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Abstract

This work discusses the design of a path following controller for a unicycle type mobile robot. A
kinematic controller for the robot is designed using the technique of input-output linearization.
The controller is tested in simulations and applied to the robot and results are plotted and tabu-
lated showing that the designed kinematic controller is sufficient for the purpose of path following
for the given unicycle type vacuum cleaning robot.
Autonomous robots and vehicles require accurate positioning and localization for their working,
basically guidance, navigation, and control. In most cases two or more different sensors are used
to obtain reliable data that is useful for control systems. This work also presents an algorithm for
data fusion for the localization of a unicycle type mobile vacuum cleaning robot. Odometery and
Ultra-wideband radio signals are used for the localization of the robot. The algorithm developed
is based on the Extended Kalman Filter (EKF). The aim is to get a more accurate and enhanced
measurement of the position and orientation of the robot in the office space.
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Chapter 1

Introduction

Autonomous guided vehicles are one of the main topics of discussion in many different sectors
of the industry today. This work is a continuation of a master thesis which describes a low cost
robotics platform which is designed for high positioning accuracy that enables it to accurately
and effectively cover the given area, and also evaluate algorithms for coordinated working with
multiple such robots. In simpler words the final goal of the previous work is to cover a designated
area using up to 5 autonomous robots which would communicate with each other and complete
the task in an effective and efficient way without having a large amount of overlap in the area
covered by two different robots.
This project has two goals. The first goal being the designing of a path following controller for the
unicycle type robot, which would enable the robot to follow any kind of path or trajectory that
is given to the robot. The second goal is to develop a sensor fusion algorithm using an extended
Kalman filter to attain the position and orientation of the robot with minimal uncertainties. The
robot chosen for the project is an autonomous vacuum cleaning robot of the Neato Xv series, and
is as shown in figure 1.1

Figure 1.1: Autonomous Vacuum cleaning robot - Neato Xv series

In the market today there are many robots that can operate in an autonomous manner, but all
of them work on a randomly generated path algorithm and always have large amount of overlap
in the area covered, which requires more time than is necessary for the task. Thus, to reduce
the time required the simplest way would be to reduce the overlap in the area covered, that is
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CHAPTER 1. INTRODUCTION

to develop an algorithm which would ensure that the robot moves in a planned and systematic
manner. To achieve that basically the robot needs a control system which can tell the robot its
exact location in the designated area with minimal error in the location. A control system which
helps the robot to get from one point (initial position) to another point(namely the desired end
position, which basically means a control system which helps the robot to follow a desired path
or trajectory, i.e. a path following control algorithm. Finally a part which would decide the path
that the robot needs to take in order to cover the desired area with close to zero overlap.

1.1 Scenario Description

The autonomous vacuum cleaning robot should be able to clean the entire office space in a sys-
tematic and efficient manner. The office space is set up with Ultra-wideband (UWB) beacons
which are used for the purpose of localization of the robot in the given office space. Using the
information from the UWB beacons the control system should be able to guide the robot to the set
points, a set of coordinates that are like the immediate destination of the robot, that are provided
to it by the planner (part of the system responsible for giving the desired path to the robot which
uses the inbuilt Lidar on the robot to get a map of the immediate surroundings).

1.2 Report Structure

The report is structured as follows, the second chapter gives an insight into what other work has
been done similar to this project, that is work related to path following controllers and sensor
fusion techniques to minimize the error in the localization. The third Chapter deals with the
system architecture that is used for this project and the mathematical model of the robot. The
fourth chapter describe the designed path following controller and the implementation of the
controller onto the robot. The fifth chapter explains the sensor fusion algorithm. The sixth and
final chapter consists of the conclusion and the work that is still left for the final completion of
the project.
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Chapter 2

Literature Background

This chapter describes the various similar works that have been done and can be used as references
to successfully achieve the goal of developing a path following controller for the unicycle type mo-
bile robot and to perform sensor fusion for the localization. The chapter is divided into two parts
the first describing about the controller and the second describing the sensor fusion algorithms.

