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Abstract:   In this paper, a fuzzy behavior-based approach for a three wheeled omnidirectional mobile robot (TWOMR) navigation has
been proposed. The robot has to track either static or dynamic target while avoiding either static or dynamic obstacles along its path. A
simple controller design is adopted, and to do so, two fuzzy behaviors “Track the Target” and “Avoid Obstacles and Wall Following” are
considered based on reduced rule bases (six and five rules respectively). This strategy employs a system of five ultrasonic sensors which
provide the necessary information about obstacles in the environment. Simulation platform was designed to demonstrate the effective-
ness of the proposed approach.
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1   Introduction

Autonomous mobile robots are intelligent agents able

to perform desired tasks in various known and unknown

environments  without human intervention and can react

to dynamical changes of these environments. One import-

ant issue in robotics research is navigation. In a cluttered

environment where the robot has to navigate successfully

toward a goal while avoiding obstacles remains a challen-

ging problem.

In  recent  years,  omnidirectional  mobile  robots  have

attracted much  attention  not  only  as  a  test-bed  to  aca-

demic demonstrations but also as an essential component

of  industrial  and  home  automation.  Compared  to  the

more common non-holonomic car-like vehicles, omnidirec-

tional mobile robots, which are holonomic, provide superi-

or maneuvering capability. They can perform translation-

al and  rotational  motion  independently  and  simultan-

eously  since  they  are  a  type  of  3  degrees  of  freedom

(DOF) vehicles  on a  2-dimensional  plane.  The ability  to

move  in  any  direction,  irrespective  of  the  orientation  of

the vehicle, makes it an attractive option in dynamic en-

vironments[1–6]. So they are very useful  in many applica-

tions  such  as  hospital  applications[7],  rehabilitation[8], in-

dustrial applications[9], service robots[10], etc.

Numerous advancements in the field of omnidirection-

al mobile robots have been achieved. Some of them con-

cern hardware design. Inoue et al.[11] studied the design of

omnidirectional mobile robots with an active-caster robot-

ic drive with ball transmission. Ma et al.[12, 13] presented a

novel  omnidirectional  wheel  mechanism  called  (MY

wheel-II), based on a sliced ball structure. Gebre et al.[14]

explored the use of spherical ball drive system to replace

the standard wheel. Zhang and Huang[4] have proposed a

novel  tracked  running  mechanism,  with  which  a  tracked

vehicle  can  not  only  achieve  omnidirectional  motion  to

improve  the  maneuverability  of  conventional  tracked

vehicles  but  also  retain  the  cross-country  capability  of

conventional  tracked  vehicles.  Tavakoli  et  al.[15, 16]

introduced the Omniclimber,  a  climbing robot  with high

maneuverability  for  inspection  of  ferromagnetic  flat  and

convex human made structures.

Other researchers  studied  the  modeling  and  the  con-

trol of  omnidirectional  mobile  robots.  A dynamic model-

ing of  a  three  wheeled omnidirectional  mobile  robot  was

first derived by Watanabe et al.[17], then, it was followed

by the work of Ren and Ma[18] with a slightly different or-

thogonal wheel (MY wheels-II). H. Kim and B. K. Kim[19]

presented  an  online  minimum-energy  translational  and

rotational velocity  trajectory  planning  and  control  sys-

tem on a  straight-line  path  for  three-wheeled  omnidirec-

tional mobile robots.  Barreto et al.[20] presented and dis-

cussed  the  implementation  results  of  a  model-predictive

control scheme with friction compensation applied to tra-

jectory following  of  an  omnidirectional  three-wheeled  ro-

bot.  Sharbafi  et  al.[21] applied an intelligent controller  to

control  the motion of  an omnidirectional  robot based on

the brain-emotional-learning algorithm, which is  inspired

by  a  computational  model  of  the  limbic  system  in  the
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mammalian brain. Sira-Ramırez et al.[22] proposed an ob-

server-based  robust  linear  output  feedback  controller  for

the trajectory tracking problem of an omnidirectional mo-

bile robot.

A  number  of  control  techniques  are  used  including

fuzzy  control[23, 24],  neural  networks[25, 26], genetic  al-

gorithms[27],  sliding  mode[28] and  optimization  methods

such as ant colony optimization (ACO)[29], particle swarm

optimization  (PSO)[30], deoxyribonucleic  acid  (DNA)  al-

gorithms[31], etc.

The behavior-based approach has been established as

the main alternative to conventional robot control[32]. Be-

havior-based architectures  are  bottom-up  approaches  in-

spired by  biology  and  consist  of  decomposing  the  prob-

lem of  autonomous control  by task rather than by func-

tion.  The  two  basic  behavior-based  control  architectures

include  subsumption  architecture[33] and  motor

schemas[34]. On the other hand, fuzzy logic is an approx-

imate reasoning that can cope with uncertainty in inform-

ation  so  that  it  can  overcome  behavior-based  problems.

The combination of the fuzzy control and behavior-based

architecture has some further advantages. It can produce

controllers that  are  robust  to  uncertainty  and  impreci-

sion based  on  a  set  of  IF-THEN rules  in  which  the  ex-

pert knowledge can be employed. The big centralized con-

troller  is  reduced  to  distributed  smaller  sub-controllers.

Finally, fuzzy  control  can  be  used  to  overcome  the  con-

flict among multiple behaviors.

Many  types  of  research  were  carried  out.  We  start

with  the  earlier  works  by  Izumi  and  Watanabe[35–37],

where a fuzzy behavior-based approach was derived.  Ar-

riving at the recent works, Selekwa et al.[38] presented the

design  of  a  preference-based  fuzzy  behavior  system  for

navigation control of robotic vehicles using the multival-

ued logic framework. Zein-Sabatto et al.[39] have designed

four  behaviors  which  are  integrated  and  coordinated  to

form  complex  robotics  system.  Wang  and  Liu[40] pro-

posed  a  fuzzy  behavior-based  navigation  that  can  deal

with long  wall,  large  concave,  recursive  U-shaped,  un-

structured, cluttered,  maze-like,  and  dynamic  indoor  en-

vironments.

Considering  the  motion  of  the  unicycle  robot  or  the

differential drive robot which has two driving wheels[41, 42],

the motion  is  straightforward.  To  move  the  robot  for-

ward  or  backward,  we  give  the  two  driving  wheels  the

same  velocity.  To  turn  right,  we  increase  the  left  wheel

velocity or  decrease  the  right  wheel  velocity  and the  in-

verse to turn left. The motion of the three wheeled omni-

directional  mobile  robot  (TWOMR)  is  more  complex;

hence, most of the studies concerning omnidirectional ro-

bot control  use the inverse kinematics  to control  the ro-

bot wheels. This paper brings some new features:

1) A reduced (a minimum number of rules and a min-

imum number  of  behaviors)  fuzzy  behavior-based  ap-

proach  for  TWOMR navigation  has  been  proposed.  The

robot  has  to  track  a  dynamic  target  while  avoiding

obstacles  along  its  path.  For  simplicity,  we  have  used  a

reduced number of behaviors based on reduced rule bases.

