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Abstract— The Anti-lock braking system (ABS) is an active 

safety device in road vehicles, which during hard braking 

maximizes the braking force between the tyres and the road 

irrespective of the road conditions. This is accomplished by 

regulating the wheel slip around its optimum value. Due to 

the high non-linearity of the tyres and road interaction, and 

uncertainties from vehicle dynamics, a standard PID 

controller will not suffice. This paper therefore proposes a 

non-linear control design using input-output feedback 

linearization approach. To enhance the robustness of the 

non-linear controller, an integral feedback method was 

employed. The stability of the controller is analyzed in the 

Lyapunov sense. To demonstrate the robustness of the 

proposed controller, simulations were conducted on two 

different road conditions. The results from the proposed 

method exhibited a more superior performance and reduced 

the chattering effect on the braking torque compared to the 

performance of the standard feedback linearization method. 
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I. INTRODUCTION 

The anti-lock braking system is a device that senses when 

the wheels of a vehicle are about to lock during hard-

braking and it releases the brakes, so that locking of wheels 

does not occur. This operation results in the improvement of 

the longitudinal stability and hence the driver's steering 

control, thereby improving the driver's ability to avoid 

obstacles. In addition, the action of the ABS results in 

maximizing the frictional forces between the tyres and the 

road, consequently minimizing the braking distance. Most 

commercial ABSs have a design objective of maximizing 

the friction force between the tyres and the road surface to 

achieve shorter braking distance and better steering control 

[1, 2]. They are implemented using an algorithm that is 

based on complicated logic rules (table rules) that attempt to 

capture all possible operating scenarios. These rules are 

executed by a control computer that switches on and off 

solenoid valves to ensure the right pressures are delivered to 

the wheels while avoiding slippage [3]. Current ABS 

research is based on slip control. The goal of the slip control 

is to track pre-determined slip trajectory optimally in the 

face of un-modeled dynamics and external disturbances. To 

achieve this, correct slip estimation, which is crucial in the 

performance of the controller, is necessary [4]. PID control 

algorithm as a traditional control method are Widely used in 

process control widely because it has the Characteristic of 

small amount of calculation, good real time and easy to 

implement etc. But it has some shortcoming such as 

inconvenient changes not being self-tuning [5] and so on. 

The desired objectives often cannot be gotten by PID control 

due to object widespread uncertain factor for nonlinear and 

time varying etc. 

In recent years, fuzzy control is a hot spot which is 

researched at home and abroad. The mathematical model is 

not required by fuzzy control. Fuzzy control has many 

characteristics such as fast response speed, small over shoot, 

low sensitivity about brake specific parameters better 

robustness and flexibility .But the performance removing 

the system steady-state error is bad for ordinary fuzzy 

control, the control parameter need to be determined by 

repeated experiments. At the same time, the requirements of 

Anti-lock Braking System adaptive is difficultly satisfied for 

a variety of traffic by fuzzy control. In this paper, an 

improved fuzzy PID controller was designed by one way 

that fuzzy PID controller was combined with simple method 

of automatic optimization objective function targets. Some 

problems has been solved by this method such as: 

parameters of PID is difficulty determined, and improve the 

flexibility in controlling. 

II. VEHICLE DYNAMICS MODEL 

ABS control principle is to keep the wheel slip rate to reach 

the optimum slip ratio, so it can obtain high longitudinal and 

lateral friction coefficient. During braking, when the wheel 

torque caused by the adhesive force is not enough to 

overcome the brake torque generated by the brake, wheels 

will be locked. If the vehicle yet fully brakes, the wheels 

would slip on the road. In order to obtain a good drive 

performance during braking, it is necessary to use the 

adhesion between tire and road surface fully and rationally. 

Adhesion depends on the vertical load and friction 

coefficient between the tire and road surface between. 

A. Wheel Model 

For simplified analysis, Two degrees of freedom single 

wheel vehicle model is adopted (shown in Figure 1), namely 

wheel flat equation and the rotate equation around the center 

of the wheel, Ignore air resistance and rolling resistance of 

the wheels [2]. 

 
Fig. 1: Single wheel vehicle model 
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Vehicle dynamics equation: 

 
This model assumes that the vehicle has four 

wheels, the weight of the vehicle equally assigned to these 

wheels 

 
The definition of slip rate: 

  (5) 

From equation (5) it can be seen: while the vehicle 

speed is Equal to the wheel speed, slip rate is zero; during 

automobile Braking, the difference of theirs is greater, the 

slip rate is greater; when the wheel is locked, the wheel 

speed is zero, and slip rate reaches 100%.The objective of 

ABS control is to adjust slip rate of the wheel, relative to 

any given road surface, to make the longitudinal adhesion 

coefficient between the wheels and the road maximum, to 

reduce the braking distance and ensure the direction stability 

and maneuverability during vehicle braking. 

