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Abstract

The autonomous wheeled mobile robots are very interesting subject both in scientific
research and practical applications. They are considered from several different perspectives
mainly, engineering and computer science levels. This project deals with the modeling and
control of mobile robots combining the differential drive robot and unicycle models which
will be simulated using a PID controller. The PID controller is based on feedback and tries to
minimize the error using well-tuned parameters. The Odometry has been used to identify
the distance traveled by the robot. The sensing circuitry mounted on the robot provides the
feedback data to assure a safe outdoor navigation in a hostile environment. The Hybrid
Automata principle provides a switching logic between the designed controllers. In this
report, linear algebra is applied to develop a satisfying and stable model which is simulated
using a MATLAB based simulator called “Sim.l.am” that allows the design and
implementation of controllers on the robot.
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GENERAL INTRODUCTION

The following introduction highlights the general description of our work including both
project’s motivation and objectives.




Overview

In recent years, the robotics and control of robotic systems is still an actual theme.
In past, the static robots were used mostly in industrial tasks as manipulators, but the
mobile robots were almost exclusively applied in research. The investigation and
development of the autonomous mobile robot are increasing gradually in many fields such
as in military, industries, and hospital. The mobile robots were designed with large size,
heavy and require a high cost computer system which need to be connected via cable or
wireless devices.

Nowadays, the trend is to evolve with a small mobile robot which is reduced in
size, weigh, and cost of the system by using sensors, numerous actuators, and the
controller are carried on-board the robot. Mobile robots are built based on a good relation
of both hardware and software. There is one more thing that mobile robot really needs is
a good navigation system such as vision camera or sensing components which allows the
robot to perform successfully its tasks depending on the knowledge it has about the initial
configuration of the workspace, but also the ones obtained during its evolution.

There are certain problems that arise in mobile robots, such as: determining the
position and orientation in the environment, avoiding collision with different obstacles,
planning an optimal movement path. The robot navigation is influenced by several
methods, such as measuring the number of rotations made by the motor wheels, using
gyros and accelerometers, but usually determines the pose of the robot in relation to a
fixed coordinate system. When developing an autonomous mobile robot, to carry out the
specific navigation tasks, the robot must be equipped with a suitable locomotion system.
But the mobile robot would be nowhere near as effective, if it were not supported by an
adequate control system.

For that it is proposed a closed loop control by using a PID controller that allows
adjustment of the speed of the brushless DC motors. The reaction system is ensured
through two rotary incremental encoders.

Motivation

Applying the ‘Control Principles’ which are the fundamental concepts for the
design and analysis of mathematical models to implement suitable controllers for a
mobile robot. The availability of various sensors and the efficiency of a
PID(Proportional-Integral-Differential) motivated us to design an controller which
enhances performance such as: Proportional Control that provides an immediate action to
the control error which improves the rise time, Integral Control which to minimize the
steady state error by driving it to zero, and the Differential Control increases damping in
order to ensure a continuous performance.

l1|Page



The PIDs are most frequently used to implement path following robots by
minimizing the error towards the actual goal. Since we are motivated to build an
autonomous wheeled robot that will navigate to any desired goal location while avoiding
obstacles crossing its path, we are going to use the PID controller to steer the robot
towards the goal coordinates by minimizing the angle between the robot’s heading and
goal location orientation.

The project relies on the MATLAB based simulator ‘Sim.I.am’ which allows the
testing of controllers and bridge the gap between theory and practice in ‘Control Theory’.

Project Objectives

The purpose of our project is to design a smart wheeled robot with an autonomous
motion provided that it avoids any obstacle (static or dynamic) in front and navigates
properly towards any desired and known coordinates of the goal. Our robot should be
able to negotiate different environments and reach successfully our desired goal location.
The Wheeled Robot will be able to:

e Displace autonomously.
e Avoid all kinds of obstacles.
e Reach the desired location.

The control design objectives are:

e Stability.
e Tracking.
e Robustness.

Report Organization

This report is divided into two chapters. The first chapter gives a general overview
about the models used and the linear algebra applied to develop the mathematical
equations. The second chapter introduces the ‘Sim.I.am’ simulator on which we will test
our controllers and ends with the implementation of our controllers. Finally, our report
finishes with a general conclusion and suggestions for future works.
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CHAPTER 1
Theory Description

In robotics, one of the most important tasks is describing the system and the way it
functions, so how can we describe a mobile robot? And how does it achieve its goals? What
are the main challenges and limitations? And how can we go around them?
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1.1 Mathematical Model:

In order to design behaviors of controllers for Mobile Robots, we inevitably need
models to decide how the robots will behave while navigating in an environment. For our
Mobile Robot, we will use the Differential Drive Model. For instance, to successfully
implement this model on the Mobile Robot, we are going to move with this model to some
other model called the Unicycle Model which will allow us to overcome using complex
variables such as wheel velocities.

1.1.1 Differential Drive Model:

A lot of mobile robots use a drive mechanism known as differential drive. It consists
of two wheels mounted on a common axis, and each wheel can independently be driven
either forward or backward. While we can vary the velocity of each wheel, for the robot to
perform rolling motion, the robot must rotate about a point that lies along their common left
and right wheel axis. Figure 1.1 illustrates the differential drive model where the circle
represents the actual robot and the black rectangles are supposed to be the wheels [1].

Vy Uy
\ Y J
L

Figure 1.1: The representation of the Differential Drive.

For instance, if we are turning our wheels at same rate, the robot will be moving
straight ahead. Also, if one wheel is turning slower than another, then the robot is turning
towards the direction in which the slower wheel is mounted. We have seen before that a
good controller shouldn’t have to take in consideration the particular parameters of each
robot in order to neglect the friction coefficient, however we need to consider two

parameters which are: the distance that separates the wheel base which is represented by L,
and the radius of the wheel represented by R. These two parameters are actually easy to
measure which facilitates the use of this model.
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In order to control the way our robot is moving; we use two control signals which

are the velocities of our two wheels, where v, and v; are the speed at which the right and
left wheels are turning respectively. These two velocities are the input signals of our system.

The mathematical model relating the two input signals (the velocities of the wheels)
directly to the output signals (the position and orientation) of the mobile robot, based on
these observations, the configuration transition equation is:

X :E(vr+vl)c059
R
y:E(vr+vl)sin9
R y
0=—w—v)

L

Figure 1.2: The representation of the Mobile Robot in a 2D plane.

The equations above contain cos f8and sin 6 parts because the differential drive
moves in the direction that its drive wheels are pointing. The translation speed depends on
the average of the angular wheel velocities. To see this, consider the case in which one wheel

is fixed and the other rotates. This initially causes the robot to translate at 1/2 of the speed

in comparison to bothwheels rotating. The rotational speed 6 is proportional to the change
in angular wheel speeds. The robot's rotation rate grows linearly with the wheel radius but
reduces linearly with respect to the distance between the wheels.

1.1.2 Unicycle Model:

Dealing with the displacement and velocities of the two wheels of a differential drive
robot is messy. A preferred model is that of a unicycle (Figure 1.3), where we can think of
the robot as having one wheel that can move with a desired velocity (v) at a specified
heading theta (8). The unicycle models are selected for their simplicity and good
maneuverability. At same time, research is conducted on controllability, feedback,
linearization and stabilization raises many research and development challenges in the
control of unicycle type robots. Since our robot is designed to navigate to a certain goal
location while avoiding obstacles, the unicycle model satisfies the tasks in a stable and
smooth manner [2].

4|Page
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Figure 1.3: The physical description of the Unicycle.

The unicycle type robot is in general a robot moving in a 2D world which is

represented by an x — y plane. It has some forward speed but zero instantaneous lateral
motion.

The equations to translate between the unicycle model and our wheel velocities
allows us to simplify the differential drive model with the unicycle model. We have seen
how to take measured wheel displacements to calculate the new robot pose. The kinematics
of the unicycle model is usually described by a simple non-linear model:

X =wvcosf
y =vsinf
0=w

where theta(0) is the orientation of the robot and (x, y) are the coordinates representing
the actual position of the mobile robot in the x — y plane. v and w are the inputs and
they represent the linear and angular velocities of the robot respectively.

5|Page
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1.1.3 Mapping of Models:

Since we have our two models, we need to combine them to have a final model which
we can implement and design. We will be using the unicycle for analysis and control of its

inputs v and w then map them to the inputs of the differential drive v,- and v;.

The mapping we are going to use is based on the kinematics of the two models:

(% = g(vr + v;) cos 6
1y = g(vr +1,)SiN0 .veev e e (1)
| 0= —w)
X =vcosb
Yy=vsin0 .......c.ccoceevei e e e . (2)
0=w

From (1) and (2) we get the following linear equations:
R 2v
v=5(vr+vl) = =t

R wL
W=Z(Vr_vl) > — =1, -1
Since we are going to map our designed inputs (v, w) onto the actual inputs (v,., v;)
that are indeed running on the robot, we derive these final linear equations which we are
going to use on the mobile robot:

4 204wL )
v =
2R
2V—wWL
Ul —
\_ 2R Y,
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1.2 Odometry:

Most robotics problems are ultimately reduced to the ability of localization in the
environment of navigation. A basic method of navigation is odometry, using knowledge of
your wheel’s motion to estimate your vehicle’s motion and actual location.

We’ll assume that the vehicle is differentially driven: it has a motor on the left side
of the robot, and another motor on the right side. If both motors rotate forward, the robot
goes (roughly) straight. If the right motor turns faster than the left motor, the robot will move
left.

Our goal is to measure how fast our left and right motors are turning. From this, we
can measure our velocity and rate of turn, and then integrate these quantities to obtain our
position.