Two  fuzzy  behaviors  “Track  the  Target”  and  “Avoid

Obstacles and Wall Following” are designed for the pro-

posed controller.

2) The  controller  drives  directly  the  robot.  The  con-

troller outputs are the wheels velocities rather than using

the inverse kinematics.

This paper is organized as follows. Section 2 presents

a  mathematical  development  of  TWOMR  modeling.

Section  3  describes  the  navigation  problem.  Section  4

presents  the  fuzzy  behavior-based  controller  design.  The

simulation results are given in Section 5. Finally, Section 6

is dedicated to the conclusion and the future work.

2   TWOMR modeling

2.1   Description of the TWOMR and its
movement

The TWOMR is a holonomic robot that has the abil-

ity to move simultaneously and independently in transla-

tion and rotation. The robot is equipped with three omni-

wheels equally arranged at 120 degrees on the circumfer-

ence of the robot (Fig. 1).

Each  omni-wheel  is  mounted  directly  to  its  motor

shaft so that the motor and the wheel have the same ro-

tational axle. The distance from the center of the robot to

the  center  of  the  wheel  is  denoted  by L.  By  individual

control  of  the  speed  of  each  motor,  the  robot  is  able  to

perform  motions  that  robots  on  normal  wheels  cannot

perform.

An omnidirectional  drive  system requires  a  minimum

of  three  omni-wheels. Fig. 2 shows  an  example  of  an

omni-wheel  where  the  wheel  is  equipped  with  many

rollers  enable  it  to  move  sideways  perpendicular  to  the

normal direction of rolling (the linear velocity).

Consider the omni-drive system of Fig. 3. Assume that

Wheel 1 on the right is active with the translational velo-

city Vw1 while Wheels 2 and 3 on the left are inactive. As-

suming no slippage, in this case, Wheels 2 and 3 will gain

a velocity Vin1 perpendicular to their normal directions of
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120°

Wheel 3 

Wheel 1 

 
Fig. 1     Robot configuration
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rolling,  outer  on the  Wheel  2  and inner  on the  Wheel  3

due  to  their  rollers.  This  velocity  is  called  the  Induced

Velocity. Therefore, the system will rotate about a single

point C which  is  the  intersection  between  the  two  lines

perpendicular to the velocity of each wheel Vw1 and Vin1.

The  induced  velocity  can  be  easily  calculated.  From

Fig. 3, in triangle OBC, we have

R2

sin 60◦
=

L

sin 30◦
. (1)

Therefore,

R2=
√
3L. (2)

Now, we can calculate the radius of rotation of the ro-

bot center R using Pythagoras theorem as follows:

R =
√

R2
2 + L2 = 2L. (3)

Also,

R1 = R+ L = 3L. (4)

In  this  case,  as  depicted  in Fig. 2,  the  robot  turns

around  the  point C,  therefore  the  wheels  of  the  robot

turn with the same angular velocity:

φ̇ =
Vw1

R1
=

Vin1

R2
. (5)

From (5), the induced velocity can be calculated as

Vin1 =
R2

R1
Vw1 =

Vw1√
3
. (6)

2.2   TWOMR kinematics

Xl = [xl, yl, φ]
T XG = [xG, yG, φ]

T

Ẋl = [ẋl, ẏl, φ̇]
T

ẊG = [ẋG, ẏG, φ̇]
T

Assume a global frame (xG, yG) which represents the

environment  of  the  robot  (Fig. 4).  We  can  also  define  a

moving local  frame (xl, yl)  associated with the  center  of

mass of the robot. The xl axis is parallel to the axis of ro-

tation of the Wheel 1. The three omniwheels are located

at an angle αi (i = 1, 2, 3) relative to the local frame. If

we take  the  moving axis xl,  as  starting point  and count

degrees in the counter-clockwise direction as positive, we

have α1 = 0°, α2 = 120° and α3 = 240°. The robot′s loca-

tion  and  orientation  can  be  represented  as

 in the local frame and 

in the global frame, while the velocity of the robot can be

written  as  in  the  local  frame  and

 in the global frame.

φNote that, the orientation angle , the angle between

the xl axis with respect to the xG (Fig. 4) axis of the ro-

bot is the same in the local and the global frames.

The  relations  of  the  forces  in  the  local  frame  can  be

written geometrically as follows:


Flx = cos (210◦)Fw2 + cos(−30◦)Fw3

Fly = Fw1 + sin (−30◦)Fw2 + sin (210◦)Fw3

Mz = LFw1 + LFw2 + LFw3

(7)

where Fw1, Fw2 and Fw3 are the traction forces applied to

the  Wheels  1,  2  and  3,  respectively. Flx and Fly are  the

abscissa  and  the  ordinates  components  of  the  resultant

force in the local frame, while Mz is  the moment on the

robot.

F =
[

Fw1 Fw2 Fw3

]T

Fl =
[

Flx Fly Mz

]T

Define  as  the  traction

forces  applied  to  the  wheels,  as  shown  in Fig. 4,  and

 as  the  force  and  moment  on
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Fig. 2     Omniwheel
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Fig. 3     Calculation of the induced velocity
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the robot in the local frame, where T stands for the trans-

pose.  Equation (7)  can be written in  a  compact  form as

follows:

Fl = AF (8)

where A is the geometrical matrix:

A =


0 −

√
3

2

√
3

2

1 −1

2
−1

2

L L L

 . (9)

The  instantaneous  power  of  the  force F is independ-

ent of the frame in which is defined, and is given by the

dot product:

P = F⃗ · V⃗ = FTẊw = FT
l Ẋl (10)

where

Ẋw =
[

Vw1 Vw2 Vw3

]T
 represents the wheels′ ve-

locities.

Substituting (8) into (10), we obtain

FTẊw = (AF )TẊl. (11)

Then,

FTẊw = FTATẊl. (12)

FTIn  (12),  the  same factor  is  multiplied  on  the  left

and on the right, and this leads to

Ẋw = ATẊl. (13)

Therefore,

Ẋl =
(
AT

)−1

Ẋw. (14)

Equation  (14)  represents  the  kinematics  of  the

TWOMR expressed in the local frame in a compact form,

and it can be given in a detailed form as follows:

 ẋl

ẏl
φ̇

 =


0 −

√
3

3

√
3

3
2

3
−1

3
−1

3
1

3L

1

3L

1

3L


 Vw1

Vw2

Vw3

 . (15)

The relation between velocities in the local frame and

the global frame is given by

ẊG = RG
l Ẋl (16)

where RlG is the rotation matrix given by

RG
l =


cosφ − sinφ 0

sinφ cosφ 0

0 0 1

 . (17)

From (14) and (16), we get the kinematics of the ro-

bot in the global frame as following (18) and (19):

ẊG = RG
l

(
AT

)−1

Ẋw (18)
 

 ẋG

ẏG
φ̇

 =


−2sin (φ)

3

sin (φ)

3
−

√
3cos (φ)

3

sin (φ)

3
+

√
3cos (φ)

3

2cos (φ)
3

−cos (φ)
3

−
√
3sin (φ)

3

√
3sin (φ)

3
− cos (φ)

3
1

3L

1

3L

1

3L


 Vw1

Vw2

Vw3

 . (19)

The translational  and  the  angular  velocity  of  the  ro-

bot are given by


V =

√
ẋ2
G + ẏ2

G

φ̇ =
Vw1 + Vw2 + Vw3

3L
.

