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Abstract 

Speed control of intelligent cars requires fast response speeds and good dynamic 

performance. According to the different requirements of the speed controller in the 

starting and steady state, a fuzzy PID controller with self-tuning factors was proposed in 

this paper. In the designed controller, fuzzy controller with a two-input and three-output 

structure was adopted to track the set speed, two self-tuning factors α1 and α2 were select 

can distribute different tuning factors according to the system error in order to realize 

self-tuning of the fuzzy control rule. Simulation results using MATLAB/SIMULINK 

showed that the proposed fuzzy controller had a faster response speed, no overshoot, and 

a strong resistive capacity to external disturbances. Therefore, this controller can drive 

intelligent cars to move along a set track at an optimum speed. 

 

Keywords: Intelligent car, speed control, fuzzy control, adaptive tuning factor 

 

1. Introduction 

The intelligent car is also called a wheeled robot. It has an integrated intelligent system 

[1] with the functions of an environmental monitor, automatic following of a guide line, 

and self-tuning according to the environment. In each kind of industry and even in daily 

life, there is a wide application prospect for the intelligent car.  

Research into movement speed control of intelligent cars has been a recent hotspot of 

technological development in the field of mobile robot control theory. At present, the most 

widely used control technology relies mainly on traditional PID control [2]. Although the 

traditional PID algorithm allows for simple control, the strength of this control depends 

on how accurately the control object can be mathematically modeled and on the initial 

PID setting parameters [3]. An accurate mathematical model is very difficult to establish 

due to the complex working environment of intelligent cars with various interferences and 

influences in their paths. If traditional PID control is not improved, it will be very difficult 

to obtain adequate control of intelligent cars [4, 5]. Therefore, intelligent control has been 

proposed for speed control of intelligent cars, and the most representative theory is that of 

fuzzy control. Fuzzy PID control is a type of nonlinear control that imitates human control, 

to a certain degree. It does not require an accurate model of the control object. According 

to input/output data of actual systems, and referring to the operating experiences of site 

operation personnel, it is able to control the system in real-time [6, 7]. The scholar E.H. 

Mamdani achieved great success in this field. He designed a fuzzy PID controller by 

adopting the rule language of fuzzy control and he applied this to an industrial intelligent 

car. In the end, fuzzy control played a critical role [8]. The State Key Laboratory of 

Intelligent Technology in Qinghua University successfully applied fuzzy PID control 

theory to speed control of an intelligent car, which showed good adaptive capacity to the 
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environment during actual operation [9]. Based on the above-referenced studies, the 

purpose of this study was to analyze the fuzzy control unit of an intelligent car with a DC 

motor speed control system. A speed control algorithm of a fuzzy PID intelligent car with 

an adaptive self-tuning factor was also proposed. This algorithm introduced a self-tuning 

factor, α, into the fuzzy PID controller, which allowed the weights of various inputs to be 

tuned in different phases, such as start up, stop, and steady-state running. This greatly 

improved the accuracy, stability, and reaction speed of the intelligent car’s speed control. 

The effectiveness of the algorithm was verified using the simulation base of 

MATLAN/SIMULINK. 

 

2. System Structure and Speed Control Strategy of an Intelligent Car 

 
2.1. System Structure of an Intelligent Car [10-12] 

The system structure of an intelligent car is shown in Figure 1. It primarily consists of 

six parts: a car-mounted controller, a wireless communication device, a geomagnetic 

detection sensor, a motor drive unit, a power supply and detection unit, and a car alarm. 

Among them, the motor drive unit is driven by a DC motor. It is primarily responsible for 

control of the car speed and carrying out independent following of the track. The basic 

principle of an independent following track is that the detecting system of the path is 

utilized to identify and follow a black guide line on a track so that autonomous driving 

can be achieved. Performance of the car in this task is proportional to the speed of the car. 