In order to achieve odometry, we can use:

e External Sensors: an external sensor would be a sensor that’s measuring something
in the environment such as ultrasound, infrared, camera and laser scanners.

e Internal Sensors: are sensors that are included in the robot and are measuring the
position of the robots such as accelerometers, gyroscopes and wheel encoders.

In this project, we will be using both external (Infrared) and internal (Wheel
Encoder). Since the odometry is concerned with the self-localization of the robot in the
environment, we will be interested in Wheel Encoders that iterates the number ticks of each
wheel [3].

Suppose the left wheel has moved by a distance of d,.f; and the right wheel has
moved d,.; .. For some small period of time (such that d; ¢ and d,; 4, are short), we can
reasonably assume that the robot trajectory was an arc (see Figure 1.4).

The initial state (x, y, 8) defines our starting point, with 6 representing the robot’s
heading. After our vehicle has moved by d;. ¢, and d,;gp;, We want to compute the new
position, (x’,y’,8").

The center of the robot (the spot immediately between the two wheels that defines

the robot’s location), travels along an arc as well. Remembering that arc length is equal to
the radius times the inner angle, the length of this arc is:

. dleft + dright
dcenter - 2

7|Page
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9'
@
® - - %,
(x.y)
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~
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@ I -
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) Neft s
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< £
rrlght

Figure 1.4: The robot is moving counter-clockwise over a small time period.

Given basic geometry, we know that:

Dlieft = Aigpt wvevee e v vvnen e (1)

cl)rright = dright SRR )

If dpaserine 1S the distance between the left and right wheels, we can write:
Tleft T Apaseline = Tright

Subtracting (1) from (2), we see:
cl)rright - c1)7'left = dright - dleft
(l)(rright - rleft) = dright - dleft
Qdpasetine = dright - dleft

right — dleft

d
=

dbaseline
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All of our arcs have a common origin at point P . Note that the angle of the robot’s
baseline with respect to the x — axis is & — ™ /,. We now compute the coordinates of P :

Py = x — Teenger €0S(6 — T[/Z)
= X — Tcenter SIN(O)
Py =Y — Teenter SIN(O — 7'[/2)

=Y + Tcenter COS(6)

Now we can compute x'andy’:
x' = Pe+7center COS($ + 6 — 7'[/2)
= X — Teenter SIN(O) + Teenper SIN( + 6)

= X + Teonter [—SIN(0) + sin(Pp) cos(@) + sin(H) cos(P)

And
V' = By HToonter sin(d + 0 —7/.)
= ¥ + Teenter €0S(0) — Teenrer cOS(P + 0)
= Y + Teonter|€0S(0) — cos(d) cos(8) + sin(0) sin(P)]

If & is small (as is usually the case for small time steps), we can approximate
sin(¢) = ¢ and cos(dp) = 1. This now gives us:

X' = X + Teonter [—SIN(0) + P cos(8) + sin(6)]

=X + Teenter © COS(B)

= x + dcenter c0s(0)

9|Page
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and
Y' = ¥+ Teenter [ c05(8) — cos(8) + ¢sin(0)]
=Y + Teenter $ sin(6)
=¥ + deenter Sin(6)

In summary, our odometry equations for (x’,y’,8") reduce to:

x' = x+ dcenter c0s(6)

y, = ¥ + dcenter Sin(0)

8'= 0+ [0)
where:
d _ diefetdrignt
center — 2

_ dright - dleft

dbaseline

We still have to measure the distance travelled by each wheel (dief: and dyigp;)
which implies the use of Wheel Encoders. The working principle of wheel encoders is
counting the ticks in order to compute the number of revolutions made by the wheels in a
certain amount of time. So, a wheel encoder gives the distance moved by each wheel. The
speeds of our motors give us two quantities: the rate at which the vehicle is turning, and the
rate at which the vehicle is moving forward. Given the amount of rotation of the motor and
the diameter of the wheel, we can compute the actual distance that the wheel has covered. In
order to simplify the calculations, we will work on the previous assumption that approximates
the distance traveled by each wheel as an arc which is valid for a short time scale (Figure

1.5). In our mobile robot, we consider the distance of the baseline as L, the distance traveled
by the left wheel as D, the distance traveled by the right wheel as D,. and the distance turned
by the center of the robot is referred to as D,..

10|Page
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Figure 1.5: The distances traveled by the wheels and robot.

In order to measure the distances D,. and D;, we assume that each wheel has its own

number of ticks per revolution, then let N be the number of ticks accomplished by a wheel
per revolution. Since most of wheel encoders give the total tick count since the beginning,
we need to count the number of ticks made by each wheel since the last position. We compute
the number of ticks using the following relation:

Atick = tick' — tick

where tick' is the number of ticks accumulated at the actual position(x', y', 8"), tick is the
number of ticks saved from the previous position(x, y, 8) and Atick is the number of ticks
realized by the wheel. We assume the number of ticks done by the left wheel as Atick,s;
and the number of ticks done by the right wheel as Atick,;45.. Then we use the following
equations to calculate the distances:

AtiCkleft

D, = 2m—<It
l n N

AtiCkTight

D, = 2n——
T 3 N
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Then the actual kinematics of the robot is given by:

x'= x4+ D.cos(0)

y'= y+ D,sin(0)

Dr - Dl
0'=0+——
2
where D, is computed as the following:
_ D+ D
© 2
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1.3 Controllers Design:
1.3.1 Go-To-Goal Controller:

The main objective of our robot is navigating to a specified location. The go-to-goal
behavior will make our robot move from its actual position (x, y, 8) to a new position which
is described as the goal location (x4, vy, 6,)as it is represented in the Figure 1.6.

o
(g, Yqg)

P

(2, y)

Figure 1.6: An illustration of a point robot and its goal location.

In order to reach the goal location using a differential drive robot that we can

model as a unicycle, we set the linear velocity v as constant. Then, we need to control
the heading which is directly related to the angular velocity w that is controlled using the
reference tracking.

The reference tracking is exerting a control action on a system in order to
manipulate the process output to be the same as the reference input. The reference
tracking is based on closed loop controllers that are also called feedback controllers.

A closed-loop control system is a system in which the value of some output
quantity is measured using sensors. Feeding back the value of the controlled quantity,
allows the manipulation of an input quantity so as to bring the value of the controlled
quantity closer to a desired value. The difference between the reference value and the

measured output is described as the error e.
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Since our main objective is to steer the robot towards a desired location, we will be
dealing with angles.

Firstly, we set the reference point to be the desired angle 8. We already have the
actual heading of our robot as theta 8. The tracking error e for this kind of problem is:

e=9d—9

The desired angle 64 can be calculated using the actual coordinates of the mobile
robot (x,y) and the desired location coordinates (x4, y4). The following arc tangent
formula can be used to compute the desired angle:

Yg— ¥

X

6, = tan"1(
=X

Since we have our tracking error, we can plug this error in a controller which will be
acting on it to correct the desired heading.

1.3.2 PID controller:

We assume that our mobile robot is driving at a constant velocity v,, which
implies the following design model:

X =1v,cos0
Yy =v,sinf
6=w
Then the objective is to make the mobile robot drive in the desired heading, which

implies controlling the angular velocity . In order to achieve the desired heading control,
we need to implement a controller.

The PID controller compares the measured output with the input reference.

l Disturbances(s)

Controller
Setpoint (SP) lﬂutput Process Variable (PW)
—_— PID CONTROLLER — PROCESS -
Measured

Process Variabbe

SENSOR *

Figure 1.7: Block diagram illustration of a simple PID controlled system.
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Theory Description Chapter 1

The PID controller combines the position error and error of change output to correct
the PID parameters for mobile robot. The mobile robot uses infrared sensors to avoid
obstacles around it while heading to reach the desired position.

The simple output response curve using a simple PID control is shown in Figure 1.8a.
By using control theory on the PID, the output response curve is presented in Figure 1.8b.
As a result, the PID controller has a better performance.

14 iq

12} ! 124

Lecanon

(a) (b)

Figure 1.8: (a) A simple PID output response, (b) A well-tuned PID output response.

The control of the mobile robot implies controlling the heading which is a control loop
feedback mechanism. In PID control, the current output is based on the feedback of the
previous output, which is computed so as to keep the error small. The error is calculated as
the difference between the desired and the measured value, which should be as small as
possible. A correction of w is applied by summing three terms, known as the proportional
term, integral term, and derivative term [4].

Since we have a model and a controller, we can control the steering of our mobile robot
by governing the angular velocity w driving the robot towards the desired angle by
implementing the following PID regulator:

W=KPe+KIfedT+KDé
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Where w is the angular speed or the steering control input, Kp is the proportional gain
constant, K; is the integral gain constant and K, is the differential gain constant.
The Proportional term is used in calculating current errors, the Integral term provides

information about the amount of previous errors and the derivative term predicts the future
errors.

Set-Point
+ _ X
Integral
Imrm:KI-J' e(t)dt Process ]
- 0 Y.
) +
( Derivative )
—
Drerm:KddZ(t)
\ t J

Figure 1.9: Block diagram illustration of each term used in a PID regulator.

1.3.3 Tricky angles:

Since dealing with angles is one of the most complicated tasks, we need to implement
our controller carefully by taking into consideration every possible case.

The main issue we could face is having significant errors while the actual errors are too
small. Suppose we have the following actual and desired angles:

0 = 100 rad
and
6; =0rad
this yields to the following error:
e=60;—60=-100r

which seems to be a huge error and can affect the actual behavior of the mobile robot by
making it spinning around without achieving its tasks. Whereas, we also notice that:

e=-100r =0 rad

which implies that the robot is already on the desired angle and there is no need for correction.
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We handle this issue by ensuring that the error always belongs to the range [—m, ]
which is described by the following notation:

e € [—m, ]

In order to apply the above solution, we use the inverse of the tangent function or
simply: the arctangent function. Then the error is calculated using the bellow mathematical
relationship:

sin(e)

e =tan"!
(cos(e)

1.3.4 Obstacle Avoidance Controller:

Now that we have designed a controller which has the ability to take our robot to a
goal location, we have to implement another controller which is responsible of avoiding
obstacles while navigating to this goal location.