(20)

From (19) and (20), we get


V =

1

3

√
(2Vw1 − Vw2 − Vw3)

2 + 3(Vw3 − Vw2)
2

φ̇ =
Vw1 + Vw2 + Vw3

3L
.

(21)

We can analyze the movement of the robot based on

(21) as follows:

φ̇1) If Vw1+Vw2+Vw3 = 0, then V = constant and  = 0.

This corresponds to instantaneous linear movement.

φ̇2) If Vw1 = Vw2 = Vw3, then V = 0 and  = constant. This

corresponds to instantaneous pure rotation.

3) If the two conditions mentioned above are not veri-

fied, then the movement is in instantaneous circular tra-

jectory with translational velocity V and radius R.

Note that the three states above are instantaneous for

each  sample  time.  If  we  maintain  the  wheels  velocities

constant for a period of time, then the movement will re-

main in this state for this period of time. So we can make

any  motion  with  variable  linear  velocity  and  variable

curvature radius from these three types of motion.
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2.3   TWOMR dynamics

According to Newton′s second law and (8), we get

FG = RG
l Fl = RG

l AF = MẌG (22)

where M is  the  matrix  of  the  robot  mass  and  inertia,

given by

M =

 m 0 0
0 m 0
0 0 I

 (23)

Ẋw

where m(kg)  and I (kg·m2)  are  the  mass  and  the

rotational inertia of the robot. Taking the time derivative

of  in (18), we get

ẌG = ṘG
l

(
AT

)−1

Ẋw +RG
l

(
AT

)−1

Ẍw. (24)

From (22)  and  (24),  we  get  the  relation  of  the  trac-

tion force with respect to the global frame

F = (A)−1
(
RG

l

)−1

M

{
ṘG

l

(
AT

)−1

Ẋw +RG
l

(
AT

)−1

Ẍw

}
.

(25)

Tw = [Tw1 Tw2 Tw3]
T

Now  the  relation  between  the  traction  force  and  the

wheel torque  in (N·m) can be giv-

en as

Tw = Iw

(
Ẍw

r

)
+ fw

(
Ẋw

r

)
+ Fr (26)

(
Ẋw

r

) (
Ẍw

r

)where Iw (kg·m2)  is  the  moment  of  inertia  of  wheels, fv
(N·s·m–1)  is  the  viscous  friction  coefficient,  and r (m)  is

the  radius  of  the  wheel.  and  are  the

angular  velocities  and  the  angular  accelerations  of  the

wheels respectively.

Tm = [Tm1 Tm2 Tm3]
T

The relation between the wheel torque and the motor

torque  in  (N·m) is  given  as  fol-

lows:

Tm = Im

(
n
Ẍw

r

)
+ fm

(
n
Ẋw

r

)
+

Tw

n
. (27)

(
n
Ẋw

r

)
(
n
Ẍw

r

)
where Im (kg·m2)  is  the  motor  moment  of  inertia, fm
(N·s·m–1) is the motor viscous friction, and n is the gear

ratio  between  the  wheel  and  the  motor.  and

 are  the  angular  velocities  and  the  angular

accelerations of the motors, respectively.

By substituting (26) into (27), we get

Tm =

(
nIm +

Iw
n

)
Ẍw

r
+

(
nfm +

fw
n

)
Ẋw

r
+

Fr

n
. (28)

Ẋw

In  (28),  we  have  to  substitute F by  its  value  to  get

the  relation  between the  motor  torque Tm and the  velo-

city  of  wheels ,  so,  we  substitute  (25)  into  (28),  and

after simplification and arrangement, we obtain

Tm =


C1 C2 C2

C2 C1 C2

C2 C2 C1

 Ẍw+


C3 −C4φ̇ C4φ̇

C4φ̇ C3 −C4φ̇

−C4φ̇ C4φ̇ C3

 Ẋw

(29)

where

C1 =
9L2n2Im + 9L2Iw + r2

(
I + 4mL2

)
9L2nr

(30)

C2 =
r
(
I − 2mL2

)
9L2n

(31)

C3 =
n2fm + fw

nr
(32)

C4 =
2
√
3mr

9n
. (33)

We have modeled the mechanical part of the robot de-

scribed  by  (29)  that  is  the  dynamics  of  the  robot  that

connects the motor torque to the velocity of wheels. The

next step is to model the electrical part of the robot mo-

tors.

For a direct current (DC) motor, we have

La
dIa
dt +Raia + kE

(
n
Ẋw

r

)
= E (34)

E =
[

E1 E2 E3

]T
where  (V)  is  the  motor  voltage

input, ia (A) is the armature current, La (Henries) is the

armature  inductance, Ra (Ω)  is  the  armature  resistance,

kE (V·s/rad)  is  the  back  electromotive  force  constant  of

the motor.

La
dIa
dt = 0

Since the inductance of the motor is omitted, as it is

small  and  generally  ignored  in  robot  dynamics,  we  can

neglect  the  motor  electric  circuit  dynamics, ,

which leads to

Raia + kE

(
n
Ẋw

r

)
= E. (35)

The torque Tm developed by the motor is given by the

following equation:

Tm = kmia (36)

where km (N·m/A) is the motor torque constant.

From (35) and (36), we obtain

N. Hacene and B. Mendil / Fuzzy Behavior-based Control of Three Wheeled Omnidirectional Mobile Robot 167 

 



Tm =
km
Ra

E − kmkEn

Rar
Ẋw. (37)

Equation (37) can be rewritten as follows:

Tm = C5E − C6Ẋw (38)

where

C5 =
km
Ra

(39)

C6 =
kmkEn

Rar
. (40)

Substituting (38) into (29), leads to:


C1 C2 C2

C2 C1 C2

C2 C2 C1

 Ẍw+


C3 + C6 −C4φ̇ C4φ̇

C4φ̇ C3 + C6 −C4φ̇

−C4φ̇ C4φ̇ C3 + C6

 Ẋw = C5E. (41)

Equation (41) is the dynamics of the TWOMR, it is a

system  of  three  coupled  nonlinear  equations,  where  the

voltages Ei (i = 1, 2, 3) are the input variables while the

velocities of wheels Vwi (i = 1, 2, 3) are the output vari-

ables.

3   Navigation problem formulation

Fig. 5 depicts the navigation problem of the TWOMR.

The robot has to track the target T (or just reach the tar-

get in the case of static target). There are static obstacles

or dynamic obstacles near or on its path. The robot has

to  track  the  target T while  avoiding  collisions  with

obstacles and walls.

The angle φ of the xl axis with respect to the xG axis

can be calculated as

φ =

∫
φ̇dt. (42)

The  transformation  of  positions  between  the  global

frame and the local frame is given as

XG = TG
l Xl (43)

where TlG is  the  transformation  matrix  which  can  be

written as

TG
l =


cosφ − sinφ xR

sinφ cosφ yR

0 0 1

 (44)

where xR and yR are the actual coordinates of the robot

in the global frame. xl and yl are the actual coordinates of

the robot or objects in the local  (robot) frame, while xG
and yG are the actual coordinates of the robot or objects

in  the  global  frame.  The  position  in  the  local  frame  is

obtained as

 xl

yl
1

 =


cosφ sinφ −xR cosφ− yR sinφ

− sinφ cosφ xR sinφ− yR cosφ

0 0 1


 xG

yG
1

 .

