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ABSTRACT 
With ever increasing traffic density in highways, optimal driving of a road vehicle can result in 
smooth traffic flow, reduced fuel consumption and tail pipe emissions, thus reducing the overall 
carbon footprint of the vehicle. This paper presents the performance of two types of longitudinal 
control algorithms, classical PID and Artificial Intelligence based Fuzzy Logic Control (AIFLC) 
algorithms developed to control a self driving passenger car. The membership functions of the 
fuzzy logic controller have been tuned using Adaptive Neuro-Fuzzy Inference System (ANFIS). 
Integral Square Time Error (ISTE) performance criteria have been used for optimizing the 
controllers. The simulation results for an autonomous vehicle driven with the proposed 
controllers are presented. Also, the performance of the proposed controllers was compared with 
simulation results obtained for the same vehicle driven by a human driver model available in the 
literature. The simulation results show an improvement in fuel economy with the use of 
automatic control as compared to human control, which results in reduced tail-pipe emissions. 

Key Words : Self driving Car, PID, Fuzzy Logic Control, Adaptive Neuro-Fuzzy Inference 
System (ANFIS), Dynamic Human Driver Behavior Model, Fuel economy 

 
Nomenclature 
λ  Sensitivity factor of the control  
              mechanism (human driver model) 

F (t)  Acceleration of the follower  
              vehicle (m/s2) 
A  Effective frontal cross-sectional area  
             (3m2 ) of vehicle 
a  Distance of front axle from the vertical  
             projection point of vehicle CG onto the  
             axle-ground plane (1.4m) 
b  Distance of rear axle from the vertical  
             projection point of vehicle CG onto the  
             axle-ground plane (1.6m) 
Cd  Aerodynamic drag coefficient  
             (0.4 N·s / kg·m2) 
e  Velocity error 
Fd  Aerodynamic drag force (N) 
Fxf  Longitudinal forces on the vehicle at  
             the front wheel ground contact point  
             (N)  
Fxr  Longitudinal forces on the vehicle at  

              the rear wheel ground contact point (N) 
Fzf  Vertical load forces on the vehicle at    
              the front wheel ground contact  point (N)  
Fzr  Vertical load forces on the vehicle at  
              the rear wheel ground contact point (N) 
g  Gravitational acceleration (m/s2 ) 
h  Height of vehicle center of gravity  
              (CG) above the ground (0.5m) 
Kd  derivative gain coefficient 
Ki Integral gain coefficient 
Kp Proportional gain coefficient 
m  Vehicle mass (kg) 
T  Engine throttle signal value (0 - 1)  
vF   Velocity of follower vehicle - self  
              driving vehicle (Km/h) 
vL  Velocity of leader vehicle (km/h) 
Vx  Longitudinal vehicle velocity (m/s) 
β  Incline angle (rad) 
ρ  Mass density of air (1.2kg/m3 ) 
g Gravitational acceleration (9.81 m/s2) 
β Angle of inclination(0 radians) 
m Vehicle mass(1500 Kg) *Author for correspondence 
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INTRODUCTION 
Global warming and climate change are a 
major cause of concern for mankind in the 
present times. Increasing environmental 
imbalance due to increased exploitation of 
natural resources and unabated pollution have 
started to show their adverse effects.1 The 
exponential increase in number of vehicles on 
the road has put considerable stress on the 
existing highway infrastructure as well as on 
the environment. Automobiles, due to their 
exhaust gas emissions, are a prime factor in 
aggravating the climate change scenario.2  The 
increase in vehicle population has caused a 
degradation of air quality in major cities.3 The 
poor air quality adversely impacts human 
beings, plant life and all other bio-resources.4 
Ground water pollution because of rain water 
contamination due to exhaust gas dissolution 
has also become a major concern.5 The 
increasing automobile population has also lead 
to the increase in urban traffic noise and a 
sizable population is exposed to noise levels 
way above the prescribed safety standards.6 
Energy audits7 and studies have pointed out 
that fossil fuel consumption for automobiles 
have shown a yearly growth of 8%8 and 
strategies are required to effectively tackle this 
constant increase. 
Research work to decrease the impact of 
increasing vehicle density and emissions has 
been going on all over the world for the past 
many decades. Different approaches have been 
tried and the problem has been attacked from 
various angles. The research community and 
all major automobile industries have been 
constantly striving to improve the efficiency of 
vehicle engines. The approaches have been 
mainly towards modification of the basic 
engine design, namely, to improve combustion  
efficiency through modifications in engine 
valve design9 or to reduce losses like 
combustion heat loss by using coatings on 
pistons.10 The focus has been on the 
improvement of the basic mechanical design 
and thermodynamic processes of internal 
combustion engines. Work on the use of dual 
fuel (mix of liquid and gaseous fuel) for the 
improvement of combustion efficiency and 
reduction of particulate emissions without 

