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Abstract 

With the development of technology, new materials have been invented, which have been 

applied to improve the performance of structures. Recently, researchers pay their attention to 

controllable fluids and its applications. Magneto rheological (MR) damper is a kind of 

devices that uses rheological fluids to modify their mechanical properties. Their mechanical 

simplicity, large dynamic range, low power requirements, large force capacity, robustness 

and safe manner operation in case of failure have made them attractive devices to semi-active 

control in civil, aerospace and automotive fields. The characteristics of the MR damper will 

change when the rheological fluid is exposed to a magnetic field changing its stiffness and 

damping coefficients. In this paper, the mathematical models of a seven-degree-of-freedom 

suspension system based on the whole vehicle are established and the fuzzy controller of 

vehicle semi-active suspension system is designed. Using Matlab/Simulink software package, 

the simulation results show that the performance of MR semi-active suspension system with 

fuzzy controller is better than that of passive suspension system. It is a successful reference 

for the application of MR semi-active suspension in the vehicle. 
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1. Introduction 

There are mainly three types of control devices: passive devices, active devices and semi-

active devices. Semi-active devices offer the versatility and the adaptability of active device, 

and the reliability of the passive device. They can operate with power supply (active device) 

and without power supply (passive device). Magneto rheological (MR) dampers, variable 

orifice dampers and tuned liquid dampers are examples of semi-active devices. 

MR fluids can be regarded as a smart material. Varying strength of external magnetic field 

can change and control the rheological properties of MR fluids. A typical MR fluid contains 

20-40% by volume of relatively pure, soft iron particles having a dimension of 3 to 5 microns. 

These particles are suspended in mineral oil, synthetic oil, water, or glycol. A variety of 

proprietary additives similar to those found in commercial lubricants are commonly added to 

discourage gravitational settling and promote particle suspension, enhance lubricity, modify 

viscosity, and inhibit wear [1]. In the absence of an applied field, MR fluids behave 

Newtonian-like fluid. However, in the presence of an applied magnetic field, the iron particles 
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acquire a dipole moment aligned with the external field which causes the particles to form 

linear chains parallel to the field, as shown in Figure 1(a). This phenomenon can solidify the 

suspended iron particles and restrict the fluid’s movement. MR fluid damper uses the 

properties of MR fluid to control the vibration of a system. The magnitude of force that an 

MR damper can deliver depends on the properties of MR fluids, their flow pattern, and the 

size of the damper. Figure 1(b) represents the structure of MR damper. 

Recently, MR fluid dampers have been widely applied to control and suppress unwanted 

vibration and shock for various systems such as landing gear, helicopter lag dampers, 

vibration isolation systems, vehicle seat suspension systems, civil structures, military 

equipments, prosthetic limbs and so on. MR dampers are of key performance advantages, 

including continuously controllable force, rapid response, and low power consumption, which 

can be readily optimized in design procedures [2-3]. MR dampers can be analyzed using 

available models and are amenable to innovative design concepts [4-5]. 

 

 
 

 

Figure 1. (a) China-like structure formation in MR fluids [6-7], (b) Typical MR 

damper [6-7] 
 

In the present study, the suspension system of a passenger car is modified to reduce the 

amplitude of the car vibration caused by the road. In the passive suspension system, the 

stiffness and damping parameters are fixed and effective over a certain range of frequencies. 

To solve this problem, the semi-active suspension systems are used, which have the 

capability of adapting themselves to the changing road conditions by using an actuator. 

Therefore, an MR damper is added to an ordinary suspension system while the other parts of 

the suspension system are intact. The significance of using the MR damper is that its viscosity 

changes with the magnetic field. A schematic model of the MR damper is shown in Figure 2. 
 