(45)

4   Fuzzy behavior-based controller
design

In classical  robotic  control,  controllers  are  serial  pro-

cessing  units  where  the  architecture  works  through  a

cycle of Sense-Plan-Action (Fig. 6).

On the  other  hand,  behavior-based  robotics  is  biolo-

gically inspired, distributed, bottom-up approach. In this

approach, the robot task is decomposed into several mod-

ules, called behaviors (Fig. 7). A behavior is a direct map-

ping of sensory inputs to a pattern of motor actions that

are  then  used  to  achieve  a  task  (stimulus-response),  so,

each behavior has full access to all robot sensors and pro-

cesses its own command to drive the robot actuators.

The  parallel  structure  of  simple  behaviors  allows  a

real-time response with low computational cost. Basic be-

haviors  could  be  “target  tracking”,  “obstacle  avoiding”,

“wall  following”,  etc.  Behaviors  with  different  objectives

may produce  conflicting  actions;  therefore,  behavior  co-

ordination is needed to select the action that satisfies the

system objective. Behavior coordination can be cooperat-

ive or competitive. In cooperative coordination (behavior
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fusion), the behaviors are combined with a set of weights,

each behavior can have the opportunity to contribute to

the control output; while in competitive coordination (be-

havior  arbitration),  the  behaviors  compete  to  win  the

control  of  the  robot,  only  one  behavior′s  output  will  be

valid  at  any  time.  Behavior-based  control  architectures

are subsumption architecture[33] and motor schemas[34].

The  theory  of  fuzzy  logic  systems  is  inspired  by  the

remarkable  human  capacity  to  reason  with  perception-

based  information.  Rule  based  fuzzy  logic  provides  a

formal  methodology  for  linguistic  rules  resulting  from

reasoning and decision making with uncertain and impre-

cise  information.  A  fuzzy  controller  (Fig. 8)  is  a  static

nonlinear mapping between its inputs and outputs (i.e., it

is  not  a  dynamic  system).  The  inputs  and  outputs  are

“crisp”, i.e., they are real numbers, not fuzzy sets.

The fuzzy controller has four main components:

1) The fuzzification block: Converts  the  crisp  in-

puts to fuzzy sets.

2) The rule-base:  Holds the knowledge,  in the form

of a set of rules, about the best way to control the system.

3) The inference mechanism: The inference mech-

anism  evaluates  which  control  rules  in  the  rule-base  are

relevant at the current time to produce fuzzy conclusions,

and then decides what the input to the plant should be.

4) The defuzzification block:  Converts  the  fuzzy

conclusions reached by the inference mechanism into the

crisp outputs, which are the inputs to the plant.

Fuzzy  behavior-based  control  architecture  consists  of

a  set  of  horizontally  organized,  distributed,  independent

fuzzy  behaviors  and  a  system  of  behavior  coordination.

Each behavior  is  a  fuzzy  logic  control  system  that  re-

sponds to its stimuli by issuing a single command that is

transmitted for command coordination.

Our approach consists of a fuzzy behavior-based con-

troller that has the following characteristics:

1) The controller is comprised of a minimum number

of behaviors that is two behaviors,

a) “Target Tracking” behavior,

b) “Obstacle Avoidance and Wall Following” behavior.

2) Each behavior is composed of a set of a minimum

number of fuzzy logic rules achieving a precise goal.

3)  The  output  of  each  behavior  represents  the  linear

velocities of wheels.

S = Max (Vs)

The  architecture  of  the  controller  is  given  in Fig. 9.

Note that, DRT refers  to  the distance between the robot

and  the  target, φ is  the  bearing  angle. LS is  the  left

sensor, LFS is the left front sensor, FS is the front sensor,

RFS is the right front sensor and RS is the right sensor.

Vw1, Vw2 and Vw3 are the linear velocities of wheels. Vs is

the  sensing  vector  and  is  the  switching

parameter.

4.1   “Target Tracking” behavior

Target  tracking  behavior  tends  to  drive  the  robot

from  a  given  initial  position  to  a  stationary  or  moving

target  position.  Reaching a stationary target  is  a  special

case of tracking a moving target that moves with zero ve-

locity. The block diagram of the fuzzy “Target Tracking”

behavior is shown in Fig. 10. By using Mamdani fuzzy lo-

gic  approach,  the  inputs  of  the  fuzzy  controller  are  the

distance  between  the  robot  and  the  target DRT and  the

robot bearing angle β with respect to the line which con-

nects the actual position of the robot and the target. The

outputs are the three translational velocities of the robot

wheels Vw1, Vw2 and Vw3.

The  distance  (in  meters)  between  the  robot  and  the

target is given by

DRT =

√
(xT − xR)

2 + (yT − yR)
2 (46)

where  (xT, yT)  and  (xR, yR)  are  the  coordinates  of  the

target and the robot, respectively.

The bearing angle β (in radians) is given by
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β = atan2 (ylT − ylR, xlT − xlR) (47)

( y

x

)[
−π

2
,
π

2

]
where atan2(y, x)  is  the  four-quadrant  inverse  tangent

(arctangent)  of y and x,  and  the  result  belongs  to  the

closed  interval  [–π, π],  while atanyx  takes  its  values

in the interval .

1) The fuzzification procedure

Triangular membership  functions  are  used  to  repres-

ent  the  fuzzy  values  of  the  input  and  output  linguistic

variables: the distance DRT,  the bearing angle β and the

velocities  of  wheels Vwi.  The  labels  used  to  express  the

values  of DRT are  given  in Table  1 while  those  of  the

bearing angle β and the velocities Vwi are given in Table 2.

The membership functions for all the terms of the in-

put  and  output  variables  in  this  controller  are  given  in

Fig. 11,  the  degree  of  membership  is  without  unit.  The

distance  between the  robot  and the  target DRT is meas-

ured in meters  while  the bearing angle β is  measured in

radians.

2) The rule base design

As we have two inputs to the controller, then we have

2 × 5 = 10 possibilities, i.e., 10 possible rules, 5 rules (cor-

responding  to  5  values  of β)  for  each fuzzy  value  of  the

linguistic  variable DRT (Z, F).  But,  we  can  reduce  the

five  rules  corresponding  to  the  value Z of  the  linguistic

variable DRT into  just  1  rule.  So,  the  rule  base  of  the

“Target  Tracking”  behavior  contains  6  rules  as  given

in Table 3.  To perform the “Target Tracking” behavior,

the pure rotation motion is used in all rules except rule 4

which uses the linear motion.

