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Abstract— This  paper addresses the design and
implementation of multi-input multi-output (MIMO) fuzzy
control for mobile robot. Firstly, MIMO fuzzy control is
apply to track different desired trajectories. Secondly, the
controller performs on robot for navigation purpose to
avoid obstacles and reach defined target. The proposed
MIMO fuzzy controller was investigated based on several
conducted MATLAB simulation scenarios for mobile robot.
The simulation results are presented to demonstrate the
effectiveness of our new control algorithm.

Index Terms—trajectory tracking, path planning, mobile
robot navigation, MIMO fuzzy control

I.  INTRODUCTION

An Autonomous Mobile Robot is an artificial
intelligent vehicle that is capable of traveling in different
situation. In which, following defined trajectory and
navigation itself to avoid obstacles and move to
destination point is key issue. It is observed that the
human beings do not need precise, numerical information
input to make a decision, but they are able to perform
highly adaptive control. Human has a remarkable
capability to perform a wide variety of physical and
mental tasks without any explicit measurements or
computations. Examples of everyday tasks are parking a
car, driving in different terrains, avoiding static and
dynamics obstacles. For human, the ability to navigate is
eminent however, for robot; this kind of task is complex
and challenge. To recognize the trajectories; obstacles
and targets, robot must consider the information from the
working environment obtained from its sensor or vision
system. Various methods have been applied to solve
motion control problems. They are classified into model —
based methods and artificial methods those employ fuzzy
logic, neural networks, genetic algorithms or hybrid of
these approaches.

Among all the suggested methods for reactive
navigation, fuzzy logic controller has been found to be
the most attractive. The theory of fuzzy logic systems is
inspired by the remarkable human capability to operate
on and reason with perception-based information. The
rule-based fuzzy logic provides a scientific formalism for
reasoning and decision making with uncertain and
imprecise information. It can be implemented in
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hardware, software, or a combination of both. Fuzzy logic
approach to control problems mimics how a person
would make decisions. The main advantages of a fuzzy
navigation strategy lie in the ability to extract heuristic
rules from human experience, and to obviate the need for
an analytical model of the process. It is tolerant to noise
and error in the information coming from the sensory
system, and most importantly it is a factual reflection of
the behavior of human expertise. This kind of controller
is a form of artificial decision-making system. Several
tasks of robot are investigated by using fuzzy logic
control. Tracking trajectory is performed on mobile robot
in [1] [2] [9]. In the first paper, the authors propose a path
following approach based on a fuzzy-logic set of rules,
which emulates the human driving behavior. The input to
the fuzzy system is represented by approximate
information concerning the next bend ahead the vehicle;
the corresponding output is the cruise velocity that the
vehicle needs to attain in order to safely drive on the path.
[2] It has different approach with a heuristic fuzzy logic
controller has been designed based on a model-free
approach. Good tracking control performance was also
obtained from the proposed controller. [3] proposes a
reinforcement ant optimized fuzzy controller design
method and applies it to wheeled-mobile-robot wall-
following control  under reinforcement learning
environments. Navigation for autonomous vehicle is
researched in [4]-[6]. Hierarchical fuzzy design
decomposes the controller into three particular fuzzy
systems: fuzzy steering, fuzzy linear velocity control and
fuzzy angular velocity control, so that manual
construction of each rule base becomes feasible and easy
[5]. Fuzzy controller is integrated in [7] to avoid
dynamics obstacle. The hallmark of [8] investigates the
application of an adaptive neuro-fuzzy inference system
(ANFIS) to path generation and obstacle avoidance for an
autonomous mobile robot in a real world environment. [9]
a control structure that makes possible the integration of a
kinematic controller and an adaptive fuzzy controller for
trajectory tracking is developed for nonholonomic mobile
robots.