Once it detects that the black guide line is in any side of the car body, the sensor will 

decide that the current path is a curve track. In that moment, the control system is required 

to tune the speeds of the right and left wheels in the shortest time, so that the car body can 

be turned. Otherwise, the car will rush out off the track. Therefore, the performance of the 

car mainly depends on the control accuracy and response time of the car speed. 
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Figure 1. The System Structure of the Intelligent Car  

2.2. Speed Control Strategy of an Intelligent Car 

Based on the above analysis of the car body structure, and in order to ensure that the 

intelligent car can accurately follow the path, the speed of the car needs to be constantly 

tuned in real-time under different running environments. Traditional PID control has a 

high accuracy and good steady-state performance. However, it is not capable of adapting 

to different road conditions (i.e. strict straight, straight, small curve, large curve, and sharp 

curve). Fuzzy control systems have good dynamic performances, but their steady-state 

accuracies are poor as oscillations of polar rings may occur. Therefore, we proposed a 
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combination of these two types of control. By combining the fuzzy PID control with the 

structural characteristics of an intelligent car system, the speed control strategy of an 

intelligent car was obtained, as shown in Figure 2 [13, 14]. 
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Figure 2. The Speed Control Strategy of the Intelligent Car 

The system adopted a fuzzy PID adaptive closed-loop algorithm to control the speed of 

a DC motor. The driving controller controlled the work of an infrared sensor and obtained 

the reference speed of the car from the collected road-tracking information. Meanwhile, 

the speed detection module of the wheel detected the speed of the car and compared this 

with the reference speed after isolation, amplification, and A/D conversion. If the error in 

speed was decreased or increased significantly, this indicated that the path was a curve 

with an upward or downward slope. This signal of speed error was sent to the fuzzy PID 

controller. The controller implemented the selection of a fuzzy rule, outputted accurate 

speed pulse signals, and sent signals into the actuator of the power electronics. This 

allowed the DC motor to run accurately, according to the tracking speed from actual road 

conditions.  

 

3. Fuzzy PID Design of the Speed Control in Intelligent Car 

The so-called fuzzy adaptive PID controller constantly detected e and ec on the basis of 

traditional PID control according to the fuzzy relationship between the three parameters 

of P, I & D, the error, e, and the error variation rate of ec=de/dt. Through the 

pre-determined fuzzy relationship, and by using the fuzzy reasoning method, the three 

parameters of the PID controller were modified in real-time to make the PID parameters 

autonomously set according to the signals of the sensor, and to make the output parameter 

values have smaller amplitudes of variation during the period. The fuzzy adaptive PID 

controller effectively resolved the interference problem of output mutation or error 

variation, which led to stronger adaptability [15-16]. The typical structure of the controller 

was divided into two main parts: fuzzy reasoning and traditional PID control. The 

structure diagram is shown in Figure 3. 

 

Given value
PID control Controlled 

object

Sensor

de/dt

Fuzzy 

interface

Inference 

engine

Clear 

interface

Data 

base

Rule 

base

knowledge base

KP Ki Kd

e

ec

E

EC

r
y

 

Figure 3. The Structure Diagram of Fuzzy Adaptive Tuning PID Controller 
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According to the control structure shown in Figure 3, the fuzzy PID design of the speed 

control in an intelligent car was divided into the following four steps [17-18]: 

First Step: Determine the input/output variables of the system. 

The intelligent car adopted a fuzzy controller with a two-input and three-output 

structure to track the set speed. The input variables were set as the DC motor’s error of 

angular speed, e, and the variation rate of error, ec, while the output variables were ΔKp, 

ΔKi and ΔKd. According to field test data of DC motors on site, and considering the error 

of speed sensor, the input parameters (e and ec) were set to -5 and 5, respectively. 

According to the system setting results of the DC motor, the basic discourse domain of 

ΔKp, ΔKi and ΔKd was determined to be [-2, 2].  

Second Step: The input and output variables fuzzification. 

