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Abstract:

A variety of approaches for trajectory tracking control
of wheeled mobile robots have been implemented. This
paper presents a model for a time optimal motion control
based on fuzzy logic algorithm for a three wheeled non-
holonomic mobile robot with desired function. Simplified
kinematic equations of a differentially driven robot are de-
signed to follow the path with evaluated linear and angu-
lar velocities. Here, the proposed kinematic model is ba-
sed on a simple geometric approach for getting the desired
position and orientation. The speeds are varied depending
on the variations in the path and on the posture of the ro-
bot. The robot is subjected to move in a constrained work-
space. The control architecture was developed based on
fuzzy logic algorithm to obtain time optimal motion con-
trol of robot trajectory tracking. The kinematic model was
done on Matlab software environment and profound im-
pact on the ability of the nonholonomic mobile robot to
track the path was evaluated.

Keywords: wheeled robot, time optimal, trajectory trac-
king, motion control, fuzzy logic algorithm, Matlab envi-
ronment.

1. Introduction

Autonomous mobile robots are mechanical devices
capable of moving in an environment with a certain degree
of autonomy. The robot is able to plan its own motion
following the path as closely as possible and is usually ex-
pected to travel from its initial position to a target position
located at a specified range and bearing. A wheeled robot
is an autonomous robot and it can autonomously plan and
control its own motion in order to accomplish specified
tasks. However, these mobile robots are quite restricted in
their motion by nonholonomic constraints on their wheel
mechanism. In path planning, the path is completely des-
cribed with geometry for the robot to move from initial to
target position with orientation. In this paper, a model that
describes the path of a mobile robot for given require-
ments is developed. The basic ability of such a robot is to
reach target positions with fast and stable navigation.

Different types of kinematic model and platform de-
signs have been studied for wheeled mobile robots. The
trajectory tracking problem is highly nonlinear and seve-
ral approaches have been developed to solve the problem
through direct control of the robot's dynamics. Some of
these approaches have mentioned the problem of motion
planning under nonholonomic constraints using only a ki-
nematic model of a mobile robot. Some kinds of dynamic
models the controller can produce perfectly the same

velocity that is necessary for the kinematic controller. The
control design of a mobile robot with nonholonomic con-
straints on a reference path in trajectory tracking with
determined velocity is very difficult. There are various
possibilities how a target position (x,, ,) can be described
with its orientation. The path of the robot would be
satisfied with various robot constraints and the smooth
requirements. Robot path planning and motion control
techniques are often developed in simulation and then
applied to real robot systems. Motion planning and control
of autonomous vehicles involve several problems related
to environment perception and representation, path plan-
ning, path tracking, velocity, motion control, etc. Nonho-
lonomic systems have motion limitations in the kinematic
model. The control of the nonholonomic systems is chal-
lenging, unlike holonomic constraints, because nonholo-
nomic constraints involve one or more velocities and are
not integrable. The nonholonomic mobile robot can reach
the target with arbitrary position and orientation, but it is
unable to rotate while simultaneously moving in an arbi-
trary direction. The control strategy of nonholonomic
wheeled robot can be defined by arbitrary combinations of
the following parameters (x, y, 0, v, ®). This paper deals
with concepts of the mobile robot motion control, which
includes geometric path, fuzzy logic control and genetic
algorithm optimization. The objective of trajectory trac-
king is to generate the control commands for the vehicle to
follow the previously defined path by taking into account
the actual position and orientation, linear and angular
velocities and nonholonomic constraint imposed by the
vehicle.

Many researchers have proposed various control tech-
niques for this problem. Simple kinematic systems consi-
dered only the position of the robot and then developed
simultaneously positioning and steering [1], [2], [3], [4],
[5]. These techniques do not present the relation between
the controller parameters and the robot real systems. Trac-
king a mobile robot's position and orientation precisely is
a challenging task. In trajectory tracking, the actual and
reference position and orientation of mobile robot are
moved all the time. Hence, stabilization in tracking is
a problem. Several authors adopt a simple path planning
approach which identifies only the target position of the
robot and passes the obstacle avoidance to the motion
control using techniques such as PID, fuzzy logic, neural
network and genetic algorithms. Fuzzy logic has been
applied to mobile robot and autonomous vehicle control
significantly [6], [11]-[15]. Genetic algorithm is useful in
circumstances where it is difficult to determine an exact
membership functions.