 

Figure 2. Schematics model of MR damper 

 
Swevers et al., have presented a flexible and transparent model-free control structure based 

on physical insights in the car and semi-active suspension dynamics used to linearize and 

(a) (b) 
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decouple the system, and decentralized linear feedback [8]. A load-dependent controller 

design approach has been presented to solve the problem of multi-objective control for 

vehicle active suspension systems by using linear matrix inequalities [9]. Du and Zhang have 

presented H  control problem for active vehicle suspension systems with actuator time 

delay [10]. An approach to design static output feedback and non-fragile static output 

feedback H  controllers for active vehicle suspensions by using linear matrix inequalities 

and genetic algorithms have been searched [11]. Vibration control performance of a semi-

active electrorheological seat suspension system using a robust sliding mode controller has 

been searched by Huang and Chen [12]. Ieluzzi et al. have investigated the overall 

performance of a semi-active suspension control for a heavy truck [13]. Spectral 

decomposition methods have been applied to compute accurately the rms values for the 

control forces, suspension strokes and tire deflection a front and rear in a half-car model with 

preview [14]. Guclu has presented vibration control performance of a seat suspension system 

of non-linear full vehicle model using fuzzy logic controller [15]. A multidisciplinary 

optimization method has been applied to the design of mechatronic vehicles with active 

suspensions [16]. Neural network control method has been developed to control a seat 

suspension system of non-linear full vehicle model [17]. Yildirum and Uzmay have 

investigated the vertical vibrations of vehicles using a neural network [18]. An active 

horizontal spray-boom suspension, reducing yawing and jolting, has been designed by 

Anthonis and Ramon [19]. A semi-active control of vehicle suspension system with magneto 

rheological (MR) damper has been presented by Yao et al. [20]. Spentzas and Kanarachos 

have presented a methodology for the design of active/hybrid car suspension systems with the 

goal to maximize passenger comfort [21]. A methodology for the design of active car 

suspension systems has been presented [22]. Yagiz and Yüksek have researched sliding mode 

control of active suspensions for a full vehicle model [23]. 

In this paper, a fuzzy control method of vehicle’s vibration is proposed. The paper first 

describes the vehicle suspension model. And then, full consideration based on the magneto 

rheological damper is presented in this paper. The comparison between proposed fuzzy 

control system and passive control system is given and discussed. Finally, the effectiveness of 

the proposed control method is concluded. 

 

2. Vehicle Models 

Many possibilities arraying exist for describing the car suspension behavior (quarter-car 

model, half-car model and full-car model). Based on extensive literatures relating to these 

models (Croizet and Gatignol, 2002), the full-car model is presented in the following section.  

The  vehicle  suspension  system  is  represented  as  a  linear  seven  degree-of-freedom 

(DOF)  system.  It consists of a  single  sprung mass  (car body) connected  to  four unspring 

masses (front-left,  front-right,  rear-left  and  rear-right wheels)  at  each  corner. The spring 

mass is free to bounce, pitch and roll while the unspring masses are free only to bounce 

vertically with respect to the sprung mass.  All other motions are neglected for this model.  

Hence  this  system  has  seven degrees of freedom and allows simulation of tyre load forces 

in all four tyres, body acceleration and vertical  body  displacement  as  well  as  roll  and  

pitch  motion  of  the  car  body.  The  suspensions between  the sprung mass and unsprung 
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masses are modelled as  linear viscous dampers and  linear spring  elements,  while  the  tyres  

are  modelled  as  simple  linear  springs  without  damping.  For simplicity, all pitch and roll 

angles are assumed to be small.  

The model of a full-car suspension system is shown in Figure 3. The full-vehicle 

suspension model is represented as a linear seven degree-of-freedom system.  The lateral 

dynamics of the vehicle are ignored.  It  consists of a  single  sprung mass 1m   (car body) 

connected  to  four unsprung masses  74 mm    (front-left,  rear-left,   front-right  and  rear-

right  wheels)  at  each  corner.  The suspensions between the sprung mass and unsprung 

masses are modelled as linear viscous dampers and  spring  elements,  while  the  tyres  are  

modelled  as  simple  linear  springs  without  damping components (exactly in a same way as 

with quarter-car and half-car models). The actuator systems between  the  sprung  body  and  

the wheels  provide  forces  determined  by  the  displacement  of  the actuators.  The  

dampers  between  the  body  and  the  wheels  represent  sources  of  conventional damping 

such as friction between the mechanical elements. For the vehicle modelling full-car will be 

used as a good approximation of the entire car.  