However, it is clearly that real life application of
mobile robot involves a multivariable input—output
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system, it is necessary to find suitable MIMO controller
[11]-[14]. A hybrid indirect and direct adaptive fuzzy
output tracking control schemes are developed for a class
of nonlinear (MIMO) systems. Being the auxiliary
compensation, H” control and sliding mode control are
designed to suppress the influence of external disturbance
and remove fuzzy approximation error, respectively so
that the system maintain a good tracking performance.
[14] designs of wall tracking robot mobile based on
intelligent controller, MIMO Fuzzy Logic controller, that
it’s equipped with three ultrasonic sensors. The
simulation is performed in MATLAB Fuzzy Logic
Toolbox

In this research, design of new MIMO fuzzy logic
controller for tracking trajectory and navigation behavior
of mobile robot is presented. System has two fuzzy
controllers that each of them has two inputs and two
outputs for tracking task and four inputs and two outputs
for autonomous navigation task. The information from
vision system forms input to the controller while outputs
controlling the speed of motors. The fuzzy controller is
designed on MATLAB Simulink environment and Fuzzy
Toolbox. More details could be found in following
sections. The paper is organized as follows: Section 1l
presents the model of mobile robot. The control design of
the path-following strategies is depicted in section IlI.
Next in section 1V, the navigation controller for mobile
robot is descripted. The simulation results for each
algorithm are showed respectively in section Ill and 1V,
followed by a conclusion section where the main
outcome of this work is summarized.

The first step to a kinematic model of the robot is to
express constraints on the motions of individual wheels.
To test the algorithm, a simple model of robot is chosen.
The robot has a differential drive system with two
independent wheels and a caster for stability. The first
constraint enforces the concept of rolling contact that the
wheel must roll when motion takes place in the
appropriate direction. The second constraint enforces the
concept of no lateral slippage, that the wheels have pure
rolling and non-slipping conditions during the motion in
wheel plane. The position of the mobile robot in the
global frame X(O)Y can be defined by the position of
mass center of robot C(x,y) which is the center of mobile
gear; and the angle between the local frame X,,CY,and
the global frame (0).

RoBOT MODEL

Zz motion
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Figure 1. Ideal wheel and Kinematics model of robot.

The center of mobile robot (x, y, 6 ) is expressed in the
inertial coordinate frame. The state of robot is defined by
its position (x, y) and orientation (8) and by the speeds of
the mobile robot. A simple structure of robot is showed in
Fig. 1. Supposing that the robot moves on a plane with
linear and angular velocities, the state vector can be
express as ¢ = (%,y, ). Path planning under kinematic
constraints is transformed into a pure geometric problem.
Mobile robot motion can be expressed in terms of
translational and rotational motion. The kinematic
problem of robot depends on the linear velocity v and
angular velocity . The linear velocity of left and right
wheel v, vg are calculated by angular velocity wg and o,

@)
)

Vp =T *Wpg
VUV, =T*wp

where r: is radius of wheel.

The kinematics of the differential drive mobile robot is
based on the assumption of pure rolling and there is no
slip between the wheel and surface. The linear velocity v
and angular velocity ® of robot is calculated as following
equation

v = vxtvy 3)
2

_ ﬁ __ Vr—VL

T dt . d “)

where d: is distance between two wheels.

The tangential velocity according x axis and y axis is:

. dx _
Xx=—= vcosh 5)
y= 2—3: = vgsinb (6)

The angular velocity o is derivative of orientation of
robot

6 = wr O
In a nutshell, the kinematic model of robot is:
x Uy cosf 0
H - [vy] = [sinG ol o] @®
2] w 0 1

where the tangential velocity in the x direction is x or v,
the tangential velocity in the y direction is y or vy, and

the angular velocity is 8. By simple modification from
(5), (6), (8), we get:
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This above kinematic equation is used for simulation
in this research. This model is referred to as a kinematic
model since it describes the velocities of the vehicle but
not the forces or torques that cause the velocity.

I1l.  TRAJECTORY TRACKING OF MOBILE OF ROBOT
USING MIMO Fuzzy

A behavior in a mobile robot navigation system
usually represents a concern of the robot in which follow
the path or avoid obstacles, target seeking are the most
important task. Kinematics constraint in two dimensional
workspaces is discussed in section Il. Each robot has an
image and an array of infrared sensors for measuring the
distances of obstacles around it, and the bearing of the
target and a radio system for communicating with other
robots. The information’s being sent among the robots are
their positions, how far they are from the target, and
whether reached the target or not. According to the
information acquired by the robots using their sensors,
some of the fuzzy control rules are activated accordingly.

