 

article deals in the first section with the 

performances that are obtained on this type of 

model by the method of fuzzy sliding mode which 

uses, in the present case, the fuzzy logic techniques 

to adjust the control gains that occur under the 

sliding mode. 

 

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Milad Geravand, Nastaran Aghakhani

ISSN: 1991-8763 49 Issue 1, Volume 5, January 2010



2. EXPLANATION AND FORMULATION OF 

QUARTER-CAR MODEL 

 
It is well known that certain implementation 

problems cannot be anticipated from the computer 

simulation study. A quarter-car two-degrees-of-

freedom (DOF) active suspension system is 

designed and built for investigating the dynamic 

performance and control effect. This hydraulic 

suspension system schema is shown in Fig. 1. The 

suspension mechanism includes an assembly of 

spring and mass, and a hydraulic control loop. The 

first hydraulic servo system is used to generate 

various road surface conditions. Hydraulic flow rate 

is regulated by a proportional flow valve. An 

optical linear scale and a linear potentiometer are 

employed to measure the sprung mass road surface 

vertical displacements, respectively. An 

accelerometer is installed on sprung mass to 

measure the acceleration for evaluating the riding 

comfort. The I/O data interface unit includes a 

PCL-812 analog to digital (A/D) card, a PCL-726 

D/A card and a PCL-833 encoder card. The PCL-

833 card has onboard encoders to count the output 

signal of the optical linear scale, which was 

installed on the vehicle body to measure the vertical 

displacement of the sprung mass.APC Pentium is 

used to handle all the input/output (I/O) data of the 

whole system and to control the vehicle sprung 

mass oscillation amplitude. In order to evaluate the 

dynamic response and control performance of this 

active suspension system, the two-DOF dynamic 

model of this quarter car system is employed. The 

basic assumptions are that the tyre always contacts 

with the road surface and the function of the tyre is 

simulated by a spring with spring constant and 

unsprung mass. The sprung mass of the vehicle 

body is considered as rigid body. The spring, 

damper, and actuator between sprung mass and 

unsprung mass constitute an active suspension 

system as Fig. 2, where and are measured variables 

representing the sprung mass displacement and the 

displacement of tyre axis, respectively.

 

 

 

 

 

Fig. 1. Schema of a hydraulic active suspension system 
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Also, we can see the Active suspention system 
model in Fig. 2 and Control strategy by fuzzy 
sliding mode in the Fig. 3. 
 The matrix equation of the motion for the vehicle 
body is given by[28]: 

 

.
AX BU EW 

X is the state vector with: 
x1 Zs Zus 

x2   

x3 Zus Zr 

x4   

 

 
 

 
 
 
 
 
 
 

And also, 
 

B = ( 0 ,1/ Ms ,0 , 1/Mu )
T
 

  E = (0, 0, 1, 0)
T 

  W =  
  U = fa 

 

 
 

 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 2. Active suspention system 
 

 
 

 
 
 
 

 

 

 

 

Fig. 3. Control strategy by fuzzy sliding mode 
 

Nomenclature and parameter values in a quarter 

car model that was studied in our research had the 

following features: 

 
Model 

parameters 

symbol values unit 

Spring mass 
Ms 320 Kg 

Suspension 

stiffness 

ks 18000 N/m 

Suspension 

damping 

rate 

bs 1000 N/(m/sec) 

Wheel 

assembly 

mass 

mus 40 Kg 

Tire 

stiffness 

kus 200000 N/m 

Normalizing 

factor 

umax 1000 N 

 

3. CONTROLLER DESIGN SCHEME 

 

According to what was said in the first of the 

paper, for optimizing the system three criteria 

that are comfort, road-holding, and suspension 

travel were selected. The performance index can 

hence be written as follows [29]: 

 
 

  

 

As the general form of the performance index is: 

J EXT
QX 2X

T
NU U

T
RUdt

We can find a symmetric matrix (P) in the 

Riccatti’s equation:

A
T
 P PA Q PB NR1

.BT 
P NT

 0 

For minimizing linear performance index J: 

UG.X: U: Control force  

G: Control gain matrix: GB
1
N

T
 B

T
 P. 

We assume that it is system disturbance, due to 

road surface velocity , and that this is a white 

noise:  

E t0 and E t tHV. 

H: A parameter related to the roughness of the 

road 
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V: Speed of the vehicle 

 Dirac’s function 

 The spectrum density of the road profile reads 

then:  

zrHV /
2


0 

 

3.1. Sliding mode control 

 

We want to bring state trajectory of a system 

towards the sliding surface by linear control. 

We define sliding surface in following form: [30] 

S( x1, x2) x2 x1 , 0 

 

Control force U has two parts: 
U Uéq Ug 

Uéq:The equivalent control force,as defined by 

Utkin [34] 

Ug:The singular one 

 In ideal sliding mode, the expression of surface 

and its derivative form are nulls, thus: 
Uéq B


[AX EWor Uéq L


 [a1 x1 a2 

x2] 

Where: 

 a1: ks/ Ms 

  a2: –bs/ Ms  

L: a gain of the control related to Ms 

L=  

 bmin:empty vehicle 

 bmax: loaded vehicle   

 

L also can be obtained from the values of a 

limited interval defined by: 
 

-1
< L /b< 

  = . 

Ug guarantee convergence towards the sliding 

surface and is defined by following form: 

 Ug L
1

K sgn(S) 

K satisfying the sliding condition [31],[32] 

 

3.2. Fuzzy sliding mode control 

 

The fuzzy sliding mode control is used to better 

the problem of the main inconvenience of the 

sliding mode, which damage actuators and has 

bad effect in system’s function. We need the 

application of the principle of self adaptation of 

the gains which occur at the force control in the 

Fuzzy sliding control. Figure 3 summarizes the 

control principle of the fuzzy sliding mode using 

a self-regulator [33]: 

U Uéq U f 

Uéq is calculated in the same way as for the 

sliding mode solely. And U f GUupf (force 

control calculated by the fuzzy logic theory [30]) 
upf is calculated with the first controller ( Fig. 4). 
 