 

 

Figure 3. Full-model 

 

Set fl  is the distance of the front two tire center, rl is the distance of the rest two tire 

center, front axle distance of the centric distance is a , The rear axle distance of the centric 

distance is b .  Respectively, 6541 xxxx 、、、  and 7x  represent the car body, front left, rear 

left, front right wheel and rear right wheel vertical motion displacement, 2x and 3x represent 

the car body heeling and pitch Angle. And ,,,, 6541 mmmm 7m  stands for car body, front-

left, rear-left, rear-right wheels, and ,2m 3m  for heeling and pitch moment of inertia of the 

vehicle respectively. 

We establish the motion equation of passive suspension system of whole vehicle model 

based on the Lagrange equations, written in matrix form: 

QKKXXCXM t                                                     (1) 
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In Eqs.(1）： 
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Part elements of the matrice K  are shown in the table below: 

 

The 

serial 

number 

Element Expression 

The 

serial 

number 

Element Expression 

1 11k  7654 kkkk   12 25k  5kl f  

2 12k     7564 kklkkl rf   13 26k  6kl f  

3 13k     7564 kkbkka   14 27k  7klr  

4 14k  4k  15 31k  13k  

5 15k  5k  16 32k  23k  

6 16k  
6k  

17 33k  
 

 75

2

64

2

kkb

kka




 

7 17k  7k  

8 21k  12k  18 34k  
4ak  

9 22k     75

2

64

2 kklkkl rf   19 35k  5bk  

10 23k     7564 kkblkkal rf   20 36k  6ak  

11 24k  4kl f  21 37k  7bk  
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And 24421441 , kkkk  , tkkkkk 44443443 ,  , 0474645  kkk

355325521551 ,, kkkkkk  , tkkk 5555  , 0
755654  kkk  

366326621661 ,, kkkkkk  , tkkk 6666  , 0676564  kkk  

377327721771 ,, kkkkkk  , tkkk 7777  , 0767574  kkk  

   

The  matrix C  expression form as the same as the matrix K , the semi-active suspension 

control system is on the basis of the passive suspension system with a controllable damping 

forceU , which is produced by Control magneto rheological damper. Therefore, the four 

wheels are equipped with a shock absorber, which has four control forces. The semi-active 

suspension control system of the whole vehicle model equation is:  

  QKUBKXXCM t                                                      (2) 

Where  4321 uuuuU  ,Which is Controllable damping force matrix, and B is 

damping force coefficient matrix, it can be expressed as: 
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3. The Design of Fuzzy Controller 

 

3.1. The controller design 

Fuzzy controller is based on fuzzy control rules based on conditional statements describing 

language, its control rules by human experience, generally has two input variables, output 

variables chosen as U . 

The fuzzy control of semi-active suspension system is based on the suspension system 

relative displacement  12 xx   of non-sprung mass and sprung mass and its change 

rate  12 xx    as inputs, which will be recorded as ece, ; magneto rheological damper semi-

active suspension with MR damper with adjustable damping force u  as the output of fuzzy 

controller, the control system is shown in Figure 4: 
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Figure 4. Fuzzy control system structure 

 

3.2 The fuzzy control rules 

Fuzzy control rules are generally represented as a set of fuzzy conditional statement, such 

statement is used to describe the input and output state variable is a collection of words 

referred to as fuzzy state variables. Often use words such as "large, medium and small" to 

describe the input and output variables. 

The common fuzzy conditional statement has: if  A  then  B  or if  A  and  B  then  

C .Two input fuzzy controller [NB (negative big), NM (negative medium), NS (negative 

small), ZE (zero), PS (positive small), PM (positive medium), PB (positive big)] 7 language 

fuzzy set to capture the above, the formation of the 49 control rules. Design the fuzzy rule 

base is shown in Table 1. And when E  and EC  is equal to 0, maintaining the status quo; 

when E  is not self-correcting, U  is not 0, and depends on the size and direction of E  

and EC . Fuzzy Control adopt “Mamdani” method, the reasoning is the “max-min” method. 

 
Table 1. Fuzzy control rule 
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3.3 Scale factor and the Membership Function 

Fuzzy before the variable standardization, process standardization is the domain of real 

variables, ece, and u  and the standardized variables after ECE,  and U  have the following 

relationship: 

ekeE  , eckecEC  , ukuU                                                                              (3) 

In Eqs. (3) ece kk , and uk  is the scale factor normalized by the controller output range by 

the suspension system and the corresponding membership function domain of decision. 