Actually, our second main objective is to drive the robot safely without colliding with
the different kind of obstacles that exist in an unknown navigation environment. The go-to-
goal behavior alongside with the Obstacle Avoidance behavior are the basic dynamic duo of
mobile robots.

For the obstacle avoidance controller, we are going to use the same concept used for
the go-to-goal controller by a defining a desired heading while sensing an obstacle that is
close to the robot. We assume that we have the situation described in the Figure 1.10 where
the obstacle is represented with a wall that is situated between the robot and its defined goal

location.
/ (245 ll/g)
-

(B 5 Yor)
(@, y)

Figure 1.10: An illustration of a point robot facing an obstacle in its path to goal
location.
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The location of the obstacle (x,, y,) is identified using the sensors mounted on the
mobile robot which is referred to as a Range-Sensor Skirt. A Range-Sensor Skirt is an array
of sensors distributed evenly on the outside side of the robot with the objective of detecting
any obstacle around it within a defined range specified in the sensor characteristics.

If we were building a pure obstacle avoidance controller, we can simply steer our
robot to a direction opposite to the obstacle location using the following equation:

Qd: 00+7T

Where 8,, is the steering angle towards the obstacle location and can be calculated using the
arc tangent function:

Yo— ¥
Xo— X

6, = tan~1( )

However, our main objective is to drive the robot to the desired location which
implies taking the goal location into consideration while avoiding the obstacle. The second
approach that can be used is going perpendicularly to the obstacle direction which can be
implemented using the equation bellow:

where the sign of % depends on which direction makes the robot closer to the desired goal

location. Even if the second approach gives a much better result than the first one, it still
needs adjustments by blending the two controllers using behavior-based control.

Behavior-based control implies switching between different modes of behaviors or
operations depending on the actual condition of navigation. If the robot detects no obstacles
around it, it switches to the go-to-goal mode. Whereas, if it detects an obstacle on his path to
the goal location, it switches to the obstacle avoidance controller. We refer to these kind of
systems as switched or hybrid systems.
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1.4 Hybrid Automata:

Hybrid Automata is a modeling formalism for hybrid systems that results from an
extension of finite-state machines by associating with each discrete state a continuous-state
model. Conditions on the continuous evolution of the system invoke discrete state transitions.
A broad set of analysis methods is available for hybrid automata including methods for the
reachability analysis and stability analysis. A hybrid automaton is a transition system that is
extended with continuous dynamics. It consists of locations, transitions, invariants, guards, n-
dimensional continuous functions, jump functions, and synchronization labels [5].

Since we are looking for a switch logic to combine our two dynamic behaviors, the
hybrid automata provide the means to describe both continuous dynamics with a discrete
switch logic. This implies that the discrete logic will be modeled as a finite state machine
that moves between different discrete states. Inside each state we have continuous dynamics
that describe our desired behavior.

Let the continuous state of the system to be x. As we will be switching between
different modes of operations, we add an additional discrete state g which will indicate the
actual mode in which the system is. The dynamics now become:

x = fa(x,u)

where f, (x, u) depends on the mode we are operating in. The transition between different
discrete modes can be encoded in a state machine as:

Figure 1.11: An illustration of the transition between two different modes.

When we jump between the different discrete modes g and q’, we say that
transitions between different states in the finite state machine are being made.

The conditions under which a transition occurs are called guard conditions, i.e.,
a transition occurs from g to q' if:

X E Gq,q’
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The guards are used to check whether some conditions are satisfied in order to
make a jump from one mode to another.

As a final component, we would like to allow abrupt changes in the continuous
state as the transitions occur. These abrupt changes are called resets and represented
as the following:

X:= Ry g

The resets are used to set the states to specific values after that a transition is made
from one mode to another. Putting all of this together yields to a very rich model known as a
hybrid automata (HA) model (see Figurel.12).

g= 3

Figure 1.12: An example of a hybrid automata model.

An important point to take into consideration, is that a hybrid system can be
destabilized by switching between different modes even if the different subsystems or modes
were asymptotically stable themselves. If we ignore the resets, there will be no abrupt
changes in the states when making transitions. The system becomes a switch system where
we have:

X = fo(x,u)

where ¢ is a switch signal and it indicates in which mode the system is running. Assume
there are p discrete modes in our system then:

o) eX={1,...,p}
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Given a switching system X = f;(X), we can define three different kind of
stability:

1. Universal Asymptotic Stability: it implies that there is nothing that can
destabilize the system, which means that x will always go to zero for any

value of sigmag':
x - 0, VYo
2. Existential Asymptotic Stability: it implies that there exists a switch signal
O'that makes the state x go to zero such as:
dos.t.x -0

3. Hybrid Asymptotic Stability: it implies that we have a hybrid system that is
itself generating the switch signal, which means that the switch signal is

generated by an underlying hybrid automation and x goes to zero not for any

or for all sigma 0, but for the one that happens to be the one that we have in
our hybrid system:

x -0

As a conclusion, we have to design stable controllers as subsystems and always make
sure that the resulted Hybrid Automata model is stable for each possible switching signal.

Finally, we need to consider an important phenomenon in the hybrid automata model.
Suppose we have the following system:

).C_{—l ;=0
S l+1 ; x<0

The above system is represented as a Hybrid Automata model in the Figure 1.13.

Figure 1.13: The Hybrid Automata model of the above example.
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Since we have only two modes, we notice that when the system reaches zero 0, it
starts switching infinitely many times in a single time-instant which causes what is called as
the Zeno Phenomenon.

1.4.1 The Zeno Phenomenon:

The Zeno Phenomenon leads to unnatural loss of stability of equilibriums and the
emergence of unexpected and meaningless solutions in case of interconnected systems. Many
works are devoted to the question of prolongation of such solutions, however there exist no
unified or commonly accepted prolongation method [6].

One solution to the Zeno Phenomenon is using Sliding Mode Control. Let us be more
general and assume that we have the following system:

{00 9090
() 5 g(x) <0

The above general system has the Hybrid Automata Model represented in the Figure 1.14.

Figure 1.14: The Hybrid Automata model of a general system.

Consider the switching surface g(x) = 0 represented in the Figure 1.15, decides
in which mode the system will be operating. If g(x) > 0 then the system will be using the

f1(x), otherwise if g(x) < 0 the system will be using the £, (x).The most important point
in our system is the g(x) = 0 where there is a possibility to have a sliding.

The sliding along the switching surface when occurs because f; (x) and £, (x)are
pulling in different directions. The sliding mode happens when f; (x) tries to drive the
system towards the surface where g(x) < 0 and f,(x) tries to drive the system towards
the surface where g(x) > O(see Figure 1.15).
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\ g(x)
g \,& g?’lfo) =0

g(x) <0

Figure 1.15: The illustration of the switching surface g(x).

In order to check is the sliding occurs, we need to analyze the vector that is normal to
the switching surface which is called the gradient. The sliding mode happens if the following
conditions are satisfied:

99 ¢ <0 and 2f, >0 1
! and == fp >0 e (1)

0
The term %f is simply the derivative of g in the direction of fand is called the Lie

Derivative. The Lie Derivative is denoted by the term Lfg. The conditions above (1) which
should be satisfied to have sliding become:

Lrg <0andLgg >0

In the case where the above conditions are satisfied, we apply Regularizations to our
system in order to solve the Zeno Phenomenon problem. At g(x) = 0, the change in

d
g (x)will be zero which implies that d—‘z = 0.

The Regularizations implies introducing a new mode called the Induced Mode
which defined by the following equation:

X=01f1+ 0205 e e cei s e e . (2)

23|Page



Theory Description

Consider now the relation bellow:

dg dg .  0dg
P a(%ﬁ + 02f3) = 01Lg, g + 031 g

d
since =2 = 0, then:
dt

Ly,g
sz g

o1l g+ ol g =0 = 0= -0y

Since we are not allowed to flow backward, then o; and o, must be positive. We
also want the sum of o; and g, to be one in order to respect the dynamics of the system. So,
we have the following additional constraints about oy and o5

01,0, =>20and g, +0, =1

now we can compute the induced mode using the above relation:

since we also have:

L
0-1+O-2—O-1 1_ flg —1
Lyg
then we get:
1 Leg
f2
= = e e ven e e (3
%1 _Lf_lg szg_Lf1g ( )
Lf,g
which yields to:
L
£9
Oy = — = ot is et e e e e oo (B)
Lr,g—Lrg

we substitute the equations (3) and (4) into the relation (2) in order to get the final expression
representing the induced mode:

, 1
X = g(szgfl _Lflgfz)
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After the Regularizations, the Hybrid Automata of the general system represented in
the Figure 1.14 becomes more stable because of the additional sliding mode that we have
introduced (see Figurel.16).

g=0and Lyg<0and Lf,g >0

(szgfl — Lflng).\

q > 0 /_ Lfgg Lf1 /

27)

’/

=0and Ly g <0and Lf,g >0

Figure 1.16: The Hybrid Automata model of a general system after Regularizations.

1.4.2 Type of obstacles:

In the avoidance obstacle behavior, we have considered a standard simple type of
obstacles which is not sufficient for a well-designed mobile robot. There are different types
of obstacles that goes from the simplest to the most complicated one [7].

1. Point-Obstacles:

For this type of obstacles (see Figure 1.17), the two previous behaviors are sufficient unless
we need to add an induced mode due to Zeno Phenomenon. One way to deal with this type
of obstacles, is by adding some noise which is not really needed in practice since the world
is already noisy.