B. Tire Model 

Burckhardt gives the commonly function relationship 

between the tire longitudinal adhesion coefficient and the 

slip ratio as: 

 
Where A, B, C is a reference factor, its value is shown in 

Table 1               

 
Table 1: Typical Road A,B,C Parameter values 

C. Brake model 

The proportional coefficient of the brake pressure and wheel 

braking torque is achieved by testing. Then the relationship 

between the brake fluid pressure which act on the wheel 

cylinder pistons and the wheel braking torque is: 

 
Where, Tb is the wheel braking torque; k is the 

proportional Coefficient; p is brake fluid pressure; Po is the 

threshold pressure.  

III. FUZZY PID CONTROLLER 

The structure of fuzzy PID controller with the developing of 

the computer science, the adjustments experience of 

operating staff is stored into the computer as the knowledge 

using the method of artificial intelligence by some people. 

The PID parameters could be auto regulate by the computer 

according to the actual situation in the scene. Intelligent PID 

Controller is created by this way .This kind of controller is 

that classical PID control combine with advanced expert 

system for realizing the optimal control of system. In this 

control system, the Object model must be determined 

accurately. Firstly the long-term practical empirical 

knowledge of operator (specialist) is modeled by control 

rules. And then, the PID parameters can be realized optimal 

adjustment through fuzzy reasoning. As the experience of 

operator is not easy to describe, the kinds of semaphores and 

evaluating indicator are hardly quantified either, the fuzzy 

theory is efficient path to solve these problems. A basic 

control theory and method of fuzzy mathematic. In this 

control theory, the conditions of the rules and operation are 

expressed by fuzzy sets, and these fuzzy control rules, as 

well as relevant informations (such as evaluating indicator, 

the initial PID parameters and so on) as knowledge are 

stored into computer knowledge database. Then, the best 

adjustment of PID parameters are auto-regulated by fuzzy 

reasoning according to the actual response of control system 

(expert system input conditions).This is the fuzzy adaptive 

PID control. 

In the fuzzy PID controller, error E and error rate 

of change Eco is the input of the system. By this way, the 

request of PID parameter tuning by e and c e at different 

time is satisfied. Then, the PID parameter can be altered by 

fuzzy control rule on line. A adaptive fuzzy PID controller is 

constituted by this method. As the figure 2 shown that it is 

the structure of adaptive fuzzy PID controller. 

 
Fig. 2: the structure of adaptive fuzzy PID controller 

The adaptive fuzzy PID controller consists of two 

parts: the One is conventional PID control, the other is 

calibration parameters of fuzzy inference. The position-

description of 

Conventional discrete PID controller is: 

 
In this equation K p, Ki, Kd are the proportionality 

control coefficient, integral control coefficient and 

differential control coefficient. 

The parameters are adjust by fuzzy PID control 

which Based on PID algorithm, calculated the current 

system error E, error rate of change Ec, carried on the fuzzy 

reasoning and inquired the fuzzy matrix table.                            

A. Determination of membership function 

Fuzzy PID ABS controller choose that the input parameters 

are the slip ratio error E and error change rate of slip rate  Ec 
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,the output parameter is braking torque increment 𝚫𝐔 .Input 

linguistic variables of fuzzy controller is the slip ratio error 

E ,the output linguistic variables model are the Kp, Ki, Kd 

.The triangular function of the higher sensitivity is adopted 

as the membership function of input E , Ec and their 

variable level is 7.The same as the input, The triangular 

function of the higher sensitivity is chosen as output Kp ,  Ki 

, Kd else and their variable level is 4.We define variation 

range of the input E , Ec are [- 0.1,0.1] , [-10,10] 

respectively. The fuzzy linguistic variables are Negative Big 

(NB), Negative medium (NM), Negative Small (NS), 

Zero (ZE), Positive Small (PS), Positive Middle (PM), 

Positive Big (PB) respectively. The universe of discourse 

are [-6,-3,-1,0,1,3,6] and [− 6,−4,−2,0,2,4,6] respectively. In 

this paper, the Nonuniform universe of discourse is adopted 

for realizing more approaches zero more control policy and 

ensuring fine control. The variation range of output Kp ,  Ki, 

Kd are defined as [0,150] , [0,3] , [0,12] , their fuzzy 

linguistic variable are 

Zero(Z),Small(S),Middle(M),Big(B),their universe of 

discourse are [0,2,4,6]. 

B. The establishment of fuzzy vector table 

Fuzzy control rule table of turning the three parameters Kp, 

Ki, Kd are created by summarizing technical knowledge 

And actual operation experience of project planner 

respectively as table 2, 3, 4 shown that they are the fuzzy 

control rule table of these three parameters. 

     
Table 1: Kp Fuzzy control rule table 

 
Table 2: Ki Fuzzy control rule table 

    
Table 3: Kd Fuzzy control rule table 

C. Improvement of Fuzzy PID Control 

In the ABS system, the fuzzy PID control is improved for 

Choosing appropriate proportional, integral and differential 

Coefficient, curtailing excessive response time, increasing 

the regulation accuracy and making that the system has 

steering sensitivity and control stability. It is difficult to get 

optimum efficiency according to the fuzzy PID control of 

the expert experiences formulates. Hence, in this paper, a 

Improved algorithm is proposed. This algorithm is that 

fuzzy PID control combine with the Simple Method of 

automatic optimization objective function targets. The best 

performance index of adaptive systems  

 
is selected to optimize these dynamic performance 

indicators for objective function. The systematic error e(t) 

and error rate of change e (t)c (in this paper, systematic error 

e(t) is the slip ratio error E and error rate of change e (t) c is 

error change rate of slip are considered at the same time. 