2.1 Controller design

There are many different types of controllers that can be used to achieve the task of path following
or trajectory tracking. Some of the methods are discussed in this chapter and taken as references
to design the controller used for the robot. [7] is the basic source that is required to complete
the design of the controller for the unicycle type robot. It gives a good insight into the various
techniques that can be used and the basics of nonlinear control design.
In [2] a backstepping controller is used for the trajectory tracking of a unicycle type mobile robot.
It uses the Lyapunov theorem, and a kinematic tracking controller is used to provide the linear
and angular velocities for the given trajectory. Here both the linear and the angular velocities
are used as control inputs to the system and the kinematic and dynamic behavior of the robot
is studied. Similarly, in [9] the method of backstepping is used in addition with the LaSalle’s
invariance principle.
Another way to achieve path following and autonomous navigation is to combine multiple con-
trollers as shown in [1], where the navigation architecture combines go-to-goal, follow the wall and
avoid obstacle into a full navigation system by using algorithms for moving to a point, moving to a
pose, moving on an arc and avoiding obstacles. This paper also hints to the fact that a kinematic
controller can be used for the unicycle type robots. For our project, we have a separate planner
to give the path which already incorporates collision avoidance.
A time-invariant, discontinuous control law which utilizes the technique of feedback linearization
can also be used as shown in [19]. This paper also shows an approach that is based on the in-
variant manifold theory for the purpose of the path following controller. The kinematic controller
developed here is then extended to a dynamic controller. The kinematic controller showed good
results for path following and the performance improved with increasing the velocity feedback
gain.
In [3] tracking and path following strategies are based on inner and outer loop structure and are
formulated over the kinematic and dynamic model of the unicycle type mobile robot. They also
compare the difference between two different types of controllers, namely controller A which is a
nonlinear controller for tracking and path following and controller B which represents a unified
controller as is proposed in [18]. In this paper the linear velocity is set to a non-zero constant value
and thus the system has only one input variable that needs to be controlled that is the angular
velocity to the robot. The error dynamics is then used to form the path following controller where
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the error is the positioning of the robot in space from the desired path. Thus, if the error is made
to converge to zero the robot will be moving on the desired path.

2.2 Sensor Fusion

Autonomous vehicles are heavily dependent on the sensors that are installed to have a good sense
of their surroundings. But the sensors have uncertainties and errors in determining the states they
are measuring, such as the position, velocity, acceleration or the orientation. Thus, it is wiser to
observe the same parameter through different sensors to better estimate the states of the object
that may be used later by the controller. Sensor Fusion is basically using multiple sensors to read
a single parameter and to estimate the parameter to a more accurate value than with just one
sensor. And sensor fusion not only increases the accuracy but also increases the robustness against
sensor failures as multiple sensors observe a single object. This research is limited to sensor fusion
to minimize localization error, that is to get the position of the observed object with minimal
error.
Data fusion can be done by the use of an Extended Kalman Filter (EKF) and adaptive fuzzy
logic to make the laws for the algorithm for sensor fusion as shown in [16]. Here the paper shows
the use of sensor fusion for mobile robot navigation using the odometry and sonar signals. The
adaptive fuzzy logic system is used in the paper for the measurements from sensors which cannot
be considered as white noise, because colored signals cause the EKF to diverge which fails the
point of sensor fusion. The observations made in this paper are that the output signal from the
sensor fusion block is more accurate than the original signals separately. It was concluded that
using this the real-time operation of the vehicle/robot can be reduced.
Indoor localization using Wi-Fi received signal strength and pedestrian dead reckoning are used
together with a sensor fusion algorithm in [4]. Similar to [16] this paper uses an EKF for the
purpose of sensor fusion which is a light computation approach to sensor fusion and desirable for
real time computations. The method implied uses developing a measurement model which enables
the accurate Wi-Fi localization and then combining it with the one obtained by the method of
dead reckoning. The paper concluded that the approach of using an EKF for localization achieves
improved accuracy at the same time has a lower computational complexity.
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Chapter 3

System Architecture

The initial step is to develop an architecture scheme for the system using the sensors available.
The main aim of the robot is to cover the entire office space in a systematic and planned manner.
The sensors available to the robot are a Lidar, the UWB system and the internal measurement
system in the robot which consists of the encoders, accelerometers, and a gyroscope. To achieve
the goal, he system should be able to get its accurate location in the office space and also determine
the path that it needs to take so as to achieve rea coverage along with avoiding all the obstacles
in the office space. The sensors mentioned are enough to realize this goal.
For the purpose of area coverage, obtaining the accurate position of the robot in space is of utmost
importance. Using the fore mentioned sensors there are two separate ways to obtain the position
of the robot in space. The first method is the UWB system which comprises of the pozyx board
on the robot and the six range measurement beacons that are placed in the office space. Here
one of the beacons is considered as the origin and the system gives the absolute position of the
robot in space. The second method is to use the odometery to get the relative position of the
robot. This can be achieved by the method known as dead reckoning which is very commonly
used by sailors to calculate their positon at sea. It is a method which gives the position of the
robot with respect to the previous position. Thus, basically the encoders and accelerometer can
be used to determine the distance traveled by the robot and the gyroscope gives the direction
and the position of the robot is determined from the initial position. The sensors specially the
UWB beacons have uncertainties in their measurements and thus cannot always be reliable due to
errors in measurements or reflections of metallic surfaces. To overcome this both the methods for
localization can be used and sensor fusion can be performed using an extended Kalman filter. In
this manner, the uncertainties in the measurements can be reduced and an accurate measurement
for the position of the robot is obtained. Once the position is obtained the next step would be to
obtain information about the surroundings so as to plan a path which would avoid the obstacles
and help achieve the goal. The Lidar is used to generate a map of the surroundings.
The system architecture that was designed for the system, keeping the above mentioned points in
mind, is as
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Figure 3.1: System architecture