Figure 1.17: An illustration of a Point-Obstacle.
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2. Circular Obstacles:
Basically, circular obstacles are point obstacles that are just larger (see Figurel.18)
which means that we can deal with them using only the two previous controllers.

Figure 1.18: An illustration of a Circular Obstacle.

3. Convex Obstacles:
A convex obstacle is more complexed obstacle that can look like a circle or rectangle (see
Figure 1.19). Convexity implies that every two point in the obstacle can be joined with
a straight line that completely lies inside the obstacle. The two behaviors that we have
seen before will not be enough in order to avoid that kind of obstacles.

Figure 1.19: An illustration of a Convex Obstacle.
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4. Non-Convex Obstacles:
A convex obstacle is even more complexed than convex obstacle. The non-convex

obstacle can look like any shape because it simply means that there exist two points that
we cannot connect with a straight line (see Figure 1.20). This type of obstacles requires
a more sophisticated behavior in order to reach the goal.

Figure 1.20: An illustration of a Non-Convex Obstacle.

5. Labyrinth Obstacles:
The labyrinth obstacle is the most complexed obstacle that could face the robot while

navigating towards the goal location. This type of obstacle which is also called a maze
obstacle, is considered as one of the most challenging problems to face when designing
robots. This type of obstacles (see Figure 1.21). requires a more advanced behavior to
pass it and reach the desired location.

Figure 1.21: An illustration of a Labyrinth Obstacle.
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1.4.3 Wall-Following Behavior:

In order to negotiate complex environment, the previous dynamic behaviors: Go-to-
Goal and Avoid Obstacles are now longer sufficient. The need of an additional behavior
becomes essential because the robot needs a controller to follow the boundary of an
obstacle/wall in order to be able to get around in the world. The missing behavior is the wall
following which needs to be designed.

The follow wall controller should maintain a constant distance to the obstacle/wall
which is called the safety distance and is represented by a disc around the circular obstacle
in Figure 1.22. We can clearly move in two different direction along a wall using either the

clockwise follow wall vector Uy or the counterclockwise follow wall vector Uy, .

UAO

C
Upw

Figure 1.22: A representation of the follow wall vectors.

The follow wall vector ugy, is simply the obstacle avoidance vector 14, rotated by

either =7/, for Uy or 1/, for Ufyy and scaled using by the scalar .

The rotation is made using the following rotation matrix R (¢):

cos(qp) —sin(e)

R(e) = [sin(cp) cos(¢q)

Then the final expressions to calculate both Uy, and UES, are:
— 0 1
U,IC:"W = C(R( n/z)qu =a [_1 0] uAO

Upw = “R(n/z)qu =a [(1) _01] Uso
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Since we have two possible vectors: clockwise follow wall vector u,‘;ZW or the

counterclockwise follow wall vector u,?f/v, we need a test to choose which is more
appropriate to use at each possible obstacle. Consider using the inner product of two vectors:

(v,w) =v'w = [vllllwllcos(£(v,w))

The best approach is to consider the go-to-goal vector usrq using the following
mathematical relations:

if (ugrg, upw) >0 = ugpy

if (ugre ufy) > 0 = uffy

The above tests allow us to determine which direction to take when following a wall.
We check the go-to-goal inner product with follow wall clockwise, if the result is positive

the robot should go clockwise which implies that the angle between U1 and ulgWis less

than 7T/z. This also means that angle between UgsTs and ulgf/vis greater than 7T/z. the

same logic is followed when using the second test that is based on the go-to-goal inner
product with follow wall counter-clockwise.

Now we need to relate the wall following behavior to the go-to-goal and obstacle
avoidance behaviors. In order to link our three behaviors, we are going to use the induced
mode presented as a solution to the Zeno Phenomenon in hybrid systems. Suppose we have

the situation represented in the Figure 1.23 where X is the actual position of the robot, x,is
the obstacle position and xis the goal position.

"I’O . lqu

| &
/ UGTG
oy

UAO

Figure 1.23: An example of navigation situation.
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Let us consider delta A as the safety distance that the robot need to keep from the
obstacle when following it such as:

A= |lx = x,||

Since we are going to deal with derivatives, it is much easier to use the square of a
norm than the norm itself. We define the switching surface g (x)as the following:

1
glx) = E(le —x,]12 =A%) =0

In order to compute the induced mode, we have to introduce the following
functionssuch as:

f1(x) = Core(xy — %)
f2(x) = Cyo(x — x,)

where Csre is the go-to-goal component and €y, is the avoid obstacle component. When
gx) >0,

the system will be using the function f;(x) to reach the goal position. Otherwise if

g(x) <0, the system switches to the function f;(x) to avoid the obstacle which is
represented bellow:

. {fl(x) ; 9(x) >0
f2(0) 5 g(x) <0

we have the following expression of the induced mode:

x=—""—(Ls9f1 —L;9f2)
Lp,g —Lpg !

we also have:

ag
a = (x - xo)T

where we can define the bellow relations:
ag
Lg = aﬁ = Corg(x — xo)T(xg —X)
|%

_99. _ T _
szg = afz = (x —x4)" Cao(x — x4) = Cyollx — x,
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If we switch to the wall following behavior, we need to set conditions in order to stop
following the wall otherwise the robot will keep following the wall. We want our robot to
switch from the wall following behavior if enough progress has been made and if it has a
clear path towards the goal.

We define T to be the time at which we switched to the follow wall behavior. Then
we can define the progress as:

g = =l < [lx, - @]

and the clear shot towards the goal condition as:

(Wao, Ugrg) > 0
1.4.4 Hybrid Automata of the Mobile Robot:

Finally, since we have all the necessary behaviors that makes our robot navigate from
its actual position to the goal location without colliding with the different kinds of obstacles
that can exist in his environment. By connecting all the previous modes and setting necessary
guards, we get the final Hybrid Automata represented in the Figure 1.24 which will be
followed while implementing out mobile robot.

Cu=0)
|z — zo|| = A and ( UGraG ) | — @[l = A and

(uegra, uFw) > 0 <UGTG- U%W> >0

|z — z4]| < dr and

(wao,uera) >0 dy = ||z — x4

d: 1= |le—l|

Figure 1.24: The final Hybrid Automata of the mobile robot.
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In this chapter, we looked at the mathematical model of the differential drive and mapped it

to the Unicycle one. After that we tackled the topic of odometry and explained the different

behaviors of navigation. Finally, we considered the problem of hybrid automata and infinite
switching.




CHAPTER 2
Simulation

This chapter will be about simulation where we put all of the previously discussed theory
through the test in the Sim.i.am simulator. What is this simulator? How does it represent
the real robot, its sensors and physical limitations? Can we achieve desired behaviors? How
to solve the problems introduced before? Was it useful?
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2.1 Sim.l.am: A Robot Simulator

Sim.l.am is an open-source mobile robot simulator based on MATLAB and Simulink
that facilitates the implementation and design of controllers and algorithms that can be deployed
on both simulated and actual mobile robots.

® Thu23:32 T ) B -

1 Lz, New Variable [ Analyze Code = A (ol - - e neen Joos “escop pincow

me » idelacroix | 11 | !\I\l\l\!\\\I\I\I\I\!\I\l\l\ |

AUTH
£ launch.m

() LICENSE

) READMEmd

[ settings.xml

8 simiam.mlappinstall

(5 simiam.prj

e e

i I s > |0 =] %]

select afile to view details

Figure 2.1: A simulation of a mobile robot and a Khepera 111 in the Sim.l.am simulator.

Sim.l.am is a mobile robot simulator designed to allow students to bridge the gap between
theory and practice in control theory by enabling them to design and implement controllers for
a mobile robot then test them in the simulator, finally deploy the code on an actual robotic
Hardware such as the Khepera 111 mobile robot (and others) without ever having to implement
code outside of MATLAB so that focus stays on the design of the controllers instead of
implementation details that often derail the learning experience [8].

The simulated robot for this project is a differential-drive mobile robot with IR (infra-red)
obstacle sensing unit, wheel encoders, and Wi-Fi connectivity. The simulator allows students
to use IR sensors and wheel encoders as feedback in their controllers, and control the mobile
robot via input signals to the left and right wheels of the robot.
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Figure 2.2: (a) File that makes up the simulator, (b) The user interface of the simulator.

The classes of the envirement shown in Figure 2.1 (2 dimentional grid, border and
abstacles) can be found in the +simulator (Figure 2.2a) folder whereas the code of the
differential drive (red robot) and the Khepera I11 robots that are navigating there is implemented
in the +robot. The wheel IR sensors encoder and the programes are in the directory
+robot/+sensor. The work done in this project is implemented mostly in the +controller folder
where the robot have different controllers, each designed and tuned individually and has its own
file with this form Name_of_controller.m (example: GoToGoal.m).

For the sake of organizing the work, the simulator has the QBSupervisor.m file in
+controller/+quickbot where an object of every controller is created then the logic to switch
between them is maintained according to the events happening to the robot to successfully and
safely navigate the envirement to the gaol location. More information about the QBSupervisor
is available in Appendix A.

In order to text the design, the play button shown in Figure 2.2b that pops up after
launching should be pressed to start simulation. The button at its right is used to connect the
simulator to a real robot. The plus and minus bottons are used for zooming in and out the
envirement. The first button in the left is used to stop simulation and rest, the one next to it is
for restarting the simulation in case the robot crashes.
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While the simulator is a somewhat idealized version of the real world, it provides the
students with a sufficient tool to test whether their controllers are behaving correctly. If a
controller did not work in the simulator, it almost assuredly would not work on the real robot.
Rather than port their controller from MATLAB to C, the simulator provides a network interface
(TCP/IP) that simply links the inputs/outputs from the student’s controllers to the real robot
instead of the simulated robot. This approach allows students to focus their attention on adapting
their control design to the real robot, rather than worry about porting their controller to C. The
Sim.l.am simulator is maintained by the Georgia Robotics and InTelligent (GRITS)
Laboratory at the Georgia Institute of Technology.