And then, Kp, Ki, Kd are optimized by using Optimization.  

IV. SIMULATION RESULT 

The graph is a measure of the deceleration of the vehicle 

after brakes have been applied. The yellow line marks the 

linear velocity of the vehicle while the pink line shows a 

measure of the wheel velocity of the vehicle 

 
Fig. 3 Vehicle deceleration for PID controller 

From the above graph we can clearly observe that 

the vehicle comes to a halt after 4.1 seconds after brakes 

have been applied. When both the lines are the same there is 

no wheel slip. After t= 0.2 seconds a slip of 0.1 is demanded 

which is achieved by applying the brakes. The controller has 

the desired effect of tracking the desired slip at the required 
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value of 0.1 however this is achieved after 0.2 seconds 

which is relatively a slow reaction considering the urgency 

and safety issues of the vehicle. Ideally there has to be a 

faster tracking. 

Figure 4 gives the graph of the slip ratio of the 

vehicle in case of PID controller. In the figure the magenta 

line indicates the fixed or desired slip and the yellow line 

indicates the actual slip generated. 

 
Fig. 4: Slip ratio vs time for PID controller 

From the figure 4 we can see the graph of the slip 

ratio vs time for the vehicle in case of PID controller. We 

can clearly see that the actual slip takes about 1.8 to 1.9 

seconds before settling with the required fixed slip of the 

vehicle. Thus the settling time for wheel slip in case of PID 

controller is close to approximately 1.85 seconds. 

Figure 5 shows the graph of the deceleration of the 

vehicle when Fuzzy Controller is used. 

 
Fig. 5: Vehicle deceleration for Fuzzy PID Controller 

From the figure 5 we can clearly see that the 

vehicle comes to a halt after 3.85 seconds. The initial speed 

in both cases was considered to be 40 Km/hr or 11.1 m/s. By 

comparing figures 4 and 5 we observe that the fuzzy 

controller has better tracking as compared to the PID 

controller. The stopping time is also reduced by 0.25 

seconds. More strikingly the tracking in case of the fuzzy 

controller is immediately provided at the instance of 

braking. When compared with that of the PID controller 

which takes 0.2 seconds for the same, the fuzzy PID 

controller reacts much faster to the application of braking 

which clearly suggests it is a more stable approach with 

superior tracking capability. 

Figure 6 shows the graph of the slip ratio vs time 

for the vehicle in case of fuzzy controller. 

 
Fig. 6: Slip ratio vs time in case of fuzzy controller. 

From the graph of figure 6 we can see the curves 

for the desired wheel slip and actual wheel slip in case of the 

fuzzy controller. We can clearly see that in case of the fuzzy 

controller the settling time is approximately 0.25 seconds 

before it achieves the required slip. 

Thus when compared to that of the PID controller 

we can clearly see that the settling time for fuzzy PID 

controller slip ratio is much less. Thus the system comes to 

stabilize quicker in case of the fuzzy logic based controller. 

Thus from the above comparisons, we can conclude that the 

fuzzy controller is more robust and a better control scheme 

when compared to the traditional PID control scheme. 

V. CONCLUSION 

In this project an attempt has been made to understand the 

effects of using a linear and a nonlinear control scheme for 

designing an Anti- Lock Braking System. 

For the linear control scheme the traditional 

Proportional Integral Derivative based controller was used 

and for the non -linear scheme a simple Fuzzy Logic 

Controller was used. The system was modeled with simple 

quarter vehicle dynamics. A fixed wheel slip ratio was used 

as a criterion for the control work. This fixed ratio of 0.2 has 

been known to produce good results in ABS systems and the 

design region has been centered around the same value. 

From the simulations results it was observed that the fuzzy 

logic based control approach is a more robust approach. The 

stopping time was reduced by 0.25 seconds when compared 

to the PID control scheme at an initial longitudinal velocity 

of 40 Km/hr. Also the settling time for the wheel slip ratio 

was 

Much less in case of the fuzzy controller. Thus it 

was observed that the fuzzy controller was a better control 

strategy as compared to the traditional PID based control 

scheme. The fuzzy based controller also showed superior 

tracking capacity when compared with the PID based 

controller scheme. It should be noted that the results were 

simulated under dry asphalt road conditions. It should also 

be noted that only longitudinal braking has been considered. 

Under these specific conditions the fuzzy logic based 

controller has shown a better response and stability. In this 

present work a non-linear vehicle model has been 

considered.  
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VI. FUTURE SCOPE 

The effectiveness of the fuzzy based controller may not be 

ideal in different road conditions or severe braking and 

turning conditions. A more intelligent approach is needed 

when studying these conditions as a future scope of the 

work, neural network systems or neuro-fuzzy systems may 

be employed for better control over varying road conditions. 

Also, real time implementation of the control logic is needed 

with an on board microcontroller mounted over a small 

scaled model of the vehicle system 
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