In this paper, wheeled robot motion control system is
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discussed and genetic algorithm, fuzzy logic controller is
implemented to get optimum solution. Developed kine-
matic model is presented based on simple geometric ap-
proach [4],[12], 13]. The problem of path planning can be
simplified by calculating intersection points to be reached
subsequently. Here, the control model only needs the ro-
bot's control variables or inputs (v, ®) to set the state vari-
ables (x, y, 8). This research work proposes a motion con-
trol strategy on fuzzy logic control to produce trajectories
by following a defined path with a desired position and
orientation. The simulation model has been designed in
Matlab environment. Mathematical equations, simulation
and results are also presented. The evolution of the genetic
algorithm used to find the optimal parameters for the fuz-
zy controller [16], [17] allows an easy tuning of the con-
troller parameters to find suitable velocity control inputs,
which stabilize the kinematic closed loop control. The
proposed fuzzy controller aims at achieving perfect velo-
city tracking while considering not only a kinematic mo-
del butalso a dynamic model of the mobile robot.

This paper analyses the kinematic modelling of three
wheeled differentially driven nonholonomic mobile robot
with simple geometric approach and to get the optimum
design of the fuzzy controller for mobile robot trajectory
tracking. The stability of a wheeled robot is analyzed for
akinematical model using a linearized kinematical model.
This analysis is done for the case of a straight line and
a circle with the trajectories that can be decomposed into
pieces of constant curvature.

2. Path Planning

Path planning is partitioned into geometric and kine-
matic components. Motion control of mobile robots has
been focused only on the kinematic model, there is a per-
fect velocity tracking. The kinematic model of the vehicle
is described in detail in this section along with three
wheeled vehicle mechanics.

2.1. Kinematic model

Kinematic model of the wheeled mobile robot (WMR)
assumes that the robot is placed on a plane surface. The
contacts between the wheels of the robot and the rigid ho-
rizontal plane have pure rolling and non slipping condi-
tions during the motion. This nonholonomic constraint
can be written as

ycosO — xsin® = 0 (1)

The center position of the vehicle (x, y, 0) is expressed
in the inertial coordinate frame. Here x and y are position
of'the robot and 0 is orientation of the robot with respect to
inertial frame. Suppose that the robot moves on a plane
with linear and angular velocities, the state vector can be
expressed as q = (%, y, 0)”. The differential drive mobile
robot is an autonomous vehicle. It has two drive wheels,
which are independently driven for getting the desired
path. The robot’s motion on linear trajectories is given by
constant velocities of the wheels and the motion on cir-
cular trajectories is determined by the difference between
the angular velocities of the two drive wheels. The state of
the robot is defined by its position and orientation and by
the speeds of the two drive wheels. A simple structure of
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differentially driven three wheeled mobile robot is shown
inFig. 1.

N

y- Direction

x- Direction

Fig.1. Three wheeled differentially driven mobile robot.

A wheeled mobile robot’s motion can be expressed in
terms of translational and rotational motion. The transla-
tional component is the displacement of the centre of the
mobile robot and the rotational component is the rotatio-
nal movement of the vehicle. For the robot’s movement,
the linear velocity v and the angular velocity  are chosen.
These values are converted into the velocities of the left
and right wheels. The kinematic model is formulated by
using these wheel speeds and geometric constraints of the
vehicle also. The kinematic behaviour of the vehicle de-
pends on the control variables v and .