2.1.1 Mobile Robot Simulator:

The simulated Mobile Robot equipped with five infrared (IR) range sensors, of which
three are located in the front and two are located on its sides. The simulated Mobile Robot has
a two-wheel differential drive system (two wheels, two motors) with a wheel encoder for each
wheel.

Figure 2.3 shows the simulated Mobile Robot. The robot simulator recreates the Mobile
Robot as faithfully as possible. For example, the range, output, and field of view of the
simulated IR range sensors match the specifications in the datasheet for the actual Sharp
GP2D120XJO00F infrared proximity sensors on the Mobile Robot [9].

Figure 2.3: The simulated Mobile Robot.

34|Page


http://www.gritslab.gatech.edu/
http://www.gritslab.gatech.edu/
http://www.gatech.edu/

Simulation EiETeli=I gy

2.1.2 IR Range Sensors Characteristics:

In this section we cover some of the details pertaining to the five simulated IR sensors
onboard the simulated Mobile Robot. The orientations (relative to the body of the Mobile
Robot, as shown in Figure 2.3) of IR sensors 1 through 5 are 90°, 45°, 0°, 45° and 90°,
respectively. IR range sensors are effective in the range from 0.04 m to 0.3 m only. However,
the IR sensors return raw values in the range of [0.4, 2.75] V instead of the measured distances.
Figure 2.4a demonstrates the function that maps these sensors values to distances. To
complicate matters slightly, the controller onboard the physical Mobile Robot digitizes the
analog output voltage using a voltage divider and a 12-bit, 1.8V analog-to-digital converter
(ADC). To faithfully recreate the Mobile Robot in simulation, we simulate the effect of this
digitization. Figure 2.4b is a look-up table to demonstrate the relationship between the ADC
output, the analog voltage from the IR proximity sensor, and the approximate distance that
corresponds to this voltage.

Any controller can access the IR array through the robot object that is passed into its
execute function. For example,

ir distances = robot.get ir distances( );
for i=l:numel (robot.ir array)

fprintf (' IR #%d has a value of %d’, i,
robot.ir array(i).get range());

fprintf (Yor %0.3f meters.\n’, ir distances(i));
end

It is assumed that the function get ir distances properly converts from the ADC
output to an analog output voltage, and then from the analog output voltage to a distance in
meters. Based on the look-up table in Figure 2.4b, then the conversion from analog output
voltage to ADC output can be described using the following mathematical equation:

1000 Vynatog
VADC - f

The simulator uses a different voltage divider on the ADC, therefore:

1000 Vynatog
VADC - f

Converting from the analog output voltage to a distance is a little bit more complicated, because
the relationships between analog output voltage and distance is not linear as it is demonstrated
in the Figure 2.4a. The look-up table provides a coarse sample of points on the curve in Figure
2.4a.
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MATLAB hasapolyfit functiontot a curve to the values in the look-up table, and
a polyval function to interpolate a point on that fitted curve. The combination of these two
functions can be used to approximate a distance based on the analog output voltage.

Distance (m) | Voltage (V) | ADC Out
26 '\ 0.04 2.750 917
| 0.05 2.350 783
, \ 0.06 2.050 683
0.07 1.750 583
s \ 0.08 1.550 517
g 0.09 1.400 467
g Y 0.10 1.275 425
1 | \\ 0.12 1.075 358
\'\\\ 0.14 0.925 308
05 0.16 0.805 268
o 0.18 0.725 242
. 0.20 0.650 217
0 0.05 01 %iliance [mu)_z 025 03 035 0.25 0.500 167
0.30 0.400 133
(a) Analog voltage output when an object (b) A look-up table for interpolating a
is be-tween 0.04m and 0.3m in the IR distance(m) from the analog (and digital)
proximity sensor’s field of view. output voltages.

Figure 2.4: (a)A graph and a (b)table illustrating the relationship between the distance and output
voltage of the sensor.

2.1.3 Differential Wheel Drive:

Since the simulated Mobile Robot has a differential wheel drive (i.e., is not a unicycle), it has
to be controlled by specifying the angular velocities of the right and left wheel (vrlvl), instead of

the linear and angular velocities of a unicycle(v, W).These velocities are computed by a

transformation from(v) W) to(vr,vl). Recall that the kinematics of the unicycle are defined as:
x = v cos(8)
y = vsin(0)

0=w
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The kinematics of the differential drive are defined as:

X = g(vr + v;)cos(6)
. R .
y = E(vr + v;) sin(0)
. R
0 = I(vr - vl)

where R is the radius of the wheels and L is the distance between the wheels.

The speed of the simulated Mobile Robot can be set in the following way assuming that the
uni_to diff function has been implemented, which transforms (v, w) to (v, v;):

v = 0.15; % m/s

w = pi/4; % rad/s
% Transform from v,w to v r,v 1 and set the speed of the robot
[vel r, vel 1] = obj.robot.dynamics.uni to diff (robot,v,w);

obj.robot.set speeds(vel r, vel 1);

The maximum angular wheel velocity for the physical Mobile Robot is approximately 80
RPM or 8.37 rad/s and this value is reflected in the simulator. It is therefore important to note
that if the simulated Mobile Robot is controlled to move at maximum linear velocity, it is not
possible to achieve any angular velocity, because the angular velocity of the wheel will have
been maximized. Therefore, there exists a tradeoff between the linear and angular velocity of
the Mobile Robot: the faster the robot should turn, the slower it has to move forward.
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2.1.4 Wheel Encoders:

Each of the wheels is outfitted with a wheel encoder that increments or decrements a tick counter
depending on whether the wheel is moving forward or backwards, respectively. Wheel encoders
may be used to infer the relative pose of the simulated robot. This inference is called odometry.
The relevant information needed for odometry is the radius of the wheel (32.5mm), the distance
between the wheels (99.25mm), and the number of ticks per revolution of the wheel (16
ticks/rev). For example,

R = robot.wheel radius; % radius of the wheel
L = robot.wheel base length; % distance between the wheels
tpr = robot. encoders(l).ticks per rev; % ticks per revolution

for the right wheel

fprintf ("The right wheel has a tick count of %d\n’,
robot.encoders(l) .state) ;

fprintf (' The left wheel has a tick count of sd\n’,
robot.encoders (2) .state) ;
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2.2 Differential Drive

We start by Implementing the transformation from unicycle kinematics to differential
drive kinematics, i.e. convert from (vw) to the right and left angular wheel speeds (v,.v,).

In the simulator, (vw) corresponds to the variables v and w, while (v, v;) correspond to
the variables vel r and vel 1. The function used by the controllers to convert from
unicycle kinematics to differential drive kinematics is named uni_to_diff, and inside of this
function you will need to de ne vel r(v,) and vel 1(v;) intermsofv, w, R,and L.
R is the radius of a wheel, and L. is the distance separating the two wheels.

function [vel r,vel 1] = uni to diff(obj,v,w)
R = obj.wheel radius;
L = obj.wheel base length;

vel r = (2*v+w*L)/ (2*R);
vel 1 = (2*v-w*L) / (2*R) ;
end

2.3 Odometry

We Implement now the odometry for the robot, such that as the robot moves around, its
pose (x,y, 0) is estimated based on how far each of the wheels have turned. We Assume that
the robot starts at (0, 0,0).

As seen in the first chapter, the general idea behind odometry is to use wheel encoders to
measure the distance the wheels have turned over a small period of time, and use this
information to approximate the change in pose of the robot.

The pose of the robot is composed of its position (x,y) and its orientation & on a 2-
dimensional plane. The currently estimated pose is stored in the variable state estimate,
which bundles x, y, and theta. The robot updates the estimate of its pose by calling the
update odometry function which is called every dt seconds, where dt is 0.033s (or a little
more if the simulation is running slower).

% Get wheel encoder ticks from the robot
right ticks = obj.robot.encoders(l) .ticks;
left ticks = obj.robot.encoders (2).ticks;

% Recall the previous wheel encoder ticks
prev _right ticks = obj.prev ticks.right;
prev_left ticks = obj.prev ticks.left;

Previous estimate

[x, y, theta] = obj.state estimate.unpack();
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% Compute odometry here
R = obj.robot.wheel radius;

=
[

obj.robot.wheel base length;
m per tick = (2*pi*R)/obj.robot.encoders(l).ticks_per_rev;

where right ticksand left ticks arethe accumulated wheel encoder ticks of the right
and left wheel. prev right ticksandprev left ticks arethe wheel encoder ticks
of the right and left wheel saved during the last call to update odometry. R is the radius of each
wheel, and L is the distance separating the two wheels. m per tick is a constant that tells
you how many meters a wheel covers with each tick of the wheel encoder. So, we multiply
m per tick by(right ticks-prev right ticks)to getthe distance travelled by
the right wheel since the last estimate.

o)

% Calculate the distance travelled by the robot wheels

d right = (right ticks - prev right ticks)* m per tick;
d left = (left ticks - prev left ticks)* m per tick;

d center = (d right + d left)/2;

phi = (d right - d left)/L;

x dt = d center*cos (theta);

y dt = d center*sin(theta);
theta dt = phi;

Once we have computed the change in(x,y, 8) (let us denote the changes as x_dt,
y dt, and theta dt), you need to update the estimate of the pose:

¢}

% Update the estimate of the pose
theta new = theta + theta dt;
X new = X + x dt;
y new =y + y dt;
fprintf ('Estimated(x,y, theta): (%0.39,%0.39,%0.39)\n',x new,y ne
w, theta new);
% Save the wheel encoder ticks for the next estimate
obj.prev ticks.right = right ticks;
obj.prev ticks.left = left ticks;

Q

% Update your estimate of (x,y,theta)

obj.state estimate.set pose([x new,
y new,atan2 (sin(theta new),cos (theta new))]);
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2.4 IR Distance Sensors

We use the table in Figure 2.4b in the "IR Range Sensors" section of the second chapter,
which maps distances (in meters) to raw IR values. Then, we implement code that converts raw
IR values to distances (in meters).