causing loss in load characteristics11 have also 
been carried out with good results. 
Experimentation has been going on in the use 
of biofuels (e.g. biodiesel) in place of fossil 
fuels and these have showed promising results 
in terms of reduced pollutant emission.12 
Approaches towards the elimination or 
conversion of polluting agents to non-polluting 
varieties with the use of catalysts have also 
showed good potential in recent times.13 
Catalytic converters for vehicles would help to 
considerably reduce the adverse impacts 
caused by hazardous combustion emissions. 
Increasing vehicle population has also resulted 
in frequent traffic jams, fatal accidents and 
long commute times. A major focus has been 
on the introduction and implementation of 
sustainable transport strategies14 and thus to 
develop urban transport systems using an 
environmentally sustainable approach.15 
Experts have proposed two ways to solve the 
traffic congestion problem, namely, increasing 
the number of lanes on the highways 16, 17 (or) 
using intelligent autonomous vehicles, which 
can self-drive on the highway systems without 
a human driver.18-21 Increasing the number of 
highway lanes has a number of legal and 
environmental problems associated with it. 
Acquisition of land for highway expansion is 
also fraught with humanitarian and legal 
problems. The use of intelligent self-driving 
vehicles on the existing highway system 
promises a comparatively better solution. The 
advantages of this approach are as follows :  
a) This approach is an enhancement over the 

current infrastructure and thus does not 
need new lanes or highway expansion 
projects. This prevents the exploitation of 
the environment for the laying of new 
highways.  

b) Self-driving vehicles perform the driving 
task much more efficiently compared with 
human drivers, resulting in significant 
improvements in fuel-economy. An 
improvement in fuel-economy also reduces 
exhaust gas emissions significantly.  

c) Improved passenger safety due to 
elimination of the human error in driving. 

The authors are of the view that introduction of 
self-driving  vehicles  will  help to make traffic  
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more environmentally sustainable. This area of 
study has seldom been explored as the research 
on autonomous vehicles has mostly 
concentrated on proof of concept, vehicle 
safety  and  vehicle  controllability.  This paper 
puts forward the hypothesis that self-driving 
vehicles will not only help increase traffic 
throughput and safety but will also help in 
reducing fuel consumption considerably and 
thus help to reduce pollution/vehicle even with 
the currently existing engine technology. An 
autonomous controller will drive the vehicle 
with better fuel economy and safety. The 
hypothesis is proved using computer 
simulations. Two types of controllers 
developed by the authors for longitudinal 
control of a self-driving car are presented in 
this paper. One autonomous controller is based 
on the classical PID controller methodology 
and the other is based on an artificial 
intelligence based Fuzzy Logic Controller 
(FLC) philosophy. The membership functions 
of the FLC are tuned using Adaptive Neuro- 
Fuzzy Inference System (ANFIS) technique.             
The   controllers  are optimized using the ISTE  
criteria. The simulations are performed using 
MATLAB / SIMULINK software and the 
results are presented and discussed. The 
simulation results obtained for fuel 
consumption and ride quality for a self-driving  

vehicle with the autonomous controllers are 
compared with the simulation results for      
fuel consumption   and ride quality of a similar  
vehicle driven using a driver behavior model 
from literature. Autonomous vehicles 
showcase a good potential to improve fuel 
economy without adversely impacting ride 
quality. 