The value for the position that is obtained from the odometery and the UWB beacons are
sent as inputs to the extended Kalman filter. The input to the Kalman filter is of the form
(x, y, θ) which is the positon of the robot in the x and y direction and the orientation of the robot
in space(where it is facing). The filter then performs sensor fusion and gives a more accurate
measurement of the position and the orientation of the robot in the office space. As it can also be
observed form the figure (3.1) the output of the Kalman filter along with the output of the Lidar
is sent as the input to the planner. The planner uses this information to determine a path for the
robot in the form of set points (i.e. the x and y coordinates of the destination). The set points
can be joined together to give the desired path to be followed by the robot. These set points are
then given as the desired path to the controller which then calculates the speed for each of the two
wheels and accordingly gives a voltage input (Vl an Vr as shown in the fiure) to the motors such
that the desired set points are reached and the robot follows the path developed by the planner.
The output of the Kalman filter was chosen to be sent as the input to the planner instead of
the controller, to simplify the work of the controller. This is because the pose of the robot is
provided in a coordinate system with the origin as one of the beacons which is decided when the
hardware is setup for use. But the Lidar uses the robot as the origin and thus gives the map of
the surroundings in a completely different coordinate system than the pose of the robot. Thus, if
the planner gives a path just based on the Lidar information then the controller will need to do
the coordinate transformation from the set used for the path to that of the position of the robot,
for every set point that makes the path. But if the planner gets the output of the Kalman filter as
its input as well as the Lidar output as its second input. Then the planner does the coordinate
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Chapter 4

Controller Design

The neato XV vacuum cleaning setup used for the presented study is as shown in figure (4.1). The
mobile robot consists of a rigid body and a set of non-deforming wheels. The robot is designed in
such a way by the manufacturers that none of the wheels loses traction. If the wheels were to lose
traction, then the robot might deviate from the path because of slipping of the wheels. This is
overcome by the manufacturer of the robot by giving both the wheels freedom in the z direction,
i.e. the wheels can move along the vertical axis. This basically acts as a simple suspension system
for the robot and thus helps to retain the contact of the wheels to the ground even when moving
on irregular surfaces. The design of the robot is such, that if any of the wheels loses contact to the
ground the robot returns an error and stops moving. The robot can move with a maximum speed
of 0.3m/s, which is due to the design constraints. The design of the robot and the low maximum
speed of the robot can help us assume that the chances of slip will be minimal.

Figure 4.1: Neato XV model considered for the project

The robot is represented by the generalized coordinates q = (x, y, θ), where (x, y) is the position
of the robot in space and θ is the orientation of the robot (heading), of the center of the line joining
the two wheels, the point depicted as C in 4.1, with respect to a global inertial frame O,X, Y .
The frame of the robot is taken as Ov, Xv, Yv the vehicles velocity is defined as v in the vehicles
direction (Xv) and L is the distance between the two wheels and R is the radius of the wheels.
vr and vl represent the angular velocities of the right and left wheels respectively and ω is the
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heading rate. The kinematic model can be represented as

ẋ =
R

2
(vr + vl)cosθ (4.1)

ẏ =
R

2
(vr + vl)sinθ (4.2)

θ̇ =
R

L
(vr − vl) (4.3)

The model is based on the angular velocities of the left and right wheels and the heading rate
represented by vl, vr and ω respectively. Here the system has three inputs, which can be reduced
to two inputs by changing the angular velocities of each of the wheels to the translational velocity
of the robot, using the relation v = ωr where the translational velocity is the product of the
angular velocity and the radius of the wheel. Thus, the relation between vr, vl, v and ω is given
as

vr =
v + ωL

2

R
(4.4)

vl =
v − ωL

2

R
(4.5)

The above relations are substituted into the equations (4.1), (4.2), (4.3) and the set of equations
found are equivalent to the mathematical model for the unicycle. Thus, the unicycle model is used
for the robot. The model is given as ẋẏ

θ̇

 =

cosθ 0
sinθ 0

0 1

[v
ω

]
(4.6)

The basic task of the controller is the position estimation of the robot and to make sure that
the robot is at the desired position. The robot has an internal controller present which monitors
the force and torque provided to the wheels (voltage to the actuators). From the above two state-
ments a kinematic model was deemed sufficient to solve the problem. The robot design and the
low maximum speed of the robot helped to solidify the decision of going ahead without the need
for a dynamic model. Another factor influencing the decision is that the kinematic controller is
generally simpler and can be later worked on towards the dynamic model, by using the methods
as shown in [7]. Thus, only a kinematic model is considered for this project.