To retrieve the distances (in meters) measured by the IR proximity sensor, we need to
implement a conversion from the raw IR values to distances in the get ir distances
function.

function ir distances = get ir distances(obj)
ir array values = obj.ir array.get range();
ir voltages = ir array values*3/1000;

coeff = [-0.0182 0.1690 -0.6264 1.1853 -1.2104 0.62931;
ir distances = polyval (coeff, ir voltages);
end

The variable ir array values is an array of the IR raw values. The coeff
variable contains the coefficients returned by:

polyfit (ir voltages from table,ir distances from table, 5);

where the first input argument is an array of IR voltages from the table in Figure 2.4b and the
second argument is an array of the corresponding distances from the table in Figure 2.4b. The
third argument specifies that we will use a fifth-order polynomial to fit to the data. Instead of
running this fit every time, we execute the polyfit once in the MATLAB command line, and
enter them manually on the third line, i.e. coeff = [ ... ;.

2.5 Motor Limitations

We have two limitations of the motors on the physical Mobile Robot (which are
simulated on the Mobile Robot we use in simulation). The first limitation is that the robot’s
motors have a maximum angular velocity, and the second limitation is that the motors stall at
low speeds. Suppose that we pick a linear velocity v that requires the motors to spin at 90%
power. Then, we want to change w from 0 to some value that requires 20% more power from
the right motor, and 20% less power from the left motor. This is not an issue for the left motor,
but the right motor cannot turn at a capacity greater than 100%. The results are that the robot
cannot turn with the w specified by our controller.

Since our PID controllers focus more on steering than on controlling the linear velocity,
we want to prioritize w over v in situations where we cannot satisfy w with the motors. In fact,
we will simply reduce v until we have sufficient headroom to achieve w with the robot. The
function ensure w is designed to ensure that w is achieved even if the original combination
of v and w exceeds the maximum v,. and v;. However, it is also true that the motors have a
minimum speed before the robot starts moving. If no enough power is applied to the motors,
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the angular velocity of a wheel remains at 0. Once enough power is applied, the wheels spin at
a speed vel,,;,. The ensure w function will also take this limitation into account. For
example, small (vw) may not be achievable on the Mobile Robot, so ensure_w function
scales up v to make w possible. Similarly, if (vw) are both large, ensure w scales down v
to ensure w.

Suppose v, 4 and v, ; are the angular wheel velocities needed to achieve w. Then
vel rl max ismax(V,q,V;q) and vel rl min is min(v,q, V) 4). A motor’s maximum
forward angular velocity is obj.robot.max vel(or vely,,). So, for example, the
equation that represents the if/else statement for the right motors is:

Ura— (max(vr‘d, vl‘d) - velmax) Jif max(vnd, vl,d) > vel, ..

Ur = \Vpg — (min(vr‘d, vl‘d) + velmax) Jif min(vr,d, vl,d) < —vel, .
Vr,d» ) otherwise

which defines the appropriate v,- (or vel r) needed to achieve w. This equation also applies
to computing a new v;. The results of ensure w is that if v and w are so large that v, and/or v;
exceed vel,, ., then v is scaled back to ensure w is achieved.

% Find the max and min vel r/vel 1
vel rl max = max(vel r d, vel 1 d);
vel rl min = min(vel r d, vel 1 d);

$Shift vel r and vel 1 if they exceed max/min vel
if (vel rl max > vel max)
vel r = vel r d - (vel rl max-vel max);
vel 1 =vel 1 d - (vel rl max-vel max);
elseif (vel rl min < vel min)

vel r = vel r d + (vel min-vel rl min);

vel 1 = vel 1 d + (vel min-vel rl min);
else

vel r = vel r d;

vel 1 = vel 1 d;
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2.6 Controllers
2.6.1 Go-To-Goal Controller:

We implement the Go-To-Goal Controller using the different parts of a PID regulator that
steers the robot successfully to some goal location. This is known as the go-to-goal behavior.

(x_g,y_9)

Figure 2.5: Steering the Mobile Robot to the goal location (xg,yg) with
heading angle 6.

We calculate the heading angle 6, , to the goal location (xg, yg). Let u be the vector from

the robot located at (x, y) to the goal located at (xg, yg), then 6, is the angle u makes with
the x — axis (positive 6 is in the counterclockwise direction).

The vector u can be expressed in terms of its components along the xand y axis ~ (u, u,).
In the code they represent u x and u_y . We use these two components and the atan2

function (to make sure 6, stays in [—m, ]) to compute the angle to the goal 6, (theta g
in the code).

The atan2 function returns the four-quadrant inverse tangent (tan™1) of Y and x, which
must be real. The atan2 function follows the convention that atan?2 (x, x) returns 0.

o)

o

s distance between goal and robot in x-direction
ux=xg - x;

o)

o

s distance between goal and robot in y-direction
uy =y g9 - v/

o)

o

5 angle from robot to goal. Hint: use ATAN2, u x, u y here.
theta g = atanZ2(u y,u x);
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We calculate the error between the heading to the goal theta_g 6, and the current
heading of the robot thetaf which is represented by the error e k.

o

% error between the goal angle and robot's angle

e k = theta g-theta;
e k = atan2(sin(e k), cos(e k));

We finally calculate the proportional, integral, and derivative terms for the PID
regulator that steers the robot to the goal.

The PID regulator will steer the robot to the goal, i.e. compute the correct angular
velocity w. The PID regulator needs three parts implemented:

(i) The first part is the proportional term e P which is simply the current error e k.
e P is multiplied by the proportional gain obj Kp when computing w.

(if) The second part is the integral term e I. The integral needs to be approximated
in discrete time using the total accumulated error obj .E_k, the currenterror ek,
and the time step dt. e I is multiplied by the integral gain obj Ki when
computing w, and is also saved as ob7j .E_k for the next time step.

(iii) The third part is the derivative term e D. The derivative needs to be approximated
in discrete time using the current error ek, the previous error obj.e k 1,and
the time step dt. e D is multiplied by the derivative gain obj.Kd when
computing w, and the current error e k is saved as the previous error obj.e k 1
for the next time step.

We need to tune our PID gains to get a fast settle time (6, matches 6 within 10% in three

seconds or less) and there should be little overshoot (maximum 6 should not increase beyond
10% of the reference value 6,). What you don’t want to see are the following two graphs when

the robot tries to reach goal location (x,, y,) = (0, 1):

Figure 2.6b demonstrates undershoot, which could be fixed by increasing the
proportional gain or adding some integral gain for better tracking. Picking better gains leads to
the graph in Figure 2.7.
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Figure 2.6: PID gains were picked poorly, which lead to (a)Overshoot and (b) Undershoot.
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Figure 2.7: Faster settle time and good tracking with little overshoot.

We write the following code to implement the Go-To-Goal controller using the PID
regulator:

o°

error for the proportional term

e P =e k;

o°

error for the integral term.

e I = obj.E k + e k*dt;
% error for the derivative term.

e D = (e k-obj.e k 1)/dt;

w = obj.Kp*e P + obj.Ki*e I + obj.Kd*e D;
Save errors for next time iteration
obj.E k = e I;

obj.e k1 = e k;

o°
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2.6.2 Obstacle Avoidance Controller

We will be implementing the different parts of a controller that steers the robot
successfully away from obstacles to avoid a collision. This is known as the avoid-obstacles
behavior. The IR sensors allow us to measure the distance to obstacles in the environment, but
we need to compute the points in the world to which these distances correspond. Figure 3.8
illustrates these points with a black cross.

Figure 2.8: IR range to point transformation.
The strategy for obstacle avoidance that we will use is as follows:

1. Transform the IR distances to points in the world.

2. Compute a vector to each point from the robot, uq, u,, ..., Us.

3. Weigh each vector according to their importance, aquq, @yUy, ..., XsUs. FOr
example, the front and side sensors are typically more important for obstacle avoidance
while moving forward.

4. Sum the weighted vectors to form a single vector,

Ugo = AU + AUy + -+ a5Us
5. Use this vector to compute a heading and steer the robot to this angle.