The MIMO closed-loop control algorithm s
demonstrated in this section for tracking trajectories. At
each sample time, the calculation module calculate the
error in location and orientation Ax, Ay, Af between the
actual robot coordinates (x, y, 8) (which are received
from sensors in the reality) and coordinates of the
trajectory (Xq, Vg, 04). After that, the Distance and Angle
is generated to be the inputs of Fuzzy controller. This
controller is able to deliver appropriate action for mobile
robot, velocity of left and right wheel (o, , ®g) as two
outputs. To control the system, we assume the universe of
discourse for the two state variables to be 0 < x4
(Distance) < 10 (cm); -pi < x, (Angle) < pi (rad). The
universe of discourse for the control velocity of left and
right wheel is 0 < uy(w )< 6 rad/s, 0 < uy( ® )< 6 rad/s.

A. Constructing the Membership Functions

Five membership functions are considered with all are
of triangular member. The languages are Zero (Z), Near
(N), Medium (M), Far (F), Very Far (VF) and Big
Negative (BN), Negative (N), Zero (Z), Positive (P),
Positive Big (PB) for Distance, Angle respectively.
Linguistic variables like are positive Very Slow (VS),
Slow (S), Medium (M), Fast (F), Very Fast (VF) defined
for o_, wg. The parameters defining the functions are
listed in Table I. The membership functions describes
above are depicted in Fig. 2

TABLE I. PARAMETERS FOR INPUTS AND OUTPUTS FuzzY
CONTROLLER
Variables [Z N M F IVF
X1(cm) [002.5] [0255] [[255 [575 [[7.510
7.5] 10] 12.5]
X (rad) BN N z P BP
[-1-05-0.1] [-0.5-0.1 [-0.10 |[00.1 |[0.10.51]
0] 0.1] 0.5]
Ui, U, (rad/s) [VS S M F VF
[001.5] [0153] [[1.53 [34.56]|[4.56 7.5]
4.5]
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B. Constructing the Rule Base

In order to satisfy the control objective it is necessary
to design a fuzzy logic control for the real velocities of
the mobile robot which use linguistic variables in the
inputs and outputs. After the stage of constructing
membership functions, we construct the FAM (Fuzzy
Associative Memory) table for the rule bases, which is
shown in Table Il. The expert system is developed based
on the IF- THEN rules as 25 following rules to control
robot tracking defined trajectory. For example the first
rule is:

IF (Angle is Big Negative and Distances is Zero)
THEN (Velocity of right wheel is Very slow and Velocity
of left wheel is Very Fast)

This rule will help robot change the direction in the
meanwhile try to keep the tracking desired position. The
inference output from these rules is computed by
Mamdani (max-min) operator for composition, minimum
operation for implication, and center of area for
defuzzification as shown in Fig. 3.

Fuzzier

Fuzzy Rule Base
25 Rules

X1

<r

Fuzzy Inference Engine
(Mamdani Method)

Figure 2. Methods of the conventional tracking fuzzy control system

TABLE Il.  RULES OF RIGHT WHEEL VELOCITY U1
X1
X BN N Z P BP
z VS S VS VF VF
N VS VS S VF VF
M VS S M VF VF
F VS S F VF VF
VF VS S VF VF VF

TABLE Ill. RULES OF LEFT WHEEL VELOCITY U2

Xy
X2 BN N z P BP
z VF VF S S VS
N VF VF S S VS
M VF VF S VS
F VF VF F S VS
VF VF VF VF S VS

C. Simulation Results and Discussion

MATLAB Fuzzy Logic Toolbox is used to design of
fuzzy logic controller (FLC). The toolbox contains
functions, graphical user interfaces and data structures
that allow the user to quickly design, test, simulate and
modify a fuzzy inference system.
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The steps in FLC design are described in this section.
To validate the implemented tracking trajectory MIMO
fuzzy controller, seven design paths is tested include: zig
— zag line, rectangular, Trapezium, Circle, Elip and eight
shapes. Initial position of robot is (0, 0) for all situation.
The program is written in Matlab as Fig. 4, the designed
trajectory is given in the left hand side block. Those
values are compared with actual feedback value, then we
use Matlab function to calculate the value of x,(distance
variable) and X, (angle variable). The fuzzy controller

includes two inputs are x; and X,. The two outputs are
velocity of right wheel (u,) and velocity of left wheel (uy).
The Mobile robot is written for kinematic of the robot
using equation (11) in section Il. After this block, the
values of orientation and position of robot are computed
and used as feedback signals for whole system. Fig. 5
depicts the simulation results for tracking trajectories
which use MIMO fuzzy controller. The blue path is
design trajectory and the red path is robot’s tracking
trajectory.

xy
Designed Trajedorny
» flu)
X1
+
d
—» i) : Fuzzy Logic
= Controller
n2 angddt

Theta |-+

1 Theta
¥ o]
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oy S ) T
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n

Figure 3. MIMO Fuzzy controller for mobile robot tracking trajectory

¥, s

Figure 4. Tracking trajectory simulation results

From the simulation results, MIMO fuzzy controller
are successful to apply for tracking behavior of mobile
robot with the error is acceptable.