The kinematic model (4.6) is considered, where x ∈ R3 the input v ∈ R is the translational
speed and ω ∈ R is the angular velocity of the steering angle. The position of the robot in space
is taken as the output of (4.6) and is given as

Y = h(x) =
[
x1 x2

]T
(4.7)

As an example the desired path α(x) is chosen as a unit circle and is given as a regular
parameterized curve by a path parameter Λ

Λ 7→
[
CosΛ
SinΛ

]
(4.8)

There exists a smooth map s : R2 → R1 where 0 is a regular value of s and the manifold
σ = s−1(0) thus the submanifold for the desired trajectory can be defined as Γ := (soh)−1 = {x ∈
R3 : s(h(x)) = 0}. The function α(x) can be defined as

α(x) = soh(x) = x2
1 + x2

2 − 1 (4.9)

8 Controller Design and Position Estimation of a Unicycle Type Robot



CHAPTER 4. CONTROLLER DESIGN

In [12] the path following problem is solved by fixing the translational speed v 6= 0. This is
done so that the system becomes a single input system and is easy to tackle. Note that the only
input to the robot is the angular velocity (rate of change of the steering angle x3). Thus the input
u = ω. Thus the system transforms to

ẋ =

vcosx3

vsinx3

0

+

0
0
1

u (4.10)

The above system is of the form ẋ = f(x) + g(x)u where

f(x) =

vcosx3

vsinx3

0

 ; g(x) =

0
0
1

 . (4.11)

As the system is of the form ẋ = f(x)+g(x)u the method of input-output feedback linearization
can be performed to control the nonlinear system, i.e. the unicycle type mobile robot. The main
aim of the input-output feedback linearization is to give a transformation whose states are the
output y = h(x), and the first (n − 1) derivatives of the output function where n is the relative
degree of the system. To do this the Lie derivatives are used [7]. Differentiating the reference
trajectory function α(x) with respect to time

α̇ =
δα(x)

δx
ẋ

=
δα(x)

δx
f(x) +

δα(x)

δx
g(x)u

= Lfα(x) + Lgα(x)u,

(4.12)

Computing the equation (4.12) the following values are obtained

Lfα(x) = 2v(x1cosx3 + x2sinx3), Lgα(x) = 0. (4.13)

Now taking the derivative of the function α̇(x) with respect to time

α̈ =
δα̇(x)

δx
ẋ

=
δLfα(x)

δx
f(x) +

δLfα(x)

δx
g(x)u

= L2
fα(x) + LgLfα(x)u

(4.14)

Computing the equation (4.14) the following values are obtained

L2
fα(x) = 2v2, LgLfα(x) = 2v(x2cosx3 − x1sinx3). (4.15)

The next step is to understand how the input u enters the system, which can be done by
finding the relative degree of the system. To find the relative degree of the system using the
Lie derivatives, count the number of times the output function was differentiated till the input u
appears explicitly in the result. Form equation 4.15 it can be said that the relative degree of the
system is 2 because the input to the system appears in the second derivative of the function α(x)
[7] . By the assumption that v 6= 0, the only possibility that the function LgLfα(x) would be
equal to zero is if and only if

tan(x3) =
x2

x1
(4.16)

This condition means that the unicycle is oriented 1normal to the desired path. Suppose by way
of contradiction, that the function LgLfα(x) on Γ. Then α(x) = 0, the following holds[

cos(x3) sin(x3)
−sin(x3) cos(x3)

] [
x1

x2

]
= 0 (4.17)
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The above 2 × 2 matrix in equation (4.17) is nonsingular, thus the only solution to the equation
(4.17) is that x1 = x2 = 0. This is not possible since the robot needs to be on the unit circle
x2

1 + x2
2 − 1 on γ. This shows that the function α(x) yields a well-defined relative degree of 2 at

each point for the path following manifold denoted by the set Γ. The function α can be used to
stabilize the circle. The output function (4.7) of the system (4.11) can be made to converge to
the given reference trajectory by simply making α(x) and α̇(x) converge to zero. Thus, the path
following problem transforms into an output zeroing problem, which is a well-known problem in
control [17]. Now a coordinate transform can be partially performed using the functions α(x) and
α̇(x) as the first two functions of the transformation because the relative degree was found to be
two. To complete the coordinate transformation, a third function is assumed. As shown in [13]
and [6] the choice for the third function for circular paths is as

π(x) := tan−1 x2

x1
(4.18)

The transformation then can be written asz1

z2

z3

 = T (x) =

α(x)
α̇(x)
π(x)

 (4.19)

This basically transforms the trajectories from the original x coordinate system into the newly
defined z coordinate system. If the transformation is a diffeomorphism, then the smooth traject-
ories in the original coordinate system will have smooth unique counterparts in the newly defined
z coordinate system. To show that a local diffeomorphism is determined by these functions (α(x),
α̇(x) and π(x)), the inverse function theorem is used. Proof of the diffeomorphism is done in the
appendix. Using the coordinate transformation T, in the neighborhood of any point x∗ ∈ Γ, the
system transforms to ż1