Only through fuzzification, the input of the fuzzy controller can be used to control the 

output solution. The larger the quantization level of a variable, the higher the accuracy of 

the fuzzy control and the larger the required amount of calculations. For these reasons, the 

quantization levels of e, ec, ΔKp, ΔKi and ΔKd were all set to the 13th level in this design; 

the discourse domain of two input and one output in the fuzzy set were: {-6, -5, -4, -3, -2, 

-1, 0, +1, +2, +3, +4, +5, +6}. In this set, the elements expressed large negative, medium 

negative, small negative, zero, small positive, medium positive, and large positive values, 

respectively [5]. All the corresponding fuzzy languages were {NB, NM, NS, ZO, PS, PM, 

PB}, where NB means a sharp speed down, NM means a medium speed down, NS means 

a small speed down, ZO means maintaining the current speed, PS means a small speed up, 

PM means a medium speed up, and PB means a sharp speed up.  

After the conversion of each variable from the basic domain into the fuzzy domain, the 

next step was to define the fuzzy subset which corresponded to each fuzzy language 

variable. The fuzzy subset was defined by setting the shape of the membership function 

curve of the fuzzy subset. The determined membership function curve was discretizated 

and the subset of corresponding fuzzy variables was structured. During the speed control 

of intelligent cars, triangle membership functions were all adopted for the fuzzy subsets of 

input/output variables because the generation of speed error was random and to simplify 

the calculations. The values of the fuzzy variables were set according to recorded driving 

experiences, and the membership functions [6] of e, ec, ΔKp, ΔKi and ΔKd, which 

belonged to each fuzzy subset in the discourse domain, were obtained as shown in Figure 

4. 
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Figure 4. The Diagram of Membership Function 

Third Step: Determine the fuzzy control rule of PID parameters. 

The fuzzy control rule was used to determine the relationships between the three PID 

parameters and e as well as ec at different time points. It continuously detected e and ec 

during running, and it modified the three parameters of ΔKp, ΔKi and ΔKd on-line 

according to the fuzzy control theory, so as to satisfy the different requirements of 

different e and ec on the control parameters. Thus, the controlled object can have good 

dynamic and static performance. The control rule of speed error, e, is especially important 
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for the application of intelligent cars. Control without this rule will result in oscillation of 

the calculated speed, inability to appropriately adapt to different road conditions, and a 

reduction in the running stability of the car. When the error, e, between the actual moving 

speed of the car body and the expected speed is bigger, a larger Kp should be used in order 

to increase the tracking speed of the system. However, a smaller Kd should be used in the 

beginning when there is a sudden increase in deviation resulting in differential over 

saturation. This allowed the control function to stay within its permitted range. 

Furthermore, the integral action should be limited in order to prevent a large overshoot in 

the speed response of the system and generation of integral saturation. In general, Ki is set 

to equal 0. According to the operational experience of intelligent cars, the fuzzy control 

rule of output parameters (ΔKp, ΔKi and ΔKd) may be obtained in the speed control of 

intelligent cars, which is shown in Table 1. There are a total of 49 pieces of these rules. 

The final output values of ΔKp, ΔKi and ΔKd may be obtained by using the rule table via 

the fuzzy solution. Under different circumstances, the system will call different control 

rules to adjust the speed of the motor, therefore realizing the goal of the speed control in 

the car.  

Table 1. The Fuzzy Control Rule of Δkp, Δki, Δkd  

ΔKp 

ΔKi 

ΔKd 

Ec 

e NB NM NS ZO PS PM PB 

NB PB\NB\PS PB\NB\NS PM\NM\NB PM\NM\NB PS\NS\NB ZO\ZO\NM ZO\ZO\PS 

NM PB\NB\PS PB\NB\NS PM\NM\NB PS\NS\NM PS\NS\NM ZO\ZO\NS NS\ZO\ZO 

NS PM\NB\ZO PM\NM\NS PM\NS\NM PS\NS\NM ZO\ZO\NS NS\PS\NS NS\PS\ZO 

ZO PM\NM\ZO PM\NM\NS PS\NS\NS ZO\ZO\NS NS\PS\NS NM\PM\NS NM\PM\ZO 

PS PS\ZO\PB PS\NS\ZO ZO\ZO\ZO NS\PS\ZO NS\PS\ZO NM\PM\ZO NM\PB\ZO 

PM PS\ZO\PB ZO\ZO\NS NS\PS\PS NM\PS\PS NM\PM\PS NM\PB\PS NB\PB\PB 

PB ZO\ZO\PB ZO\ZO\PM NM\PS\PM NM\PM\PM NM\PM\PS NB\PB\PS NB\PB\PB 

 