This strategy will steer the robot in a direction with the freest space (i.e., it is a direction
away from obstacles). For this strategy to work, we will need to implement three crucial parts
of the strategy for the obstacle avoidance behavior:
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Firstly, we will transform the IR distance (which we have converted from the raw
IR values in IR Distance Sensors) measured by each sensor to a point in the reference
frame of the robot:

A point p; that is measured to be d; meters away by sensor i can be written as the vector

(coordinate) v; = [ 0‘] in the reference frame of sensor i. We first need to transform this point

to be in the reference frame of the robot. To do this transformation, we need to use the pose
(location and orientation) of the sensor in the reference frame of the robot: (xsi, Vs Hsi) orin
code, (x s, y s, theta s).Thetransformation is defined as:

v.
v = R(xsi,ysi, Qsi) [Ol]’
where R is known as the transformation matrix that applies a translation by (x, y) and a rotation
0 by:

cos(6) —sin(6) x
R(x,y,0) = |sin(d) cos(6) vy
0 0 1

which we will implement in the function obj .get transformation matrix.
We will also need to implement the transformation in the
apply sensor geometry function. The objective is to store the transformed points in

ir distances_rf, such that this matrix has vy as its rst column, v; as its second column,
and so on.

function ir distances wf = apply sensor geometry(obj, ir distances,
state estimate)

% Apply the transformation to robot frame.

ir distances rf = zeros(3,5);
for i=1:5
X s = obj.sensor placement(l,1);
y s = obj.sensor placement(2,1);
theta s = obj.sensor placement (3,1);

R = obj.get transformation matrix(x s,y s,theta s);
ir distances rf(:,1i) = R*[ir distances(i); 0; 1];
end
end
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Secondly, we transform the point in the robot’s reference frame to the world’s
reference frame:

A second transformation is needed to determine where a point p; is located in the world that is
measured by sensor i. We need to use the pose of the robot, (x,y, 8), to transform the robot
from the robot’s reference frame to the world’s reference frame. This transformation is defined
as:

v;' = R(x,y,0)v]

We need also to implement this transformation in the apply sensor geometry
function. The objective here is to store the transformed points in ir distances_wf, such
that this matrix has v;' as its first column, v, as its second column, and so on. This matrix now
contains the coordinates of the points illustrated in Figure 2.8 by the black crosses these points
approximately correspond to the distances measured by each sensor approximately (because of
how we converted from raw IR values to meters).

o

% Apply the transformation to world frame.
[x,y,theta] = state estimate.unpack();

R = obj.get transformation matrix(x,y,theta);
ir distances wf = R*ir distances rf;

ir distances wf = ir distances wf(l:2,:);

Finally, we use the set of transformed points to compute a vector that points away
from the obstacle. The robot will steer in the direction of this vector and successfully avoid
the obstacle:

In the function execute, we implement the following strategy:

(i) We compute a vector u; to each point (corresponding to a particular sensor) from
the robot. Use a point’s coordinate from ir distances wf and the robot’s

location (x, y) for this computation.

(if) We pick a weight «; for each vector according to how important the particular
sensor is for obstacle avoidance. For example, if you were to multiply the vector
from the robot to point { (corresponding to sensor i) by a small value (e.g., 0.1),
then sensor i will not impact obstacle avoidance significantly. We need to make
sure that the weights are symmetric with respect to the left and right sides of the
robot. Without any obstacles around, the robot should only steer slightly right (due
to a small asymmetry in the how the IR sensors are mounted on the robot).
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(i) We sum up the weighted vectors, a;u;, into a single vector U,,.

(iv) We use u,, and the pose of the robot to compute a heading that steers the robot
away from obstacles (i.e., in a direction with free space, because the vectors that

correspond to directions with large IR distances will contribute the most to u,,).

% Compute the heading vector for obstacle avoidance

sensor gains = [.7 1.5 0.5 1.5 .7];
u i = (ir distances wf-repmat ([x; y],1,5))*diag(sensor gains);
u ao = sum(u 1i,2);

2.6.3 AOandGTG (Blending) Controller:

We will combine the two previous controllers into a single controller: The Goal-to-Goal
and Avoid obstacles Controllers. The AOandGTG controller will allow the robot to drive to a
goal, while not colliding with any obstacles on the way

To implement our blending controller, we need to combine two vectors: ug4(the
vector pointing to the goal from the robot) and u,,(the vector pointing from the robot to a
point in space away from obstacles). These two vectors need to be combined (blended) in some
way into the vector Ug, g¢ 4. Which is the vector that points the robot both away from obstacles
and towards the goal.

Figure 2.9: The Uy, and ug,vectors pointing out of the mobile robot.
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The linear combination of the two vectors u,., and ug, will yield to the vector

Ugo,gtg Which result in the robot driving to a goal without colliding with any obstacles in the
way is computed our two vectors We need to weigh each vector according to their importance:

Ugo,gtg = AlUgeg + (1 — a@)ug, ; where0 < a <1

The following code implement the previous equations:

o

% Blending the two vectors
alpha = 0.25;
u_ao_gtg = alpha*u gtg+(l-alpha) *u ao;

By setting the goal location (1, 1), the robot will navigate successfully to the goal without
colliding with the obstacle that is in the way. The output plot will likely look something similar
to:

Eile Edit View Insert Tools Desktop Window Help N
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Figure 2.10: The AOandGTG controller output resulting from the specified goal location.
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2.6.4 Wall-Following Controller:

We will be implementing a wall following behavior that will aid the robot in navigating
around different kind of obstacles that we have stated in the first chapter.

We start by computing a vector ug,, ;, that estimates a section of the obstacle next to the robot
using the robot’s right (or left) IR sensors. In the Figure 3.7, this vector, Usy, ; (u_£fw_t), is
illustrated in red.

Figure 2.11: The illustration of the uy,, ; vector.

The direction of the wall following behavior (whether it is following the obstacle on the
left or right) is determined by inputs.direction, which can either be equal to right or
left. Suppose we want to follow an obstacle to the left of the robot, then we use the left set
of IR sensors (1-3). If we are following the wall, then at all times there should be at least one
sensor that can detect the obstacle. So, we need to pick a second sensor and use the points
corresponding to the measurements from these two sensors to form a line that estimates a
section of the obstacle. In the Figure 2.11 above, sensors 1 and 2 are used to roughly
approximate the edge of the obstacle.
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Corners are trickier (see Figure 2.8), because typically only a single sensor will be able to detect
the wall. The estimate is off as one can see in the Figure 2.8, but as long as the robot isn’t
following the wall too closely, it will be ok.

(a)Outside Corner (b) Inside Corner
Figure 2.12: The illustration of the u,, . vector near a corner.

If we want to estimate a section of the wall using the right sensors (from IR sensors 1-
3), we need to pick the two sensors with the smallest reported measurement in
ir distances. Suppose sensor 2 and 3 returned the smallest values, then it is important

that the sensor with smaller 1D (we assume it is sensor 2) is assigned to p, (p_ 1) and the sensor

with the larger 1D (we assume it is sensor 3) is assigned to p, (p_2), because we want that
the vector points in the direction that the robot should travel, then let:

p1 = ir distances wf(:,2)

p2 = ir distances wf (:,3)

Let us assumeuy,, ;as the vector that estimates a section of the obstacle such as:

Urw t =p2-—p
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Now that we have the vector Uy, » (represented by the red line in the Figures),
we need to compute a vector Ug,, ,, that points from the robot to the closest point on

Ugrw,¢- This vector isvisualized as blue line in the Figures and can be computed using
a little bit of linear algebra:

Ufw,t

Tupwel P [;]’”a=191

, —
ufw,t -

Urw,p = (ua - up) — ((uqg — up) ) u],cw,t)uj,fw,t

where ug,,,, corresponds to u_fw_p and ug,, correspondsto u_fw_tp in the
code. You can notice a small technicality which that we are computing uy,,,, as the

vector pointing from the robot to the closest point on wy,, ;, as if uy,, ; were infinitely
long.

All the vectors used in the previous equations are illustrated in the Figure 3.13.

Upnp = (”a —u, )—((Ma =) U, g,

Figure 2.13: The illustration of the u}wlt and Uy, ,,vectors near.

The last step is to combine us,, ; and uy,, , such that the robot follows the obstacle all the way
around at some distance dp,, (d_fw). Uz, Will ensure that the robot drives in a direction that

is parallel to an edge on the obstacle, while u,,,, needs to be used to maintain a distance dy,,
from the obstacle.
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One way to achieve this is,

Usw,
Upw,p = Urwp — dfwm

Suppose the d is the distance between the robot and the obstacle, then the vector
Uy, p(U_fw_pp) is:

e Pointing towards the obstacle if: d > dg,, .
e Near zero if:d ~ dj,,.
e Pointing away from the obstacle if: d < d,,.

All that is left is to linearly combine u,, , and uy,, ,, into asingle vector uy,, (u_fw)
that can be used with the PID controller to steer the robot along the obstacle at the
distance dy,,.

Usw = QU + BlUpy

Figure 2.14 illustrates the ug,,,, uf,,, and us,, ,vectors.

Figure 2.14: The illustration of the us,,, us,,, and us,, ,vectors.
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Finally, we implement all the steps above in the code bellow:

% Selecting p 2 and p 1, then compute u fw t
i f (strcmp (inputs.direction, "right'))
% Pick two of the right sensors based on ir distances

[

S [1:3 ; ir distances(5:-1:3)'];
[Y,1] = sort(S(2,:));

S S(1,1);

Sp = 5:-1:3;

S1 = Sp(S(1));
S2 = Sp(S(2));

if (sl < S82)
p 1 = ir distances wf(:,32);
p 2 = ir distances wf(:,S81);
else
p 1 = ir distances wf(:,S51);
p 2 = ir distances wf(:,32);
end
else

% Pick two of the left sensors based on ir distances

S = [1:3 ; ir distances(1:3)"'];
[Y,i] = sort(S(2,:));

S = 35(1,1);

Sp = 1:3;

p 1 = ir distances wf(:,5(2));
p 2 = ir distances wf(:,S(1));
else
p 1 = ir distances wf(:,S(1));
p 2 = ir distances wf(:,5(2));
end
end

ufw t =p 2-p 1;

% Computing u a, u p, and u fw tp to compute u fw p

u fw tp = u fw t/norm(u fw t);
ua-=p1;
up = [x;y];
u fw p = ((u a-u p)-((u a-u p)'*u fw tp)*u fw tp);

o)

% Combining u fw tp and u fw pp into u fw;
u fw pp = u fw p/norm(u_fw p);
u fw = d fw*u fw tp+(u fw p-d fw*u fw pp);

55|Page



Simulation R®iaFTe] g

The above function takes in the direction of wall following as an input when it is
called in the QBSupervisor.m file using the sliding right(inputs.direction’)
and sliding left (inputs.direction) functions, where inputs.direction
is equal to either * ror® * . Finally, we compute u_ fw for each side.