An example of the “Target Tracking” behavior rules is:

If DRT is  Zero  then Vw1 is  Zero  and Vw2 is  Zero  and

Vw3 is Zero

3) The defuzzification procedure

The “Bisector of area” method is used for the defuzzi-

fication procedure of “Target Tracking” behavior. The bi-

sector is the vertical line that divides the region into two

sub-regions of equal areas. It, sometimes but not always,

coincides with the centroid line[43]. The outputs for trans-

 

Table 1    Linguistic values of DRT

Linguistic term Label

Zero Z

Far F
 

 

Table 2    Linguistic values of the robot bearing β and the
translational velocities Vwi

Linguistic term Label

Negative big NB

Negative N

Zero Z

Positive P

Positive big PB
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lational velocities are given by

Vwi = x0 where
∫ x0

min(X)

µA (x)dx =

∫ max(X)

x0

µA (x)dx

(48)

where X is the Vwi universe of discourse.

4.2   “Obstacle Avoidance and Wall Follow-
ing” behavior

This  behavior  combines  two  behaviors,  “Obstacle

Avoidance and  Wall  Following”.  A  wall  can  be  con-

sidered as a large obstacle with any shape so that a wall

can be a special case of multiple obstacle avoidance where

the obstacles  are  collected  together  to  form  a  wall.  Be-

cause we have adopted the simplicity in our design so one

behavior  can  be  used  to  deal  with  the  two  problems,

obstacle  avoidance,  and  wall  following.  The  robot  is

equipped  with  five  ultrasonic  sensors  denoted  as LS,

LFS, FS, RFS and RS, mounted at the angle of 90°, 45°,
0°, –45° and –90° respectively as depicted in Fig. 12.

(ẋl, ẏl, φ̇l)

φ̇l

φ̇l

Fig. 13 shows the transformation between the frame of

translational  velocities  of  wheels  and  the  local  frame.

Fig. 13(a) shows the possible linear velocities that can be

taken by the wheels. They are enclosed in the blue cube.

Fig. 13(b) represents the image of the linear wheels velo-

cities in the local frame  which appears as an

inverted cube.  The hexagon represents the possible velo-

cities when  = 0 and this is more clarified in Fig. 13(c),

that depicts a top view in the case of linear motion when

 =  0.  All  possible  velocities  are  enclosed  in  the  green

hexagon so that it can be used to calculate the limit velo-

city in any direction.

We  define  the  safety  distance Ds.  When  the  relative

distance to all  obstacles  is  greater than Ds, the possibil-

ity of  collision with obstacles  is  not checked and the ro-

bot  will  keep  moving  toward  the  target.  If  the  distance

with  an  obstacle  is  less  than  or  equal  to Ds,  the  robot

starts avoiding collisions with obstacles.

We  have  used  the LFS sensor  with  45° to  calculate

 

Table 3    Fuzzy reduced rules for “Target Tracking” behavior

N DRT β Vw1 Vw2 Vw3

1 Z Any Z Z Z

2 F NB NB NB NB

3 F N N N N

4 F Z Z NB PB

5 F P P P P

6 F PB PB PB PB
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the  safety  distance Ds (see Fig. 13(c))  because  it  is  the

nearest  gap  used  to  avoid  a  frontal  obstacle.  From

Fig. 13(c),  we can calculate the maximum linear velocity

of the robot Vmax, where


Vmax = AC = ẋl max
ẏl = 0

φ̇l = 0 (linear motion).
(49)

Substitute (49) into the kinematics (15), we getVmax =

√
3

3
(Vw3 − Vw2)

3Vw1 = 0.

(50)

√
3

3
(Vw3 − Vw2)

Assume Vw max to  be  the  maximum linear  velocity  of

wheels. Then,  is maximum when

{
Vw3 = Vw max
Vw2 = −Vw max.

(51)

From (50) and (51), we get

Vmax =
2
√
3

3
Vw max. (52)

Now  we  can  calculate  any  maximum  velocity Vαmax

situated in the hexagon (Fig. 13(c)) for any angle α (–90°
≤ α ≤ 90°).

1) For –60° ≤ α ≤ 60°
In triangle ABC, we have

AB

sin (60°) =
AC

sin (120° − |α|) . (53)

From (52) and (53), we obtain (Vmax=AC)

Vα max = AB =
Vw max

sin (120° − |α|) . (54)

2) For 60° ≤ |α| ≤ 90°
We have

AB

sin (60°) =
AC

sin (180° − |α|) . (55)

From (37), we get

Vα max = AB =
Vw max

sin (180° − |α|) . (56)

For the LF sensor with α = 45°


ẋlmax = V45° maxcos (45°) = Vw max

sin (75°)cos (45°)

ẏlmax = V45° maxsin (45°) = Vw max

sin (75°) sin (45°).
(57)

ẋGobsAssume  to  be  the  maximum  velocity  of  an

obstacle in the global frame, and Rob to be the radius of

the  circle  surrounding  the  obstacle.  When  the  obstacle

moves toward the robot in the xl direction, the time Δt,
needed to traverse the distance L+Robs in yl direction is
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given by

∆t =
L+Rob

ẏlmax
. (58)

The relative speed between the robot and the obstacle

in the xl direction can be written as

ẋlr = ẋlmax + ẋGobs. (59)

Therefore, the safety distance can be written as

Ds = ẋlr∆t = (ẋlmax + ẋGob)
L+Rob

ẏlmax
. (60)

Equation (60) can be rewritten as

Ds =

(
1 +

ẋGob sin (75°)
Vwmax sin (45°)

)
(L+Rob) . (61)

We  define  the  “Sensing  Vector”,  which  collects  the

sensory data, as follows:

Vs = [LS LFS FS RFS RS] . (62)

If any sensor has detected an obstacle located at a dis-

tance  less  or  equal  to  the  safety  distance Ds, its  corres-

ponding value  gets  the  value  “1”,  otherwise  “0”.  There-

fore, the  “Sensing  Vector”  is  a  binary  vector.  An  ex-

ample is shown in Fig. 12, where

Vs = [0 1 0 1 1] . (63)

We  define  a  “Gap”  as  the  free  space  between

obstacles. The robot uses it to bypass them. A “Gap” can

be  defined  as  the  existence  of  “0”  in  the  “Sensing

Vector”.  In  the  above  example,  there  are  two  gaps,  one

on  the  front  of  the  robot  and  the  other  on  the  left  side

which  are  corresponding  to FS and LS sensors respect-

ively.

The block  diagram of  the  fuzzy “Obstacle  Avoidance

and  Wall  Following”  behavior  is  shown  in Fig. 14.  The

fuzzy  controller  inputs  are  the  sensory  data  (“Sensing

Vector”). The output is the three translational velocities

of the robot wheels Vw1, Vw2 and Vw3.

1) The fuzzification procedure

The linguistic values used for the sensory data are giv-

en in Table 4. We assign the label “Not Detected” to the

value “0” in the “Sensing Vector” and the label “Detec-

ted” to the value “1”.