AIMS AND OBJECTIVES 
To develop two control algorithms (classical 
PID based controller and an ANFIS based 
Fuzzy Logic controller) for the longitudinal 
control of a self-driving autonomous vehicle. 
The performance of the controllers in terms of 
fuel economy and ride quality are studied from 
simulation and are compared with that of a 
vehicle driven by a human driver.  

MATERIAL AND METHODS 
The vehicle model is implemented using 
MATLAB/SIMULINK software. The vehicle 
model is prepared as per the layout in 
Fig.1.22,23 The front and rear axles of the car 
are assumed to lie on a horizontal plane that is 
parallel to the ground. The x-axis is assumed to 
lie in this plane and it is perpendicular to the 
axles. The z-direction is perpendicular to the 
axle plane. The standard vehicle model 
parameters24, 25 are listed in nomenclature. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 : Free body diagram of the vehicle 
Assuming that longitudinal tire forces push 
the vehicle forward or backward, the vehicle 
dynamics equations of motion are given 
below. The aerodynamic drag and the 

vehicle weight act at the center of gravity 
(CG) of the vehicle.23 The balance of forces 
acting on the vehicle is represented by 
equation (1). 
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x
x d

dVm F F mg.Sin
dt

                       (1) 

The total tractive force acting on front and rear 
wheels are given by equation (2). 

x xf xrF F F                       (2) 
The force due to aerodynamic drag is 
represented by equation (3). 

2
d d x

1F C A V
2

                                   (3) 

The vertical forces acting on the front wheels are 
given by equation (4)  

x
d

zf

dVh(F mgsin m ) b.mgcos
dtF

a b


    

  (4) 

The vertical forces acting on the rear wheels 
are given by equation (5): 

x
d

zr

dVh(F mgsin m ) a.mgcos
dtF

a b


    


    (5) 

Development of control algorithms : Propor 
-tional  Integral Derivative (PID) controller  
The implementation of autonomous 
longitudinal control based on a classical PID 
controller25,26 is shown in Fig. 2. The tuning of 
the PID controller was done using the Zeigler-
Nichols tuning method. The controller gain 
values of Kp=1, Ki=0.0011, Kd=0.022 and filter 
coefficient of 100, gave optimum settling time, 
overshoot and minimum oscillations. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 : Proposed control structure for simulation 

The velocity error is given by equation (6). 
L FV eloc ity  E rro r : e v v                     (6) 

The throttle signal from the PID controller to 
the vehicle dynamics block is represented by 
equation (7). 

            
(7) 

The tuning process of the controller was done 
in the following manner, the velocity reference 
input was varied as 0.1 Km/h, 1 Km/h, 10 
Km/h and 100 Km/h. The proportional gain 
was varied and the response of the vehicle 
model    was  observed.  It  was   observed  that  
model output oscillates more for smaller step 
sizes   and   became negligible with large input 
steps. The steps indicate the difference in leader 

velocity and follower velocity. The small step 
inputs point to a situation where the follower 
closely tracks the leader and the large step 
corresponds to a case where the follower has not 
detected the vehicle in front of it. It is observed 
that the response is very oscillatory during the 
close velocity tracking, which results in poor ride 
quality and saturation of the throttle actuator. The 
observed behavior of the vehicle model proves 
that it is a non-linear system. Design and 
implementation of non-linear       controllers   for   
such a system is complex and computationally 
intensive. Fuzzy control provides a simple and 
cost effective solution compared to the 
computationally intensive non-linear control 
techniques.  

 
p i d

deThrottle :  T K * e K * e dt K *
dt
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Fuzzy Logic Controller (FLC) 
The FLC 27-29 developed to control the 
longitudinal driving task for the car is based on 
ANFIS.30-32 The PID controller block in the 
system shown in Fig. 2 is replaced with the 
FLC. The member ship functions for the input 
(velocity error), the output (throttle signal 
value) and the neural network (NN) structure 
for the ANFIS based FLC are shown in Fig. 3. 