ż2

ż3

 =

 z2

L2
fα+ LgLfαu|x=T−1(z)

f0(z)

 (4.20)

When z1 = z2 = 0, that just implies that α(x) = α̇(x) = 0, that means that the system is
restricted to evolve on the path following manifold(Γ). Stabilizing the states z1 and z2 is equivalent
to get the robot onto the desired path with the heading velocity as a tangent to the path to be
followed. When the robot is on the path following manifold (i.e. z1 = z2 = 0) then z3 determines
the position of the robot on the path. Under this condition the dynamics of z3 are basically the
zero dynamics of the system which are restricted to the path following manifold and are given as

ż3|Γ = f0(0, 0, z3) = −v(x2cosx3 − x1sinx3)

x2
1 + x2

2

|x = T−1(0, 0, z3) (4.21)

From [7] the regular feedback transformation is given as

u =
1

LgLfα
(−L2

fα+ unew) (4.22)

Where unew is the auxiliary control input. The controller is well defined in the vicinity of x∗ ∈ Γ,
this is due to the fact that LgLfα(x) 6= 0. Around x∗ the closed loop system is asż1

ż2

ż3

 =

 z2

unew
f0(z1, z2, z3)

 (4.23)

Note that on the path following manifold Γ
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CHAPTER 4. CONTROLLER DESIGN

1. x2
1 + x2

2 = 1

2. x1cos(x3) = −x2sin(x3)

Solving the above two mentioned relations for the values of x1 and x2 the following two solutions
are obtained [

x1

x2

]
=

[
−sin(x3)
cos(x3)

]
(4.24)

or [
x1

x2

]
=

[
sin(x3)
−cos(x3)

]
(4.25)

Using these solutions (4.24) and (4.25) into the expression for ż3 in the equation (4.21) the
following is obtained

ż3 = ±v (4.26)

In both the cases, the dynamics restricted to the desired trajectory are unstable. In this case, it is
desirable because it means that the unicycle will traverse the entire path (the unit circle). Since
the translational speed v is constant, the motion of the robot on the desired trajectory cannot
be affected, the plus and minus signs correspond to the clockwise or anticlockwise path following
respectively.

The control input unew is referred to as the transversal input as it is used to control the
transversal subsystem. The transversal subsystem is LTI and controllable so there are many
techniques that can be used to stabilize z1 and z2. The one chosen is the input-output linearization
(tracking) as shown in [7]. Let us suppose the output required is ’y’ converges to some constant
reference value ’yd’. Then the new input unew can be defined as

unew = −an−1y
(n−1) − ......− a1ẏ − a0(y − yd) (4.27)

Where n is the relative degree of the system thus the control input for the given case can be
written as

unew = −a1ẏ − a0(y − yd) (4.28)

It is known that the error in the desired output is given by e = y−yd, thus the error dynamics
for a system with a relative degree two is given as

ë+ a1ė+ a0e = 0 (4.29)

The characteristic equation can be written down for the system as

λ2 + a1λ+ a0 = 0 (4.30)

It is shown in [7] that e(t) → 0 and t → ∞ if the poles of the character equation 4.30 are in the
open left half plane. The values of the constants a1 and a0 are calculated using pole placement
and the values found are found to be as a1 = 0.6 and a0 = 0.1. Thus the control input unew
transforms as unew = 0.6(ẋ3 − ẋ3d) − 0.1(x3 − x3d) Using the control input, the input to the
system is updated (4.22). The input is as

u =
2v2 + unew

2v(x2cosx3 − x1sinx3)
=

2v2 − 0.6(ẋ3 − ẋ3d)− 0.1(x3 − x3d)

2v(x2cosx3 − x1sinx3)
(4.31)

The controller described above was designed on matlab and simulated for different starting
points of the robot that were located away from the unit circle. It was observed that the controller
is able to follow the desired path irrespective of the starting postion, i.e. the controller is able to
guide the robot to go towards the unit circle and follow the unit circle. This is shown in figure
(4.2) It can be infered that the controller is able to make the robot follow the desired path.
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CHAPTER 4. CONTROLLER DESIGN

Figure 4.2: Simulation results following a unit circle with different starting positions

The example of the reference trajectory that is discussed in this chapter is that of a circle. The
controller can be applied to other paths both closed and non-closed ones. For example a straight
linewhich is shown in figure 4.3

Figure 4.3: Simulation results following a straight line with different starting positions

Thus it can be concluded that the controller can be applied to various different trajectories
just by changing the function α and following the steps that are defined above.
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Chapter 5