Once the follow wall vector is returned, we want to know whether we need to
follow the wall or not by knowing if the obstacle is in our way to the goal. We do that by

solving for o; and o5 in the following equation:

[geg Uaol [ 2] = u
gtg ao 05 fw

We want to write u_fw as a linear combination of u_gtgand u_ao, we return true

if both g7 and o, are positive; meaning that u_ fw lays between the GTG vector and the

AO vector where the u_gtg is driving the robot to the obstacle that u_ao is driving it
away from.

A=[u gtg u ao];

sigma = inv(A)*u fw;

slide = false;

if sigma(l) > 0 && sigma(2) > O
slide = true;

end

We use s1ide to decide whether we start following the wall and in what direction.
Again, we change ek to:

theta fw = atanZ2(u fw(2), u fw(l));
e k = theta fw-theta;
e k

atan2 (sin(e k), cos(e k));

Using Wall-Following controller may ensure following the path at a certain distance
from an obstacle but it does not take the robot to the goal location; so, we just need it to get
to the other side of an obstacle until we can break away and switch to going to goal.

The conditions that must be satisfied in order to stop following the wall are:

e The position of the robot is closer to the goal than it was when it started following
the wall.

e The angle between u_ao and u_gtg is smaller than 60 degrees (Tunable).
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To check the first condition we save the distance from the goal to the point that the
robot started following the wall d prog via function set progress point () ( called
every time before switching to go to goal),

function set progress point new (obj)
[x, y, theta] = obj.state estimate.unpack();
obj.d prog = (norm([x-obj.goal(l);y-obj.goal(2)]));

end

then we compare it with the distance from the goal to the current position of the robot at

every update via progress_made () . Ifit returns true then the first condition is
satisfied.
function rc = progress made (obj, state, robot)
% Check for any progress
[x, y, theta] = obj.state estimate.unpack();

rc = false;
distance =[x-obj.goal (l);y-obj.goal(2)];

if (norm(distance)<(obj.d prog -0.1))
rc = true;
end
end

To check the second condition, we make a simple computation:
function rc = check angel gtg ao(u ao, u gtg)

thl = atan2(u ao(2),u ao(l))*180/pi ;
th gtg = atan2(u gtg(2),u gtg(l)) *180/pi;
th diff = min([abs(thl - th gtg),abs(thl - th gtg+360),
abs (thl - th gtg-360)]) ;
rc = false;

if (th diff < 60)
rc = true;
end

end
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2.7 Tests and results

Now that we know how each controller work wall, we need to know when to use
them. Before starting simulation we initialize the coordinates of starting point of the robot
(in the xml file that describes the environment), the goal it wants to reach and set the
current controller that it should drive with to the Go_To_Goal in the QBSupervisor.m file
which is responsible for counting and updating the current pose of the robot, checking the
events happening and switching between controllers accordingly. The robot will try to
navigate the environment in Figure 2.15.

Where the red rectangles are obstacles and the green circle is the goal point which is
now the origin (0,0). Every rectangle represents 0.1 cm.

4 Sim.l.am — O d

i g 00:00

*
| | i | i | i | i | | i | i | i | i i | i | i | i | | i | i | i |

Figure 2.15: Simulation environment.
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The following Figure 2.16 represents a Flowchart about how the decisions are
made when switching between controllers.

NO

YES

YES

NO
. < should slide

YES

follow wall )«

progress made

alpha = <u_ao, u_gtg-
90 > alpha > -90

NO

@@ o

obstacle cleared

NO

Figure 2.16: Flowchart representation of the robots’ switching logic.
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Using the above switching logic, our Mobile Robot reached the desired goal location
successfully without collision. The different steps of a navigation example are shown in the
Figure 2.17.

(a) At Obstacle. (b) Wall Following.

(d) Obstacle Avoidance. (c) Break from Wall Following.

(e) At Goal.
Figure 2.17: Example of a complete navigation of the mobile robot.
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2.8 Discussion

These results have been obtained by implementing stages of design and theory then
testing them on simulation.

First, we implemented the go to goal behavior in an obstacle-free environment adjusting
the heading of the robot to the goal. Second, the avoid obstacle behavior is triggered at a
certain distance (d_unsafe) from an obstacle while going to a goal then once safe the robot
switches back to the first controller. Switching could cause multiple problems like the Zeno
Phenomenon which consists of switching too many times and error in state estimation. As a
solution, the blending mode was introduced to solve this complication and having a smoother
ride.

As the robot tries to reach its destination, it may encounter a malicious type of obstacles
that is described to be non-convex where it fails to get around them using the previous
controllers alone. Thus, one more controller is required to follow a path that is decided by
the geometry of the obstacle at distance d_fw until it is cleared and no longer in the way to
the goal location; this is known as the follow wall controller. Finally, we switched between
them according to the events encountered by the robot.

Although the simulation has been successful, however it is not very powerful for many
reasons; nowadays we have more accurate sensors, advanced Al and path planning
algorithms that cover this subject. Furthermore, since the robots depends largely on the values
to decide what to do when facing obstacles, the five sensors used by the simulator are
defiantly not enough to fully understand the nature of the obstacle thus not enough to deal
with all kinds of hostile navigation environment, sensing skirt are used for more efficient
behaviors.
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Conclusion 2

In this chapter, we introduced the Sim.i.am simulator and showed the way it closely
demonstrated real world components, then we implemented the PID controller for the error
for each behavior and provided the switching logic that supervised the robot in its journey

to the goal location and shown results and discussion.




CONCLUSION

Through this project, we have been able to achieve our goals in bridging the gap between
theory and practice by successfully designing and controlling a differential drive robot to
navigate a world that is full of obstacles reaching a goal smartly and safely using a PID
controller to stabilize the error which is the difference between the desired angle that is
obtained from calculation depending on the state and events happening during navigation
and the angle the robot that is obtained from sensors.

We used the Unicycle model and the Differential drive model, mapped them together
for simplicity and manipulation. We implemented the odometry concept to keep track of
position. At any given time, the robot is exactly at one state and can change in response to an
input to another state. A finite number of states, an initial state and inputs can define what is
called a finite state machine which perfectly describes the logic used to control the robot.

For future work, we consider to deal with Self-driving Cars which is one of the most
interesting topics of research around the world. The question is how can we use what we
learned in this project to control a four wheeled car? And what are the similarities between
car-like robots and the unicycle?

In a four wheeled robot the direction in which the robot is pointing can be obtained from
the back wheels that are at angle @ and the front wheels are used for steering, thus their angle
1) becomes important so it is a state. Figure 4.1 below shows a diagram of the robot in
question where the states are: the position (x, y), the speed v, the heading @ (in the equation
itis @) and the steering angle 1.

x =vcos(0 +Y)
y =vsin(0 + )
0 =%sin )
=0
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Figure 3.1: Car-like kinematics.

Now we try to find how to make the car-like robot behave like a unicycle.

v S

Figure 3.2: Unicycle curvature.

Based on the figure above showing a unicycle curvature, we get the following relations:
X = Xy + pcos(a)
= X, + sin (0)
x = wpcos(f) = v cos (0)

p = % IR ¢ )
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Figure 3.3: Car curvature.

Based on the figure above showing a car curvature, we get the following relations:
x = x0+ psin(@ + )
x = p(0 +y)cos(8 + ) = v cos(8 + 1)

We assume the steering angle is held at a fixed value, so 3 = 0. We also have
.U
0 = 7 sin (Y)

which yields to the following equation:

[

From equations (1) and (2) we could make the car behave like the unicycle by making

wl

sin(y) = —

for small values of i we have:

wl

we can then, for instance, use a P-regulator to control ¢ where

o = k(d — )
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Appendix A

Switching Supervisor




QBSupervisor

As seen before the QBSupervisor.m file is responsible for the switching logic between behaviors
and updating the position of the robot. The main components of this file are

Execute function (execute () ): this function keeps getting called and executed while

the simulation is running. It responsible for the switching between controllers and

updating the position of the robot.

State machine support functions: these include the function listed bellow

1)

Switch to state (name) : this function uses takes a name as an input that will
be used to choose a controller from an array of controllers initialized earlier to
switch to that behavior for example to start following wall we call:

switch to state('follow wall'");

Check event (name) : events are the reporters that tells us whether the robot or
sensors has satisfied some mathematical clauses that have a physical significance for
our robots. For example:

if check event ('unsafe')
switch to state('avoid obstacles');
end

Is in state (name) : this function returns true if the robot’s state is the one
entered as a parameter. We use it to check the in switching logic as follows

If is in state('avoid obstacles')&&..
check event (obstacle is cleared)
switch to state('go to goal');
end

this simply means that if the robot is avoiding obstacle and the sensors’ range is clear
of obstacles; then it can switch to go_to_goal behavior.



The code bellow shows the switching logic used for our mobile robot:
if (obj.check event('at goal'))
if (~obj.is in state('stop'))

[x,y,~] = obj.state estimate.unpack();
fprintf ('stopped at (%0.3f,%0.3f)\n', x, Vy);

end
obj.switch to state('stop');

elseif obj.check event ('unsafe')
obj.switch to state('avoid obstacles'");

elseif (obj.is in state('go to goal')
| |lobj.1is in state('ao and gtg'))
&&obj.check event ('at obstacle')

If obj.check event('slidong left')
obj.fw direction = 'left';
obj.set progress point new();
obj.switch to state('follow wall');

elseif obj.check event('slidong right")
obj.fw direction = 'right';
obj.set progress point new();
obj.switch to state('follow wall');
end

elseif obj.is in state('follow wall'")
angle = check angel gtg ao(u ao, u gtg);

1f angleé&&obj.check event ('progress made')
obj.switch to state('go to goal')
end

elseif obj.is in state('avoid obstacles')
if (obj.check event('obstacle cleared'))
disp('Obstacle is cleared :'")
obj.switch to state('go to goal');
end

else
if (~obj.is in state('go to goal'))
obj.switch to state('go to goal');
end
end
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