The FLC algorithm uses, Takagi-Sugeno type 
fuzzy inference system.30, 32 The rules for the 
system generated by the ANFIS process are as 
follows : 
If (input1 is in1mf1) then (output is out1mf1) 
If (input1 is in1mf2) then (output is out1mf2) 
If (input1 is in1mf3) then (output is out1mf3) 
If (input1 is in1mf4) then (output is out1mf4) 
If (input1 is in1mf5) then (output is out1mf5) 
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Fig. 3 : a) Input membership functions (Input mf) for velocity error (in meters/second),  b) Output 
membership function for throttle, c) ANFIS Structure showing Output membership function 

(Output mf) 

The ANFIS was trained using data obtained on 
running the simulation model with the Human 
Driver Behavior model (described in next 
section) with different values of sensitivity 
factor (λ).  
Human Driver Model 
To compare the performance of developed 
controllers, a human driver behavior (HDB) 
model33,34 was substituted in place of PID 
controller in Fig. 4. The HDB was a linear car 
following model which was based on the 
relationship between stimulus and response of 
humans. Mathematically, it can be expressed as :  

L FF(t) [v (t ) v (t )]
m


      (8) 

λ = 0.37 / second    (9) 
The SIMULINK model for human driving was 
constructed based on equations (8) and (9).The 
average response time for driver was taken as 
1.5 seconds.34 

RESULTS AND DISCUSSION 
In this work, it was assumed that two vehicles 
are driven in a highway lane. The first vehicle 
known as leader was driven by a human driver, 
while the second vehicle known as follower was  
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a self-driving vehicle. Separate simulations 
were performed on the follower vehicle 
driven with: PID Controller, FLC and 

Human Driver Behavior model respectively. 
The simulation was run for 100 seconds in 
each case. 

 
Fig. 4 : Car following model with Human Driver Behavior (HDB) control 

Fig. 5 shows the velocity tracking performance 
of the developed controllers. The throttle 
activation signal profile was also observed for 
the total simulation run. Under the assumption 
that the throttle opening is directly proportional 
to the amount of fuel consumed, the total area 
under the throttle curve provides an indication of 
the amount of fuel consumed in each case. The 
total distance travelled by the vehicle during the 
simulation was also logged. The ratio between 

the total distance travelled and the total area 
under the throttle curve provides an indication of 
the amount of fuel consumed per kilometer run 
of the follower vehicle with the different 
controllers. The velocity profile, (Fig. 5), 
indicates that the follower vehicle was able to 
track the leader velocity in all three cases. It can 
be observed that the velocity profile for the first 
50 seconds (acceleration phase) closely agree 
with each other in all three cases. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 5 : Velocity profile 

After 60 seconds, during the deceleration phase, 
considerable variation was observed in the 
velocity profile. The human driver profile 
showed sudden overshoots, while trying to track 
the leader velocity. The results also show that the 
ride comfort in a self-driving vehicle running 
with a FLC was better compared to other 

controllers. The FLC based autonomous vehicle 
covers more distance in the stipulated time as 
is presented in Fig. 6. The distance covered by 
the self-driving vehicle during the simulation 
run in the three cases are as follows, Human 
driver : 401.8m, PID controller : 430.4m and 
Fuzzy Logic Controller : 459.8m. 
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Fig. 6 : Total distance travelled 

As shown  Fig. 7, in case of ANFIS tuned FLC, 
the acceleration and deceleration values do not 
go beyond 0.5m/s2 and -0.5 m/s2 respectively 
resulting in good ride comfort for the passengers. 
The passengers are not subjected to sudden jerks 

as the rate of change of acceleration and 
deceleration for the FLC based vehicle follow 
smooth curves. This was contrasted by steep rise 
and fall of acceleration and deceleration in the 
other two cases (PID control and Human Driver). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 : Vehicle ride quality comparison  

The throttle profiles for the self-driving vehicle 
resulting from the velocity profile of the leader 
vehicle are shown in Fig. 8(a) to Fig. 8(f). Fig. 