Implementation and results

Implementing the controller on matlab and implementing it onto the hardware are two completely
different things. On the software one doesnt consider all the functionalities of the robot and only
concentrates on the part to be designed, which might lead to problems when implementing it onto
the hardware. This chapter lists some of the problems that were faced when performing the task of
path following onto the actual robot and what was done to solve these problems and the observed
results.
Before the path-following controller was implemented, the robot was first checked if it is able to
move in accordance with the given velocity inputs. This was done by giving velocity inputs to the
wheels and observing the orientation of the robot through the heading sensor and the amount of
distance moved by each of the wheels using the encoder readouts. It was observed that the robot
had a slight drift to the left side, that means the robot has a tendency to deviate slightly towards
the left than its intended direction. This can be observed as shown in figure (5.1)

Figure 5.1: Difference in the left and right encoder values when the robot is to move in a straight
line

The figure depicts the difference between the values obtained from the encoders on the left
and right wheel when both the wheels were given the same velocity. The x axis depicts the time
step (The encoders run at a frequency of 50Hz, thus the time step is 0.02s) and the y axis is
the difference between the two encoder readouts which is calculated as encoderleft− encoderright.
In a situation where the wheels are given the same velocity the difference between the values
obtained from the left and the right encoders should be 0 as both the wheels need to move the
same distance to make the robot move in a straight line. But it is observed that the difference
in the values of the left and the right encoders grows more negative over time. That means that
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the right wheel of the robot is travelling more distance than the left wheel, which means that the
robot is gradually moving left. It can also be interpreted as that the robot is deviating towards
the left from its desired trajectory. This is considered to be a problem for the system because
even with the path following controller the robot will have a drift which would accumulate over
time and lead to the performance of the path following controller being affected, and the robot
deviating away from the desired end coordinates. There can be several reasons for this problem to
occur. The ones that were thought of are the wheels having a slight difference in their diameters,
which might cause them to move differently, but in this case the change in the difference between
the encoder readouts will be a smooth curve and not plot with steps where the difference does not
change. It is not possible in practice to make two motors to rotate exactly at the same speed even
when they are given the same voltage as input for a long period time. This leads to the second
reason, why there might be a drift as it is possible that even though the input to the two motors
is the same, the output may be a little different leading the robot to have different velocities at
both the wheels. There is an inbuilt controller in the robot provided by the manufacturers which
sends the voltage and power to the robots depending on the velocity set points that are given as
the input. It was not determined with absolute certainty that this was the cause of the drift but
it can be a possibility.
To solve this problem a simple PD controller was designed, where the difference in the encoder
readouts was taken as the error and the rate of change of this error was also considered. The
controller took the form as

vleft = v −K1(pl1 − pr1)−K2((pl0 − pr0)− (pl1 − pr1)) (5.1)

In the above equation vleft is the velocity of the left wheel, v is the constant forward velocity that
is set for the robot, pl0 and pr0 are the encoder readouts of the previous time step,pl1 and pr1 are
the encoder readouts of the current time step and K1 and K2 are the gains. A similar equation
is set up for the velocity of the right wheel and then implemented onto the robot. The result of
implementing this controller can be seen in figures (6.1) and (5.3)

Figure 5.2: difference in the encoder readouts after the implementation of the pd controller
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Figure 5.3: speeds of the wheels given by the controller depending on the difference in encoder
readouts

In figure (6.1) it is observed that the difference in the encoder readouts is always returning to
zero. This is because the controller is tuning the velocities on each wheel, as shown in figure (5.3)
so that the difference always returns to zero, such that the drift to the left that was observed earlier
is removed. In figure (6.1) it is observed that the difference goes to a positive value which was not
observed when the controller was not used. The encoders are stet to work at a frequency of 50
HZ and thus there is a small overshoot in the correction of the difference in the encoder values.
This can be removed by increasing the operating frequency or changing the gains to the controller.

The controller can thus be divided into three parts that is the one that is already present in
the robot, then the simple PD controller which was implemented to remove the drift and finally
the path following controller which was designed in the previous chapter. Thus the controller
architecture can be represented as shown in figure (5.4)