Fourth Step: Clearness of fuzzy variables 

The output variables of Kp, Ki and Kd obtained from fuzzy reasoning are the fuzzy 

variables, and cannot be directly used to control the speed of the DC motor. They must 

first be transformed into accurate variables using a reasonable method. As the gravity 

method could reflect the real distribution of control variables, this was adopted to 

transform the fuzzy variables into accurate variables in this design. 

 

4. The Design of a Fuzzy PID Controller with Self Tuning Factors 

The following features were be concluded by analyzing the fuzzy PID design steps 

described above. If the quantization levels of error, e, error variety rate, ec, and the output 

control variables, ΔKp, ΔKi and ΔKd (which are recorded as U uniformly), were divided 

into one same level, for example: 

{E}={EC}={U}={-m, -m +1, ..., -2, -1, 0, +1, +2, ..., m -1, m }  

Then, their control query table could be approximated by the following relationship 

expressed as [19, 20]: 

U= -( E+EC)/2                             (1) 

Two observations were made from the above formula. First, in the conventional 

two-dimensional fuzzy controller, the output variable values depended on the input 

variables of e (error) and ec (error variation), and weight coefficients for both of these 

parameters were 0.5. Second, the relationship of the control rule in the two-dimensional 

fuzzy controller described in this formula was fixed and could not be tuned. Therefore, 

once the design was finished, the control rule of the design was also fixed.  

Aiming at this limitation, we considered introducing a tuning factor, α, into Formula 

(1), such that: 

U= -[αE+(1-α)EC]      α∈ (0,1)                    (2) 
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It may be observed in Formula 2 that through tuning the value of α, the function levels 

of error, E, and error variation rate, EC, on the output variable U will be changed to some 

extent. Through this method, the control rule could be turned. 

For the fuzzy PID controller with a two-input and one-output structure in the speed 

control of an intelligent car, the speed error, E, is often bigger during the initial speed 

control phase. At this time, it is expected that the action of the error value would be larger 

than that of the error variation rate in the control rule. In contrast, when the speed control 

process is in steady state, the system error is smaller. The main task of control system is to 

reduce the overshoot, and to make the system stable as soon as possible, which required 

the action of the error variation rate to be larger in the control rule. However, once the 

tuning factor, α, is selected, it cannot be changed; therefore, it is difficult to adapt and 

satisfy self-tuning of the car’s speed using the fuzzy control rule. Thus, two tuning factors, 

α1 and α2, were selected in this study. When the speed error, E, is smaller, and 
2

m
E   is 

set, the control rule was tuned by α1. When the speed error, E, is larger, and 
2

m
E   is 

set, the control rule was tuned by α2. The specific adjustment is shown in Formula (3). 

The structure of the fuzzy PID controller with self tuning factors is shown in Figure 5. 

Combined with traditional fuzzy PID control, the software flow chart with self tuning 

factors is shown in Figure 6. In the Figure, the input variables as before, were set as the 

DC motor’s error of angular speed e, and the variation rate of error ec.  
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Figure 5. The Structure of Fuzzy PID Controller with Self Tuning Factors 
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Figure 6. The Software Flow Chart of Fuzzy PID Control with Self Tuning 
Factors 

5. Simulation Verification 

In order to verify the effectiveness of the fuzzy PID algorithm with self-tuning factors 

in the speed control of an intelligent car proposed in this study, the simulation verification 

was carried through on the platform of MATLAB.  