Generally speaking, ece kk ,  value greatly of the corresponding language electrically, and vice 

versa. The larger ek  is, the smaller the dead zone will be. Rate of rise, which is too large a 

system, will be prone to large ultra-withered or even oscillation. When eck  is larger, it is 

unresponsive, and vice versa fast, but too small system is also easy to overshoot. uk is 

equivalent to the proportional gain, usually uk  to increase, rising faster, but too large system 

prone to large overshoot. Membership function of the universe is divided in accordance with 

the physical meaning of the semi-active suspension system, variable universe fuzzy controller 

input incentive to produce the maximum response is determined according to the vehicle 

road. 

Commonly used membership functions with triangular membership function, which will 

be bell-shaped Gaussian type membership function and membership function, etc. This 

triangular membership function is chosen as the membership function of input and output 

variables, as shown in Figure 5: 

 

 
Figure 5. Membership function curve of the input and output variables 

 

4. The Results of Numerical Simulation 

Based on the suspension system of the vehicle model contains the front left, front right, 

rear left and rear right magneto rheological damper. To control the suspension system we 

control these four shock absorbers. For simplicity here, this paper only considers reducing 

body vibration acceleration and adopting four fuzzy controller to control the shock absorber, 

the input signal to the body is  1m ,which with respect to the relative displacement of the 

four tire  7654 mmmm 、、、  signal and the relative velocity signal; controlled by the fuzzy 

controller magneto rheological Less Vibrator current, resulting in four adjustable damping 

force  4321 uuuu 、、、 ,.Generating a matrix  U  which is transmitted to the suspension 
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system, in order to reduce body vibration activity acceleration and control the suspension 

system. 

The parameter of the vehicle suspension system is shown in Table 2. According to eqs, (2) 

the establishment of the suspension system model in Matlab / Simulink environment for 

simulation, and compared with the passive suspension system based on magneto-rheological 

damper. According to the fuzzy controller design above four fuzzy controller with two inputs 

and one output, the front left and front right shock absorber fuzzy controller input domain of 

[-0.04, 0.04] [-300,300] and [-0.5, 0.5], the output domain of the two inputs of the fuzzy 

controller is the domain of the rear left and rear right shock absorber [-0.04, 0.04] and [-1, 1], 

the output domain is [-400,400]. Using triangular membership function, fuzzy control rules is 

shown in Figure 5. 

 

Table 2. The basic parameters of the vehicle suspension system 

 
 

Considering the type of the road situation, assume here that the front and rear wheels 

through the road surface excitation of equal amplitude, but there is a certain phase difference 

before and after. The simulation assumes that the road surface the amplitude of excitation are 

0.02m, frequency of (  = 13 rad / s, the front and rear retardation   vba /  = 1.73 (the set 

vehicle speed v  = 20), obtained in Figure 6, Figure 7 and Figure 8 (Curve 1 is representative 

of the passive suspension system, the curve 2 represents the fuzzy control of semi-active 

suspension system). 
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Figure 6. Comparison of Suspension deformation amount 
 

 

Figure 7. Comparison of tire deformation 
 

 

 

Figure 8. Comparison of body acceleration 
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5. Conclusion 

Compared to both left front suspension and rear suspension, the fuzzy control semi-active 

suspension system of suspension distortion is less than passive suspension system, and the 

change is quite gentle, fuzzy control semi-active suspension system of the tire deformation is 

smaller than the passive suspension system, but relatively speaking, front left tire deformation 

changes relative to some. Based on fuzzy control rule of semi active control suspension 

system can reduce the body's vibration acceleration, improve the vehicle comfort, and reaches 

the expected design purpose. 

Simulation results show that the fuzzy controller magneto rheological semi-active 

suspension system can reduce the body acceleration, improve vehicle comfort and ride 

comfort, while reducing the amount of tire deformation and suspension. 

The amount of deformation and each index change is relatively smooth, helping to improve 

the life of the suspension system, and allow changing the structure of the system parameters 

within a certain range at the same time, with considerable robustness. The results show that 

the control scheme is correct to provide a reference for the magneto-rheological suspension in 

automotive applications. 
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