L= (U‘)I +2('0r)r (2)
o= (U‘)l ; U‘)r) (3)

|:U,i| _ [cose sin® /2 } ¥ @)
0, cosd sin® -2 | %

0

where o, and o, are angular velocities of left and right
wheels of the mobile robot respectively. Both wheels have
same radius denoted by 7. These two rear driving wheels
are separated by /. The linear velocities of left and right
wheels are given in equation (4). Different values of w,
and o, of the mobile robot trajectory are followed for the
trajectory.

2.2. Geometric Model

The path planning under kinematic constraints is
transformed into a pure geometric problem. There are ma-
ny possible ways to describe the path. The resulting shor-
test path is composed of circular arcs and straight lines.
The robot motion control can be done providing wheel ve-
locities v(7), w(?) called control variables. The mathema-
tical model of this kinematic problem considers these two
control variables and three state variables (x(?), y(¢), 0(?)).

X cosO 0 N
y|=|sn6 0 [ }
0 o 1] ©)
The tangential velocity inx direction is v, =v.cos0, the
tangential velocity in y direction is v, = v.sinf and the
angular velocity of the vehicle is @ = 6. An appropriate
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approach is implemented to produce the desired trajectory
described by a sequence of coordinates. An arbitrary con-
figuration (x, y, 0), is defined by the robot path planner and
the robot is placed on the path. The location of the target is
known for all ¢, and its state transition equation simpli-
fying to ¢(¢) = f (v,w). The velocities of left and right are
different from each other and the robot does not move in
a straight line but follows a curved trajectory around
a point located at a distance » from its centre of radius,
continuously changing both the robot’s position and
orientation. The path tracking controller has to ensure
a geometrical convergence towards the path to be follo-
wed. The motion of the robot could be described with two
modes, either pure rotation or pure translation. The path
consists of circular arcs with a specified radius and turning
angle and a straight tangent line. These circular arc and
straight tangent line are used to avoid stoppage and pro-
vide continuity for the robot. To achieve controlled trajec-
tory, the linear and angular velocities v and ® are calcu-
lated by the equations (6) and (7) through fuzzy logic con-
troller. For circular motion, equation (6) is used and the
path is described by the function of the angle only and for
linear motion, equation (7) is used and the straight line
path is described by calculating the tangent length of the
circles.

x1 Jo

pl=1]0 (©)
L0 Lo

(x| [ v.cos0

¥ | = v.sind (7
6] L o

Fig. 2. (a) Trajectory of the vehicle (b) Relationship of
circles and tangent line.

In order to reach a target position with a specified
orientation, a trajectory consisting of a straight line and
a circular arc with a fixed radius is calculated as shown in
Fig. 2. The radius depends on the robot’s velocity and its
position. The algorithm first calculates a suitable intersec-
tion point to be reached and then calculates a circular arc
through the target position. The target position can then be
reached with the desired orientation. So the trajectory is
calculated out of the target parameters and the present po-
sition. It consists of straight lines, circular arcs, the linear
and angular velocities. The planned path consists of an arc

of a circle followed by a tangent straight line segment.
The discontinuity of the curvature of the path at the tan-
gent point would be overcome by smoothening the path
before computing the trajectory. The following parame-
ters are obtained from the geometry of Fig. 2.

0= La+ /b (8)
c, -C
_ L 1y
tan a C.—C, 9)
tan b= 127" (10)
tan b = BT (11)
C\CP=(r + 1)
al=¢-8, (12)
a2=B,-(90-9) (13)

3. Trajectory Planning

A trajectory is a path which is an explicit function of
time. To have smooth movement, the trajectory must give
continuous velocity and acceleration. The robot will be
moved backward and forward based on the situation, and it
will compute navigation. Here, it is assumed that the ro-
bot’s motion is always directly forward and that its orien-
tation is tangent to the circle at all points of the trajectory.
To construct the circle, the value for its radius given by 7 is
found. The value 7 for the radius of the circle is essentially
the turn radius for the robot’s motion. In trajectory plan-
ning, simplified kinematic constraints are added to plan
a feasible trajectory. The minimum turning radius and the
dimensions of a robot plan a trajectory. According to the
geometric model, the planner is considered to switch the
path.