First, the mathematical model of the DC motor was established. Based on the 

electronic and dynamic formulas of the car’s drive motor, the mathematical formula 

describing the DC motor was simplified as: 

2

400
( )

50
G S

s s



                              (4) 

In MATLAB, the fuzzy PID design results of the speed control in the intelligent car 

were as follows: 

(1) FIS Editor. According to the analysis in section four, the intelligent car adopted the 

fuzzy controller of a two-input and three-output structure to track the set speed. The input 

variables were the speed error, e, and the error variation rate, ec, of the DC motor, while 

the output variables were ΔKp, ΔKi and ΔKd. The design results are shown in Figure 7. 
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Figure 7. FIS Editor Design 

(2) Establishment of membership function. Triangle functions were selected for the 

membership functions of input and output variables established in the FIS editor, which is 

shown in Figure 8. 

 

 

Figure 8. Membership Function Design 

(3) Establishment of Fuzzy Rule Base. The 49 pieces of fuzzy control rule bases 

established for the output parameters of the speed control for the intelligent car are shown 

in Figure 9. 
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Figure 9. Control Rules Design 

(4) Rule Viewer. The obtained rule viewer is shown in Figure 10. 

 

 

Figure 10. Rule Viewer 

(5) Simulation Model of MATLAB/Simulink. The fuzzy PID simulation model with 

self-tuning factors is shown in Figure 11. In this model, the fuzzy factor of |Ke | was 

0.005,| Kec | was 0.01 and the s-function was the function written by the self-tuning factor 

algorithm. Optimization of these factors can improve the control effect of the fuzzy 

controller. After repeated verifications, this design determined that the control effect of the 

car’s speed was optimized when α1 equaled 0.7 and α2 equaled 0.3. Thus, in the speed 

control system, the tuning factors were 0.7 and 0.3.  
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Figure 11. The System Simulation Block Diagram 
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(6) Simulation Results & Analysis. In order to explain the advantages and 

disadvantages of this algorithm, the simulations were implemented for traditional PID 

control, conventional fuzzy PID control, and fuzzy PID control with self-adjusted factors, 

while the control performances of all three controls were compared. Inside, the red, green, 

and blue curves represent the simulation results of traditional PID, conventional fuzzy 

PID, and fuzzy PID with self-adjusted factors, respectively.  

The response curves of the three kinds of control algorithms are shown in Figure 12. It 

may be observed that the adjusting time for conventional PID is approximately 6 s with a 

maximum overshoot of 42% and steady state tends to be achieved after only 3 

semi-oscillating periods. The response time for conventional fuzzy PID control is reduced 

to approximately 2.4 s with an overshoot of 23% and steady state tends to be achieved 

after 1 period of oscillation. For fuzzy PID control with self-tuning factors, different 

tuning factors can be distributed according to the error value. Therefore, its response time 

is approximately 1 s, and steady state was achieved without any oscillation or overshoot. 

Figure 13 is an amplified drawing of the simulation results after the three control 

algorithms were all in the steady states and the disturbance of 10 was added in when t = 

10 s. It may be observed that the following error is present for both conventional PID and 

conventional fuzzy PID control under the outside interference. The adjustment error of the 

fuzzy PID with self-tuning factors was small after the controller was disturbed and the 

transient state process was achieved without any oscillation.  
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Figure 12. The Response Curves of the Three Kinds of Control Algorithms 
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Figure 13. The Amplified Drawing of the Simulation Results after Adding the 
Disturbance 

6. Conclusions 

With the goal application of the speed control of intelligent cars, this paper proposed a 

fuzzy PID speed controller with self-tuning factors, and reached the following 

conclusions: 

① Compared to the traditional PID and the conventional fuzzy PID, the response time 

of the fuzzy PID speed controller with self-tuning factors was reduced. During its 

response process, there was no oscillation or overshoot. This controller had better 

dynamic and steady-state performances. 

② After two self-adjusting factors were introduced into the speed controller of the 
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conventional fuzzy PID, the fuzzy controller could distribute different tuning factors 

according to the value of system error. Thus, the control rule could be changed, and the 

resisting disturbance capacity of the output response was significantly strengthened. 

During actual motion of a car, it could travel along a racing track at the optimum speed 

more stably. This controller has very practical applications for real-world use of 

intelligent cars.  
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