IV. APPLY MIMO Fuzzy CONTROLLER FOR ROBOT
NAVIGATION

In this section, a new intelligent controller has been
proposed for mobile robot navigation using MIMO fuzzy

©2016 Journal of Automation and Control Engineering

logic. It is more efficient than the other traditional
reactive behavior control and also easier to design and
implement. In our MIMO controller, the target seeking
behavior and obstacle avoidance is combining together.

A. Target Seeking Behavior

First step, the robot can adjusts its motion direction
and moves towards the target since it know current
position and find the target position. The distance
between robot and its destination is

d= \/(yTarget - yRobot)2 + (xTarget - xRobot)2 (10)

The robot also need adjust its orientation when it
reaches the goal point. Assume that the angle between
robot and x axis is theta (0); the angle between robot and
target is beta () in x direction so that the angle must be
changed is gama (y)

B= atanTerget=YRobot,  _ B-0 (11)
XTarget~XRobot

B. Obstacle Avoidance

In case, the workspace of robot is free, robot moves
fast and reduce speed when the end point nearby; it will
stop there. When the acquired information from the
sensors shows that there exist obstacles nearby robot, it
must decrease its speed to avoid obstacles. When a robot
is close to an obstacle, it must it must change its speed
and steering angle to avoid the obstacle. When the robot
sense obstacle near to it or the robot moves at curved and
narrow roads, it must reduce its speed to avoid collision
with obstacles. The fuzzy rules are obtained heuristically
In this case; its main reactive behavior is decelerating for
obstacle avoidance.
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Figure 5.  MIMO fuzzy controller for mobile robot navigation

The Mobile Robot Navigation fuzzy control system is
based on the MIMO closed-loop fuzzy system shown in
Fig. 5. Similar section Ill, to control the system, we
assume the universe of discourse for the four state
variables to be 0 < x; (Distance between robot and target)
<10 (cm); -pi < x, (Angle between robot and target) < pi
(rad); 0 < x5 (Distance between robot and Obstacles) < 10
(cm); -pi < x4 (Angle between robot and Obstacles) < pi
(rad). The universe of discourse for the control velocity
of left and right wheel is 0 < uj(@yigh)< 6 rad/s, 0 < u,
( wier)< 6 rad/s.

The Goal and Obstacle block includes the position of
Target and Obstacles in x and y dimension. Base on those
values the target searching and Obstacle Avoidance block
will calculate the inputs for fuzzy controller.

The MIMO Fuzzy controller for navigation of mobile
robot is implemented for three membership functions for
each input as illustrate in Fig. 6. The linguistic variables
for fuzzy rules are Near (N), Medium (M), Far (F) for x,,
x3 and Negative (N), Zero (Z), Positive (P) for x,, X4
which are the velocity of left and right wheel of mobile
robot.

Xy

Fuzzy Rule

i Fuzzier Base
X, . !
’ Fuzzy Inference
Engine

U,

Detuzzier

X

Figure 6. Methods of the conventional navigation fuzzy control system

Fig. 8 and Fig. 9 illustrate the path performed path td
by the mobile robot to reach the target. The generated
way to the destination is relatively smooth. The robot
speed varies with respect to its distance, angle between
robot and target as well as with obstacles by fuzzy logic
controller.
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Figure 8. Reaching target with obstacles

In all scenarios, the robot moves from the initial point
to the end point with suitable velocity. In Fig. 8, three
obstacles have been added to the scene. As we can see,
the motion of robot in the workspace with and without
obstacles is different. The adjustment in path planning of
robot because of avoiding the obstacles in second
scenario is applied by MIMO fuzzy controller.

V. CONCLUSION

We have presented in this work the application of
MIMO fuzzy path-following and navigation control for
mobile robot. The strategy presents a desired
performance as it is able to accurately follow the different
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designed trajectory which makes it desired for the case of
working in indoor or conned environments as well as
decide the path planning to avoid obstacles and go to
target. The simulation results are provided to illustrate the
feasibility and effectively of the proposed MIMO fuzzy
controller.
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