if ¥,-»,20 and y,-y,>0 ¢@=¢ and a=a

If y,—y,20 and y,—y,<0 ¢=0¢+90 and a=a+90
If y,—v,<0 and y,—y,>0 ¢=0¢+180 and a=a+180
If y,—v,<0 and y,—y,<0 ¢@=0¢+270 and a=a+270
If ja<p<a+180 anticlockwise rotation
otherwise clockwise rotation

otherwise clockwise rotation

If {a +90<B<a+270 anticlockwise rotation

If ja+180<p<a+360 anticlockwise rotation
otherwise clockwise rotation

If Ja+270<B<a+90 anticlockwise rotation
otherwise clockwise rotation

The variables calculated by the control law are the
translational and rotational velocities, based on the posi-
tion, orientation, and the current values of the translational
and rotational velocities. Hence, the maximum absolute
value of the path curvature is minimized by maximizing
the absolute value of the angular velocity. The path plan-
ning controller generates a path by calculating robot’s de-
sired orientation 0 at each position. The configuration of
a robot depends usually on its position (x, y), and orienta-
tion O is a set of parameters that uniquely determine the
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position of every point in the robot. Different optimality
criteria may be chosen depending on the desired WMR
motion smoothness. For instance, while considering the
robot motion the linear and angular velocity and the path
arc length are calculated, so that the robot can move to any
desired path effectively.

4. Control Structure and Implementation

The objective of this paper is to obtain optimum trac-
king behaviour. Various control techniques have been pro-
posed for this application and are being researched. Open
loop and closed loop feedback strategies are followed for
controlling robot’s motion. In open loop control system,
the control parameters linear and angular velocities are
calculated beforehand, from the geometrical approach
with its initial and end position and orientation to get the
desired path between them in the case of path following.
In closed loop control system, PID or fuzzy logic control
(FLC) or neural network (NN) or genetic algorithm (GA)
is selected to implement for a highly nonlinear robot
model.

4.1. Design of Fuzzy Logic Controller

The application of fuzzy logic control in robotics is to
produce an intelligent robot with the ability of autono-
mous behaviour and decision. In this section, the problem
of how to set the control parameter values for desired
robot behaviour is solved. This behaviour is analysed
from the sensitivity of the robot input parameters (o, O,
and D). The equations (8-13) are considered for getting
@, 0.}, 0y, D and L. The maximum linear and angular velo-
cities are obtained with the set of this optimal parameters
using fuzzy logic algorithm and by maintaining the con-

tinuity while considering kinematic constraints. The
membership functions are derived based on the kinema-
tical constraints of the robot. When turning with a curva-
ture, the speed gradually decreases and makes a smooth
turn. The fuzzy logic controller is selected for getting sim-
ple and optimum results. In this trajectory tracking, the
optimal control parameters are evaluated from fuzzy logic
and the distance and orientation errors are taken into
account from the desired path.

Block diagram (3) shows the complete process of fuz-
zy logic motion control. Angular velocity and linear velo-
city of the mobile robot are obtained as output from fuzzy
controller. The fuzzy rules are defined based on the tasks.
The robot motion command is dependent on the fuzzy se-
lection that integrates and coordinates all behaviours. The
initial target position is specified in a 2D space. The tan-
gent angle and distance to the target point are calculated
with respect to the robot’s current position. These two va-
lues are used by the fuzzy controllers as error values. The
developed fuzzy controllers for this behaviour are: angle
and distance errors as inputs. During the robot movement,
the robot moves whether in a straight line or in a circular
arc, based on the position and orientation errors which de-
pend on the path. Designed FLC has three inputs and two
outputs. The inputs are, the linear distance in the tangent
path D or L, the angle o, from circle for initial position and
the angle o, from circle for target position. The outputs
are, the linear and angular velocities v and ®. The linguis-
tic variables are defined in Table 1. Triangular and Trape-
zoidal membership functions are used for the input and
output. The rules in Table 1 constitute a part of the know-
ledge base of the path tracking behaviour of mobile robot
and expresses how the system has to react.