Figure 5.4: Control loop architecture

Here the input to the path following controller is the path to be followed which Is given by the
planner. The path following controller processes that data and gives ahead the orientation θ and
the control input unew to the above designed PD controller which takes care of the drift, that
was observed in the first half of this chapter. Then the drift removal part uses the information
to compute the velocities for each of the wheels and then gives those velocities, vl and vr for the
left and right wheel, as inputs to the inbuilt controller of the robot, which translates the velocities
into voltages V l for the left actuator and V r for the right actuator for each wheel and actuates
the actuators. The position (coordinates) of the robot in space, denoted by x and y is given back
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to the system for the next time step.
As described in the previous chapter the path following controller makes sure that the robot stays
on the desired path and reaches the final destination. In the simulations the refence trajectory
chosen was that of a unit circle, but in practice the robot will be following straight lines and
arcs. The unit circle was chosen for the purpose of simulations because it is easier to show the
result on that trajectory. For the practical application the trajectory of a line was chosen and
the accordingly the changes were made in the design to incorporate the new trajectory. The
necessary changes were made in the design, the main changes were the Lie derivatives as they
are the derivatives of the reference trajectory, the input u also changes as it depends on the Lie
derivatives and finally adjusting the gains for the control input unew. Once this was done the
feedback linearization path-following controller was implemented onto the robot. But the robot
can move in straight lines and arcs, the controller that needs to be implemented needs to be a
switching controller which should be able to switch between the two trajectories depending on the
path that is provided to it by the planner. That would complicate the controllers process, Thus a
simpler solution would be to design the planner in a way such that whenever the path would have
an arc the planner chooses the set points closer than normal which would result in the path from
one set point to the other to be a straight line. It is depicted in figure (5.5)

Figure 5.5: arc made up of multiple small lines

It can be inferred from the figure that the arc can be made from multiple straight lines. This
is also possible for the robot because it has a wide vacuum cleaning mouth at the front, and
effectively it will cover the same amount of area if it goes on the arc in the figure (5.5) which is
shown as the blue curve. Or if it goes on the red colored path, which is made up of multiple lines.
Thus for this project it was chosen that the planner will be designed in a manner such that all
the paths obtained by the controller as input are straight lines. For this project the planner is not
available as it has not been designed yet, thus the path given to the robot for testing is predefined
and is not updated continuously by the system. Thus the verification of the designed controller is
done on a pre-defined path. The UWB system for the localization was also not functional due to
system upgrades and other reasons. Thus the method used to verify the controller is not the UWB
system which would confirm the position of the robot as desired, but to find the angle between the
current position of the robot and the desired position, and then using the current orientation and
finding the difference between the two angles and using that to determine if the robot is moving
in the desired direction. But this method is not 100 percent accurateaccurate as the position is
not verified, thus the system needs to be checked once the UWB system and the planner are both
online and functional.
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Chapter 6

Sensor fusion

Sensor fusion for this project is used to get a more accurate readout of the pose of the robot, in
simpler words it means to minimize the error in the localization of the robot. The basic idea is
to get the value of the pose (basically the position and the orientation) of the robot using the
wireless ultra-wideband (UWB)system, which is basically the indoor positioning system, and the
inertial navigation system (basically calculated using odometery). The two set of inputs for the
pose are then to be passed through a sensor fusion algorithm to get a more accurate readout of
the localization of the robot in the office space. Due to the lack of time and some hardware issues
the sensor fusion part could not be implemented and tested on the robot. But in this report a
method to apply the Kalman filter to achieve sensor fusion on the two methods for localization is
discussed.
The robot is equipped with a pozyx board which has a UWB tag and is responsible for commu-
nicating with the 6 UWB beacons placed in the office space (the fixed world). The beacons are
basically range measurement devices to the UWB tag. Using all the six range measurements the
system is able to compute a position of the robot with respect to the fixed origin, which in this
case is one of the beacons. This is a low frequency module (10 Hz), that is we approximately get a
reading of the pose about 2 times every second, because the tag sends a signal to the beacons and
computes the distance to one beacon. The pozyx board is also equipped with a heading sensor
which gives the orientation of the robot. Whereas the accelerometer and the gyroscope work at a
much higher frequency of 1kHz. As it is observed that the two methods are not working at the
same frequency and thus a simple sensor fusion algorithm cannot work. A multi rate extended
Kalman filter can be used in this case for the purpose of sensor fusion. The basic idea is to use a
delay compensator and predict the values of the slower rate sensor and use the predictions in the
sensor fusion algorithm. The framework of the working of the sensor fusion part can be expressed
as shown in figure (6.1)
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Figure 6.1: Block diagram of the sensor fusion framework

The robot is equipped with a UWB tag which gives the coordinates of the robot and the
orientation directly in [x, y, θ]. The measurements from the internal navigation system is used to
get the second set of estimates of the robots position and orientation. The relation between the
position, orientation, velocity and acceleration can be expressed as

x = x0 + Tvx +
1

2
T 2ax (6.1)

y = y0 + Tvy +
1

2
T 2ay (6.2)

θ = θ0 + Tω +
1

2
T 2aω (6.3)

vx = vx0 + Tax (6.4)

vy = vy0 + Tay (6.5)

ω = ω0 + Taω (6.6)