We  have  adopted  the  linear  movement  to  avoid

obstacles using the nearest gap.  We use the gap angle α
(where α = 90°,  45°,  0°,  –45° and –90° corresponding to

LS, LFS, FS, RFS and RS, respectively)  and  the  in-

verse  kinematics  to  obtain  the  velocity  values  for  each

wheel (Fig. 15).
The inverse kinematics can be obtained from (15) as

 Vw1

Vw2

Vw3

 =


0 −

√
3

3

√
3

3
2

3
−1

3
−1

3
1

3L

1

3L

1

3L



−1  ẋl

ẏl
φ̇l

 . (64)

From Fig. 15, we calculate the components of Vα max as


Vxα max = Vα maxcos (α) = Vw max

sin (120° − |α|) cos (α)

Vyα max = Vα max sin (α) =
Vw max

sin (120° − |α|) sin (α).

(65)

From (64), we can obtain the linear velocity of wheels

by putting:


ẋl = Vxα max
ẏl = Vyα max

φ̇l = 0 (linear motion).
(66)

Then, we get

 

Table 4    Linguistic values of sensory data

Linguistic term Label

Not detected ND

Detected D
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Vw1

Vw2

Vw3

 =


0 −

√
3

3

√
3

3
2

3
−1

3
−1

3
1

3L

1

3L

1

3L



−1 
Vw max

sin (120− |α|) cos (α)

Vw max

sin (120− |α|) sin (α)

0

 .

(67)

By  changing  values  of α in  (67),  we  obtain Table  5

which  collects  the  linear  velocities  of  wheels  with  their

corresponding  linguistic  values.  We  suppose  that  the

maximum translational velocity of wheels Vw max = 1 (m/s).

The  triangular  membership  functions  of  the  sensory

data and the velocities of wheels are given in Fig. 16.

2) Rule base design

We have five sensors.  Hence,  there are 25 = 32 com-

binations  of  the  distribution  of  obstacles  between  the

sensors  and,  thus,  32  possible  rules.  But  we  can  reduce

this  number  to  just  5  rules  (Table  6),  based on the  gap

search algorithm depicted in Fig. 17.  Note that  the rules

1, 2 and 3 are used to avoid obstacles while rules 4 and 5

are used for following walls.

The  robot  uses  the  information  acquired  from  the

sensors to look for the presence of the nearest gap or free

space  to  bypass  the  obstacles  in  the  environment.  The

strategy of the gap search algorithm is to find the nearest

gap to the frontal side of the robot. We can see the evolu-

tion in the flowchart by following the rule order in Table 6.

3) Defuzzification procedure

The  “Bisector”  method  is  used  in  the  “Obstacle

Avoidance and Wall Following” behavior.

4.3   Behaviors coordination

The  architecture  used  for  the  proposed  controller  is

the subsumption  architecture  which  advocates  the  com-

petitive selection of behaviors. In such architecture, a cer-

tain number of behaviors run as parallel processes. While

each behavior can access all sensors, and only one behavi-

or can have control over the robot′s actuators or driving

 

Table 5    Linguistic values of the velocities Vwi

Angle α
Vw1 Vw2 Vw3

Value Label Value Label Value Label

–90° –1 NB 0.5 P 0.5 P

–45° –0.732 N –0.268 NS 1 PB

0° 0 Z –1 NB 1 PB

45° 0.732 P –1 NB 0.268 PS

90° 1 PB –0.5 N –0.5 N
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mechanism. Therefore, an overall controller is required to

coordinate behavior selection[44]. For integrating these ba-

sic  behaviors,  a  behavior  coordinator  is  designed;  it  uses

an on-off switching schema: in each situation, one behavi-

or is selected and is given complete control of the robot.

We define the “Detection Parameter” S as

S = Max (Vs) =

{
1, if there is an obstacle
0, otherwise (68)

where  “Max”  refers  to  the  maximum  element  of  the

“Sensing Vector”, because Vs is a binary vector so “Max”

is  either  1  or  0.  The  flowchart  (Fig. 18)  of  the  behavior

coordinator is based on two steps:

Step 1. The robot always starts with “Target Track-

ing” behavior (TT). If S = 0, there is neither obstacle nor

wall  at  a  distance  less  than  the  “Safety  Distance”.  The

robot will continue with the “Target Tracking” behavior,

otherwise, go to Step 2.

Step 2. If S =  1,  there  is  an  obstacle  at  a  distance

less  than  the  “Safety  Distance”.  The  “Target  Tracking”

(TT) behavior will be deactivated. The robot triggers the

“Obstacle  Avoidance  and  Wall  Following”  (OAWF) be-

havior.

The flowchart can be translated by a simple equation

Vw = (1− S)VTT + S VOAWF (69)

Vw =
[

Vw1 Vw2 Vw3

]T
where  is  the  whole  resulted

output, VTT is  the  velocities  vector  resulted  from  the

“Target  Tracking”  behavior  and VOAWF is  the  velocities

vector  resulted  from  the  “Obstacle  Avoidance  and  Wall

Following” behavior.

5   Simulation results

To demonstrate  the  effectiveness  of  the  proposed  ap-

proach,  simulation  platform  was  designed  using  Matlab

software.  All  simulations  were  executed  using  an  AMD

Athlon II P320 Dual-Core Processor with 4 GB RAM run-

ning  at  2.10 GHz under  Microsoft  Windows  7.  First,  the

simulation  in  the  case  of  a  static  target  is  performed.

Then, the navigation in the case of dynamic target track-

ing is simulated. The safety distance is taken to be Ds =

0.3 m. Note that the robot has a green color.  Its  path is

the solid red line, while the target is the red point circle

and its  path is  the black dotted line.  The dashed line is

used  for  the  path  of  the  dynamic  obstacles. Figs. 22–25

are constructed  from  many  snapshots  numbered  in  as-

cending order.

5.1   Static target

Static target is achieved as a special case of tracking a

dynamic target moving with zero velocity.

In the first scenario, single obstacle avoidance is simu-

lated (Fig. 19). In the first case, the robot is commanded

to move from the starting point A(0.1, 1.4) to the target

point T (1.4,  0.1)  avoiding the obstacle  located at  (0.75,

0.75). In the second case, the obstacle is large.

Fig. 20 gives the simulation in the case of a cluttered

static  environment.  The  robot  is  commanded  to  move

from  the  starting  point A(3.7,  0.1)  to  the  destination

point T (0.2,  3.5).  The  robot  starts  with  the  “Target

Tracking” behavior until meeting the first obstacle where

this behavior  is  deactivated  and  the  “Obstacle  Avoid-

ance  and  Wall  Following”  behavior  is  activated.  After

passing the obstacle and returning to track the target, it

 

Table 6    Fuzzy rules for the “Obstacle Avoidance and Wall
Following” behavior

N Angle LS LFS FS RFS RS Vw1 Vw2 Vw3

1 0° Any Any ND Any Any Z NB PB

2 45° Any ND D Any Any P NB PS

3 –45° Any D D ND Any N NS PB

4 90° ND D D D Any PB N N

5 –90° D D D D ND NB P P
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encounters three obstacles forming a wall, so it turns left

following  the  wall  and  bypasses  it  to  continue  towards

the target.

Fig. 21 shows another scenario where the robot has to

follow two walls to reach the target.

Fig. 22 shows the  navigation  in  a  dynamic  environ-

ment where the robot has successfully reached the target.