Table 1. Linguistic variables for inputs and Fuzzy rules for outputs.

Linguistic variables for inputs Fuzzy rules for outputs
Angle: o, o, Distance: L Z N M F
ACL: Anticlockwise Large Z: Zero Turn medium | Turn medium | Turn medium Turn fast
ACM: Anticlockwise Middle N: Near Turn medium Turn medium | Turn medium | Turn medium
ACS: Anticlockwise Small M: Medium Turn slow Turn slow Turn medium | Turn medium
ZE: Zero F: Far Zero Straight slow | Straight medium| Straight fast
CS: Clockwise Small Turn slow Turn slow Turn medium | Turn medium
CM: Clockwise Middle Turn medium Turn medium Turn medium Turn medium
CL: Clockwise Large Turn medium | Turn medium | Turn medium Turn fast
A
%o Vo B4 Path o O D Fuzzy U O Genetic Ve O .| Mobile Ve >
—»| planner controller algorithm o robot o
x50
Integration |«

Fig. 3. General structure of motion control.
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Fig. 5. Representation of membership function of outputs
angular and linear velocity.

4.1.1. Membership functions of angle error
The same membership functions are described for
linguistic variables o, and o, which represent orientation

of the robot with respect to circlel and circle2. The mem-
bership function of full circle is divided into two parts
clockwise and anticlockwise. So the angle error interval is
between 0° to 180° or 180° to 360°. The path is simplified
to choose a forward moving velocity of the robot to solve
trajectory tracking at every point on the curve. The path
tracking controller has to ensure a geometrical conver-
gence towards the path to be followed. If the angle o, is
equal to zero, then the robot’s front end is oriented to the
direction of the tangent line L. If o, is equal to zero, then
the robot reaches the target with its desired orientation.
The fuzzy membership function D for distance error and
angle errors o, and o, for circlel and circle2 are shown in
Fig.4.

4.1.2. Membership functions of the output

Essentially, the control objective is to successfully na-
vigate a mobile robot along a desired path in a two-dimen-
sional environment. Designing a fuzzy controller would
help in achieve this objective. Considering the situations
illustrated by Fig. 2 the vehicle must be designed to follow
a path against the given initial and final conditions. This
step was suitably chosen to represent a monotonically
decreasing function of travelling distance and to give
a strong influence in the path direction. The fuzzy logic
controller is used to interpret this heuristic in order to
generate outputs for linear and angular velocities from the
values of error distance D and error angles o, and o,.
When the target is far, the speed of the approach should be
fast whereas when the target is near, the speed of approach
should be slow. For circular motion, the centripetal acce-
leration is related to the angular velocity o and the linear
velocity v by the given formula v=r®m. However the simu-
lation is accurate enough to predict the desired path.

If the controller finds both distance error and angle
errors, it will apply the path to generate a decision to which
direction should it go next. Before entering into fuzzy lo-
gic controller a set of feasible angle errors and distance er-
rors are obtained to get the desired position and direction.
In this way, the vehicle could run along the track and at the
same time, keep its position in the path. In the simulations,
to achieve controlled trajectory, the linear and angular
velocities v and o are calculated by the given equations
(6) and (7). If a different linear velocity v is desired, the
angular velocity ® would be adjusted to get smooth path in
the continuity. Like that if a different angular velocity  is
desired, the linear velocity would be adjusted. The velo-
city profiles are generated by the fuzzy logic algorithm to
follow the trajectory and choosing the control parameters
for the desired behaviour. The tracked trajectory shown in
Fig. 6 is very close to the desired result and the tangential
and angular velocities are maintained within the limits.