 
Fig. 4. Calculation steps of upf 

 

 
Fig. 5. Calculation of GU 

 

The variation S is such as StStSt T 

and the average Sa t: 

 

Sa(t)  

Where: 

T :a sampling period 

N:the number of samples: Nt/ T  

The first fuzzy controller has two inputs [33]: 
Ss =S GS and Ss= S CGS 

 

4. EXPERIMENT AND RESULT 

 

GS and CGS are gains that are conditioned by the 

evolution of the sliding surface. The center of 

gravity method is used to defuzzify the inferred 

output upf. The gain GU is obtained from the 

output of a 2nd fuzzy controller (see Fig. 5). 

Defuzzification process allows the obtention of 

the value of gain GU. 

For comparison and validation purposes of our 

results with what is available in literature, we 

have deliberately taken an excitation of the road 

profile, under a sinusoidal form. 
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Where:  
7.7 rad/s 

CK: function of the quality of the road 

V = 30 m/s 

10; K 70; b
ˆ1

 =250 

 

Figs. 6 and 7 illustrate the results obtain by 

optimal control, sliding mode, and fuzzy sliding 

mode. 

the sliding mode respect the suspension travel 

better. (see Fig. 6) 
Both fuzzy sliding mode and the optimal control 
have very close responses. Therefore we can 

declare that the results from optimal control and 
fuzzy sliding mode were very similar. 
For a slightly higher cost, the setting up by fuzzy 
sliding mode produces better performances in 
terms of comfort, whereas the sliding mode is 
more appropriate to the functioning space of 
suspension. Furthermore, let us notice, that by 
deteriorating some 30% of the intrinsic 
characteristics of the suspension studied, (by 
increasing the mass of the frame and decreasing 
by 30% the damping stiffness) we could also 
check the strong validity of these control methods. 

 
 

 
Fig. 6. Suspension travel (GF = Fuzzy Sliding, O = Optimal control) 
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Fig. 7. Sprung mass acceleration G = Sliding, O = Optimal control) [Vertical axes is acceleration mass(Ms)] 

 

 

 

4.1. Vehicle Riding on a Concave–

Convex Road Profile 

 
When a vehicle riding on a rough concave–

convex road with a 40-mm height change, the 

sprung mass dynamic position variation with this 

hydraulic active suspension system are shown in 

Fig. 8(a) by using The fuzzy sliding mode control 

scheme. The solid line exhibits the road profile, 

the dotted line depicts the passive displacement 

of the sprung mass and the dashed line denotes 

the sprung mass position variation with active 

suspension system. The maximum displacement 

of the sprung mass with The fuzzy sliding mode 

control active suspension system is within 3.5 

mm. The sprung mass acceleration and control 

voltage are shown in Fig. 8(b) and (c), 

respectively. The solid line exhibits the active 

control spring mass acceleration dynamics, and 

the dotted line depicts the passive system sprung 

mass acceleration, respectively. The root-

meansquare (RMS) values of the acceleration 

oscillation amplitudes are 27.47 and 7.77 mm/s, 

respectively, for passive and active system. 
 

 

 

 

 
              (a) 

 

 

 

 

 

 

 

 
               (b)

 
    (c) 

 

Fig. 8. Sprung mass (a) position variation, (b) acceleration response, and (c) control voltage history for riding on a 

concave-convex road by using The fuzzy sliding mode control. 
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4.2. Vehicle Riding on a Rough Road 

With Random Disturbance 
 

When a vehicle travelling on a rough road with a 

random amplitude, the sprung mass position and 

acceleration dynamic responses of this quarter-

car suspension system are shown in Fig. 9(a) and 

(b), respectively. It can be observed that the 

maximum sprung mass position oscillation is 

maintained within 3.0 mm and the acceleration 

oscillation amplitude is within 25 mm/s . The 

root-mean-square (RMS) value of the position 

and the acceleration oscillation amplitudes are 

1.04 mm and 8.19 mm/s, respectively. The 

control voltage is depicted in Fig. 9(c). The above 

experimental results show that this novel control 

strategy has suppressed effectively the sprung 

mass position oscillation amplitude and reduced 

the acceleration amplitude, too. 
 

 

 

 

 
               (a) 

 

 

 

 

 

 

 
                   (b) 

 
     (c) 

 

Fig. 9. Sprung mass (a) position variation, (b) acceleration response, and (c) control voltage history for vehicle 

riding on a rough road with random disturbance by using The fuzzy sliding mode control. 

 

 
Conclusions 
 
The fuzzy logic in sliding mode control was 

proposed to design a controller for suspension 

system of a quarter vehicles in order to improve 

the performance of system. Also the results from 

optimal control and fuzzy sliding mode were very 

similar and 

the results show that among the inconveniences 

that are in common in these methods, when the 

order of the system to control is high selection the 
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of sliding surface for the fuzzy mode and the 

fuzzy sliding mode is very complex. 

Also we need to use the rules of automatism in 

order to determine the computation coefficients 

by sliding mode, which is very difficult. 

High frequency commutations of the actuator due 

to chattering phenomenon have negative effect on 

controller. And Fuzzy sliding mode control 

enables to fix the chattering phenomenon. 
As the optimal control offers good performances 
only for the system nominal Values, The sliding 
and fuzzy sliding methods are very strong to be 
compared with it. 
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