There  are  six  obstacles  in  the  environment,  two  static

obstacles  with  black  color  and  four  dynamic  obstacles

with  red  color.  The  robot  is  commanded  to  move  from

the starting point A(0.25, 2.75) to reach the target point

T (2.75, 0.25) which is the red circle point (the red point

at the right bottom of the snapshots).

5.2   Dynamic “Target Tracking”

For  dynamic  target  tracking,  the  simulation  is  done

for  different  scenarios.  Note  that  the  robot  has  no  prior

knowledge  of  the  target  path.  It  uses  just  the  “Target

Tracking” behavior to track the target.

In the first scenario (Fig. 23), the robot is commanded

to track the dynamic target that moves in a circular path

avoiding an obstacle located on this path. The robot be-

gins  with  the  “Target  Tracking”  behavior  to  track  the

target  and  continues  with  this  behavior  (Snapshots  1  to

6)  until  it  reaches  the  target  (Snapshot  7).  It  continues

tracking  the  target  (Snapshot  8)  until  it  meets  an

obstacle  which  has  entered  the  zone  under  the  “Safety

Distance”  (Snapshot  9)  where  the  robot  deactivates  the

“Target  Tracking”  behavior  and  triggers  the  “Obstacle

Avoidance  and  Wall  Following”  behavior  to  avoid  the

obstacle  (Snapshots  9–11).  After  bypassing  the  obstacle

(Snapshot 11),  the  “Obstacle  Avoidance  and  Wall  Fol-

lowing”  behavior  has  been  deactivated  while  “Target

Tracking” behavior has triggered again to continue track-

ing the target (Snapshots 12 to 16).

Fig. 24 shows the second scenario where the robot has

to track the dynamic target that moves in an eight-shape

path.

In this  scenario,  there  is  no  obstacle  in  the  environ-

ment  so  that  the  robot  navigates  just  with  the  “Target

Tracking”  behavior  during  this  scenario.  In  Snapshots  1

to 5, the robot tracks the target until reaching it (Snap-

shot 6), and continues navigation in the rest of snapshots.

So the robot has successfully tracked the target.

Fig. 25 shows the last  example.  In this  more complex

scenario,  the  robot  has  to  track  the  target  moving  in  a

complex path which has the shape of a flower (the path

with black color) in a dynamic environment crowded with

three  dynamic  obstacles.  These  dynamic  obstacles  that

move  with  different  motions  ensure  multiple  meetings

with the  robot  in  which  the  scenario  will  be  more  com-

plicated. The first obstacle (with cyan color) moves in a

circular path (with blue color), the second and the third

obstacles (red  and  yellow  color)  move  in  oscillating  mo-

tions  in  two  straight  lines,  perpendicular  to  each  other.

Note that  the  robot  has  no  prior  knowledge  of  the  mo-

tion  of  the  target  or  the  obstacles;  the  robot  navigates

just using the two behaviors.

The robot begins with the “Target Tracking” behavi-

or  (Snapshot  1),  it  continues  with  this  behavior  (Snap-

shot  2)  until  it  meets  the  first  obstacle  (the  yellow one,

Snapshot  3)  where  the  actual  behavior  is  deactivated  to

trigger the “Obstacle Avoidance and Wall Following” be-

havior to avoid the obstacle.
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Fig. 19     Static single obstacle avoidance simulation
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After  passing  the  obstacle  and  reaching  the  target

(Snapshot  4)  where  the  robot  returns  to  the  “Target

Tracking” behavior  and  continues  using  it  until  it  en-

counters two obstacles at the same time (the yellow and

the  red,  Snapshot  5),  the  robot  deactivates  the  “Target

Tracking” behavior  and  triggers  the  “Obstacle  Avoid-

ance  and Wall  Following” behavior  (Snapshot  6).  It  has

used the gap appeared between the two obstacles for by-

passing them (Snapshot 7).  In Snapshot 8,  the robot re-

turned to the “Target Tracking” behavior, it has reached

the target again (Snapshot 9), continuing with this beha-

vior  (Snapshots  10–13)  till  it  detects  the  red  obstacle

entered the zone where the distance is less than the safety

distance (Snapshot 14) where the “Target Tracking” be-

havior is  deactivated to trigger the “Obstacle Avoidance

and  Wall  Following”  behavior  to  avoid  the  obstacle.  In

Snapshot 15,  the robot returns to the “Target Tracking”

behavior,  it  encounters  the  cyan obstacle  (Snapshot  16),

and moves to the right to avoid it (Snapshot 17), to enter

a  complex  case  by  meeting  the  three  obstacles  at  the

same  time  (Snapshots  18–21),  then  it  maintains  the

“Obstacle  Avoidance  and  Wall  Following”  behavior  to

bypass the obstacles. In Snapshot 22, the robot returned

to  the  “Target  Tracking”  behavior,  reached  the  target

(Snapshot  23)  and  continued  with  this  behavior  (Snap-

shot 24) until meeting the yellow obstacle (Snapshot 25),

and avoided it (Snapshot 26). For the rest two snapshots,

the  robot  has  used  the  “Target  Tracking”  behavior  to

track the target.

Simulation results demonstrate the effectiveness of the

proposed  approach  where  the  robot  has  successfully

tracked the target in complex scenarios in dynamic envir-

onments.

5.3   Comparison with other methods

A comparison was done with other similar approaches.

First,  a  comparison  of  the  number  of  behaviors  and  the

number of rules is given in Table 7. Since the increase in

the number  of  behaviors  and  the  number  of  rules  re-

quires more computation, it seems from Table 7 that the

proposed approach has  the  least  number  of  behaviors  (2

behaviors) and the least number of rules (11 rules).

Fig. 26 shows a comparison of  the proposed approach

with  two  other  approaches,  Cherroun  and  Boumehraz[45]

and  Mo  et  al.[46],  so  we  consider  two  cases,  and  in  each

case,  there  are  three  similar  scenarios.  In  the  two  cases,

the robot has to reach the target in a cluttered environ-

ment.  We  can  easily  see  that  the  proposed  approach

(Fig. 26(c))  takes  the  shortest  path  with  less  curvature,

while  the  robot  in Fig. 26(b) takes a  longer  path  by  by-

passing  the  obstacles,  and  hits  an  obstacle  in  the  first
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case. In the first scenario (Fig. 26(a)), the robot also took

a long curve to bypass the obstacles which increased the

length of the path. Hence, we can say that the proposed

approach  with  a  minimum  number  of  behaviors  and  a

minimum  number  of  rules  performs  better  compared  to

many  other  approaches  which  use  more  behaviors  and

more rules.

5.4   Tracking performance

To  test  the  performance,  the  response  time  and  the

tracking error  were  considered.  The  controller  step  re-

sponse corresponds to having the robot reaching a steady

target  located  at  a  distance  to  the  robot  and staying  at

this location (i.e., point-to-point stabilization). The robot

initially is located at the origin, and the desired target is

located at 8 different positions given as follows:

[xT , yT ] =
[
0.5 cos

(nπ
4

)
, 0.5 sin

(nπ
4

)]
, n = 0, · · · , 7.