4.2. GeneticAlgorithm

The optimal path generation is essential for the effi-
cient operation of a mobile robot. Recent advances in ro-
botics and machine intelligence have led to the application
of modern optimization method such as the genetic algo-
rithm to solve the path-planning problem and motion con-
trol. In the optimization, the control parameters v and ®
evaluated from fuzzy logic controller would be changed to
the desired path. The most difficult problem in motion
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control is to find such parameters which could match, fast
speed and precise movement. A suitable fitness function
can be expressed as f = vVt +r@ V¢ with constraint func-
tion of (v,— v, + ®,— ®,). Thus, the system computes the
distance between straight line and arc in the 2D space.
Combining fuzzy logic and genetic algorithm reduces the
time to find optimal control parameters for increasing the
quality of generated paths. The simulation results demon-
strate the algorithm as shown in Fig.7. Using GA the re-
lations between linear and rotational velocities were made
constant and the robot’s path was lying alongside the arc
ofacircle.

S. Simulation Results

Trajectory generation is the problem in finding feasi-
ble solutions in the motion control. Some of the trajectory
generation methods are too complicated and time consu-
ming to produce smooth paths. A mobile robot can follow
the desired reference path according to the prescribed
velocity profile with a satisfactory accuracy. A motion
planning optimization algorithm produces time optimal

path for a given input parameter. In this paper, a simple
geometric and fuzzy logic method is implemented for
trajectory generation. The main idea behind the proposed
design control strategy is to find a path which moves to
a final position with a desired orientation.

The equation of nonholonomic constraint is not integr-
able. So the feasible trajectory of the robot is limited.
Using the theoretical kinematic model described in sec-
tion 2, the simulation can be created to get outputs under
different motion trajectories and thereby to evaluate the
results. In order to attend the robot's position and orienta-
tion, the control problem has been designed in such a way
that the robot follows three steps with a moving reference
frame. The motion of the robot could be described with
two modes either pure rotation or pure translation.

The initial location is (x y 8) = (Om Om 0°) and the tar-
get is located at (x,, y, B) = (100m, 80m, 20°), (100m,
80m, 150°), (-100m, 80m, 60°), (-100m, 80m, 240°).
Using a fuzzy controller as described above, the robot was
able to successfully follow a smooth path towards the tar-
get. The resulting linear velocity or angular velocity is ob-

a0 . .
80 o~ ' b
701 . -
B0 e - .
c .
S sof —
Z wf .
0+ -
20} —
= -
0 | I L | |
100 50 0 50 100
w-Distance inm
Fig. 6. State responses (x, y, 0).
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Fig.7. Fuzzy logic simulated results with genetic algorithm.
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tained in all four behaviours as long as the vehicle is far
away from the target. With the use of circular motion, the
trajectory becomes a smooth curve and the angular and
linear velocities are adjusted according to the next steps.
The measure of smoothness of path is obtained by the con-
straint function of genetic algorithm by the given formula
v = r®. The vehicle is decelerated from the maximum
speed before turning a corner to adapt angular velocity and
it is again accelerated after turning the corner depending
on the distance. The vehicle is not stopped at this point. If
the length of the straight or circular path is close to the next
path, the robot would not move at minimum speed, even if
it is obtained from a part of the trajectory. Robot motion
control requires time optimal to drive with high speed and
therefore a smooth path is necessary. Its time responses of
 and v are shown in Fig. 7. In the intersection point of the
curves the robot has to move with maximum allowed
speed within radial acceleration.

This method produced trajectory characteristics which
were smoother and better. The control results are analysed
by the Matlab environment. These control parameters are
then used to control the vehicle each time and it autono-
mously travels along the path as shown in Fig. 6.

6. Conclusion

Modelling and control strategy of the motion of the
three wheeled differentially driven nonholonomic mobile
robot is discussed. Fuzzy logic controller has been deve-
loped on Matlab software environment for addressing the
problem of tracking control for a desired position and
orientation. In this paper, the trajectory is used to derive
the kinematic relations of the robot at the displacement,
velocity and acceleration levels. The implementation of
this proposed control strategy is a simple geometric ap-
proach and the simulations give satisfactory results. Suit-
able velocity control inputs were obtained from fuzzy lo-
gic algorithm which stabilizes the kinematic closed loop
control. In future, the ability of obstacle avoidance will be
added to get optimal path planning.
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