8(a) shows the leader velocity profile for the 
simulation run. Fig.  8(b) presents the throttle 
profile generated by the three controllers for 
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the simulation run with Fig. 8 (a) as the leader 
velocity profile. Fig. 8(c) and Fig. 8(d) show 
the leader velocity during acceleration of the 
self-driving vehicle and the corresponding 
throttle profile respectively. Fig. 8(e) and    
Fig. 8(f) shows the leader velocity during 
deceleration of the self-driving vehicle and the 
corresponding throttle profile respectively.  
The  total  area  under  the  throttle  variations  as  
presented in the Fig. 8(b) provides a direct 
indication of the amount of fuel consumed 
during the simulation in each case. The area 

under the throttle curve for the three cases was 
found to be : human driver behavior model: 502 
units, PID controller: 462 units and FLC: 386 
units. Thus, the ratio between the total distance 
covered and the area under the throttle curve 
indicates the fuel economy in terms of Km / unit 
Throttle (UT). The ratios observed were Human 
Driver Behavior Model: 0.008003, PID 
controller: 0.00931 and with FLC: 0.0119. The 
simulation results indicate an improvement in 
fuel economy with FLC based vehicle driving as 
compared to the human driver control. 

 

Fig. 8(a) : Velocity profiles during simulation run 

 

Fig. 8(b) :  Throttle profiles during simulation run 
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Fig. 8(c) : Velocity profiles during acceleration (9s-25s) 

 
Fig. 8(d) : Throttle profiles during acceleration (9s-25s) 

  
Fig. 8(e) : Velocity profiles during deceleration (59s-80s) 

0

0.2

0.4

0.6

0.8

1

0 8 15 21

T
hr

ot
tle

 (v
ar

ie
s b

et
w

ee
n 

0 
an

d 
1)

Time (seconds)

Throttle Profile with Human Driver Throttle Profile with PID Controller

Throttle Profile with Fuzzy Controller

0
5

10
15
20
25
30
35

59 61 64 67 71 71 74 77 80

V
el

oc
ity

 (k
M

ph
)

Time (seconds)

Velocity profile with human driver model Leader Vehicle Velocity Profile

Velocity profile with ANFIS Fuzzy Logic Controller Velocity profile with PID Controller

-5

0

5

10

15

20

25

9 13 16 19 22 25

V
el

oc
ity

 (k
M

ph
)

Time (seconds)

Velocity profile with human driver model Leader Vehicle Velocity Profile

Velocity profile with ANFIS Fuzzy Logic Controller Velocity profile with PID Controller



J. Environ. Res. Develop. 
Journal of Environmental Research And Development          Vol. 8 No. 3A, January-March 2014 

714 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8(f) : Throttle profiles during deceleration (59s-80s) 

CONCLUSION 
The aim of this paper was to present two 
controllers for a self-driving vehicle. The 
controllers were used to simulate autonomous 
driving in a two lane highway with a leader 
vehicle in front of the self-driving vehicle. The 
results were compared with the performance of 
a vehicle driven using a Human Driver 
Behavior model. The results show that  
introduction of self-driving vehicles would 
result in an increase of fuel economy in the 
self-driving vehicle as compared to that of the 
HDB controlled vehicle. A positive impact on 
the environment is being envisaged because 
the amount of pollution would be reduced in 
the same proportion as the improvement in fuel 
economy. The simulation studies also point out 
that all three controllers have close velocity 
tracking performance during acceleration. The 
velocity tracking performance during the 
deceleration period shows significant 
differences between the ANFIS FLC and the 
other two controllers. The deceleration is very 
gradual in case of the ANFIS FLC resulting in 
acceleration and deceleration values well 
below the acceptable limits of +/- 1.5m/s2 due 
to which the passenger comfort would be 
considerably better in the case of the ANFIS 
based FLC controlled vehicle. The tracking 
during decleration can be improved by the 
provision of more driving data for training the 
Adaptive Neuro Fuzzy Inference System. This  

would be taken up during future course of 
action. Frequent switching was observed in the 
throttle signal for the ANFIS tuned Fuzzy 
Logic Controller which could lead to 
saturation and overheating of the throttle 
actuators. Future scope of work would also 
look into this problem in the ANFIS based 
FLC for the autonomous self-driving vehicle’s 
longitudinal control system. 
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