(70)

The tracking error is given by

etr =

[
ex
ey

]
=

[
xR − xT

yR − yT

]
(71)

where ex is the tracking error in the x direction, i.e., the

difference  between  the  robot  abscissa  and  the  target

abscissa while ey is the tracking error in the y direction or

the  difference  between the  robot  abscissa  and the  target

abscissa. The tracking errors are illustrated in Fig. 27.

The results are compared with those of Huang et al.[1],

which presents a fuzzy controller for three-wheeled omni-

directional  mobile  robots  to  achieve  trajectory  tracking

and  stabilization.  The  fuzzy  controller  employs  50  fuzzy

rules for tuning the proportion integral (PI) parameters.
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From Figs.  27 and 28,  the  results  of  Huang  et  al.[1]

show  the  robot  reaches  the  target  but  not  in  a  straight

line, there  is  a  deviation  from the  straight  line  connect-

ing  the  target  with  the  initial  position  of  the  robot  (the

origin),  and  the  response  time  is  about  4 s,  while  in  our

proposed  approach,  the  robot  can  reach  the  target  in  a

straight line in minimum time. The response time is 0.44 s
and  the  tracking  error  in  the x direction  is  less  than

4 mm. From the results, we can say that our proposed ap-

proach  performs  better  than  of  Huang  et  al.[1], further-

more, the proposed approach employs just 11 fuzzy rules

compared with 50 fuzzy rules used by Huang et al.[1]

Two other cases are depicted in Fig. 29, the first is the

tracking of  a  target  moving in  a  circular  trajectory,  and

the second case is  the tracking of a target moving in an

eight-shape trajectory. From Fig. 29, we can see that the

tracking errors are about 2 centimeters at the maximum.

The  robot  can  track  either  a  static  or  a  dynamic  target

successfully,  which  demonstrate  the  effectiveness  of  the

proposed approach.

5.5   Failure situation

There is  a  failure  situation where  the robot  may col-

lide with obstacles.  This situation occurs rarely when an

obstacle moving with a velocity greater than the velocity

of  the  robot  hits  the  robot  from  its  rear  side  (Fig. 30).

However,  this situation is  difficult to avoid it  even for a

human being, when an object hits from the rear. We can

overcome this failure situation by adding more sensors to

the rear  side  of  the  robot,  but  unfortunately,  this  in-

creases  the  implementation  cost  and  needs  more  fuzzy

rules and more computations.

5.6   Evaluation of the cost of implementa-
tion

The  TWOMR uses  three  plastic  driving  omni-wheels

50 mm in diameter and load capacity of 20 kg, which are

suitable for our design. The wheels are attached to three

geared DC motors equipped with encoders to estimate the

velocity of  the  wheels,  thus  by  using  the  TWOMR kin-

ematics, we can calculate the translational velocity of the

robot in the x and y directions and the angular velocity,

hence the  robot  position  and  orientation  can  be  calcu-

lated by integration:


xG = xG 0 + ẋG∆t

yG = yG 0 + ẏG∆t

φG = φG 0 + φ̇G∆t

(72)

(xG 0, yG 0, φG 0)

(ẋG, ẏG, φ̇G)

where (xG, yG, φG)  is  the actual  pose, 

is  the  previous  pose.  is  the  actual  velocity

of the robot, and Δt is the sample time.
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When implementing  the  fuzzy  logic  control  in  a  PIC

controller, there  were  some memory as  well  as  speed re-

strictions to be taken care of. However, the advantage of

our  approach  that  has  a  minimum number  of  behaviors

(2 behaviors) and a minimum number of rules (11 rules)

is that it does not need a large memory space and fewer

computations  are  needed,  On  the  other  hand,  we  have

used Singleton fuzzification since it  provides certain sav-

ings  in  the  computations  needed  to  implement  a  fuzzy

system relative to, for example, “Gaussian fuzzification”,

which  would  involve  bell-shaped  membership  functions

about input points, or triangular fuzzification, which uses
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Fig. 25     Tracking a dynamic target which moves in a flower-shape path
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Table 7    Comparison with other methods

Reference Number of behaviors Designation Number of rules Total

[39] 6 Front obstacle avoidance 27 110

Right obstacle avoidance 27

Left obstacle avoidance 27

Goal seeking 5

Obstacle avoidance 9

Overturning avoidance 15

[40] 4 Emergency ≥2 More than 77

Avoid-obstacles 9×4

Move-to-point 7×2

Wall following 16+9

[43] 3 Goal-seeking 2 105

Path-searching 9+27+9

Obstacle avoidance 27+4+27

[45] 2 Goal seeking 35 56

Obstacle avoidance 21

5 Goal seeking 35 65

Front obstacle avoidance 8

Right obstacle avoidance 8

Left obstacle avoidance 8

Velocity reducing 6

[46] 3 Goal seeking 35 89

Obstacle avoidance 27

Behavior fusion 27

Proposed approach 2
“Target Tracking” 6

11

“Obstacle Avoidance and Wall Following” 5
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triangles.  Hence,  a first  choice is  to use the PIC 16F877

controller that has a low cost. But unfortunately, it could

not drive three DC motors independently since it has just

two independent  pulse  width  modulation  (PWM)  mod-

ules. Another solution is to use a controller that has three

or more PWM modules like the PIC18F4431 or the Ardu-

ino board which are suitable for our design. Our choice is

PIC18F4431 which is less costly compared with the Ardu-

ino. The PIC18F4431 has the power control PWM mod-

ule that  supports  four  PWM generators  and eight  chan-

nels and 4 independent timers. Thus, three PWM signals

can be generated independently to be applied to three H-

bridges in order to convert the 12V of the battery into an

average DC voltage in the motors.

The  L298N  dual  H-bridge  has  two  h-bridge  drivers,

which  can  drive  two  DC-motors.  So  two  modules  are

needed, one to control two motors and one to control the

third motor.

Five  HC-SR04  low-cost  ultrasonic  sensors  are  used.

This offers precise ranging information from roughly 2 cm
to  400 cm  with  a  ranging  accuracy  of  3 mm.  Each  HC-

SR04 module includes an ultrasonic transmitter, a receiv-

er  and  a  control  circuit,  and  it  has  four  pins:  VCC

(voltage at the common collector, power), Trig (trigger),

Echo (receive), and GND (ground).

The main parts of the robot and their costs are given

in Table 8. The total cost was evaluated at 85 USD.

6   Conclusions

In  this  paper,  a  fuzzy  behavior-based  approach  for

three-wheeled  omnidirectional  mobile  robot  navigation

has been proposed. The robot has to track a dynamic tar-

get while avoiding obstacles along its path. To do so, two

fuzzy  behaviors  “Track  the  Target”  and  “Avoid

Obstacles  and  Wall  Following”  are  designed  based  on  a

minimum number of behaviors and a minimum number of

fuzzy rules. The outputs of the controller are the transla-

tional wheels velocities so that the controller controls the

robot directly. Simulation results demonstrate the effect-

iveness of the proposed approach. The robot can track a

dynamic target avoiding obstacles along its path success-
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fully.  This  approach  can  be  improved  by  incorporating

rear  sensors  and  developing  a  strategy  to  estimate

obstacle  velocity  to  enable  the  robot  to  cope  with  back

dynamic obstacles.  Future  work should look at  this  pos-

sibility.
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