In the above equations the values x0, y0, θ0 are the initial position and orientation of the robot.
This initial position will always be from the UWB system because the internal navigation system
always requires an initial reference from which it can start to calculate the positions in the following
time steps. In simpler words, when the robot is started, the first set of values for [x, y, θ] will always
be taken from the UWB system and the following ones will be taken from both. That is at the
first time step the measurement from the UWB system is the only measurement received, and
from the next time step the system gets two values of the pose and from here on the sensor fusion
part is important. In the above equations T represents the integration time (basically the time of
one time step, the accelerometer works at a frequency of 1kHz thus the time step is 0.001s). vx0
and vy0 are the initial velocities in x and y directions respectively and ω0 initial angular velocity.
ax and ay are the linear accelerations in x and y directions respectively, and aω is the angular
acceleration. The output for the accelerometer is the accelerations in the tangential direction,
denoted by at, and the normal direction, denoted by an. The relation between the tangential,
normal accelerations to the accelerations in the x and y directions is

ax = atcosθ − ansinθ (6.7)
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ay = atsinθ + ancosθ (6.8)

The same concept is also applied to get the relationship between the velocities in x,y and t,n
directions and is

vx = vtcosθ − vnsinθ (6.9)

vy = vtsinθ + avncosθ (6.10)

The UWB system works over a low latency wireless network, and the fact that the algorithm
for its working is based on contacting each of the 6 beacons individually and then computing the
position of the robot makes it a slow process. Due to these facts, it can be argued that there would
be some delays in the process namely communication delays between the tag and the beacons and
the way back to the tag and also computation delays for the calculation of the position of the
robot from all the separate range measurements. The delay compensation block designed as the
part of the sensor fusion block in the framework block diagram in figure (6.1) is made to take care
of this particular problem of the UWB system. The first step is to calculate the communication
delay between the tag and one of the beacons and then for all of them. Then the computation
delay and sum the delays and have a set value for it, for this case, it was not possible to run
the tests thus it is just a proposed method to do the sensor fusion for localization. Thus, let us
assume the value of the delay to be represented by the variable d. The basic idea of the delay
compensation block is to use the value coming in from the UWB system at time k as the initial
position (which actually represents the position of the robot at time k-d) and it also takes the
state estimates as another set of inputs, which are the output of the sensor fusion block, basically
[θ̂, v̂t, v̂n, ω̂, ât, ân, âω]. Then the values of the state estimates are integrated from time k− 1 until
time k − d and then stored in a buffer. Adding these values to the initial position at k-d which
is the input from the UWB system can be used to reconstruct the trajectory between the times
k−d and k−1 to have an accurate prediction of k. Mathematically this computation in the delay
compensation block can be represented asxkyk

θk

 =

xk−1

yk−1

θk−1

+

n=k−1∑
n=k−d

T v̂xn + 1
2T

2âxn
T v̂yn + 1

2T
2âyn

T ω̂n + 1
2T

2âωn

 (6.11)

Where T represents the sampling time, while xk,yk and θk are the predicted position and the
orientation at time step t = k while xk−d,yk−d and θk−d are the delayed position and orientation
that are received from the UWB system at the time step t = k. In theory, the velocities and
accelerations for the delay compensation block can also be directly used from the data from the
accelerometer and the gyroscope, but it would be better to use the output of the Kalman filter,
because the signal has lower amount of noise as it is basically the filtered data from the internal
navigation system. Thus it is advised to use the output of the sensor fusion block as the state
estimates used in the delay compensation block, as shown in figure (6.1)
The second part of the sensor fusion block is the Kalman filter which is responsible for the actual
process. For this case the use of a multi-rate extended Kalman filter should be preferred, since the
UWB system works at a very slow rate (around 5 to 10 Hz) which is much slower than the internal
navigation system measurements (1 kHz). The extended Kalman filter basically uses one predic-

tion model where it predicts all of the state estimates [x̂, ŷ, θ̂, v̂t, v̂n, ω̂, ât, ân, âω] and two sets of
measurement models. The UWB system works at a very low rate, thus if the measurement form
the UWB system is not available for the Kalman filter to use, it only uses the set of measurements
from the internal navigation system which is working at a high rate. But if the measurement
from the UWB is available the system moves to the second measurement model where it uses the
values from both the sources and gives the state estimates. This model works at a low rate which
is the same as that of the UWB system measurements. During all of this the prediction model
works at a high rate as it is the same model used for both the measurement models. The full
calculations for the Kalman filter could not be done in this project due to the lack of time, but
the mathematical model for the prediction and the measurement models were designed.
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The prediction model of the EKF is implemented in continuous time in Kalman-Bucy form [20]
[21] while the model of measurement update is implemented in discrete time. A generic prediction
model is used and is given as

˙̂x(t) = F (t)x̂(t) +B(t)u(t) + w(t) (6.12)

In equation (6.12) x̂(t) is a column vector consisting of all the predicted state estimates, F (t)
is the dynamic coefficient matrix, u(t) is the input vector matrix. The input vector matrix for
this case is zero because the system does not have any control input as the system is just an
observer which is used for the prediction of the state estimates. Finally w(t) is the process noise
which is generally assumed to be Gaussian random variable with a zero mean and covariance Q,
w(t) N(0, Q).

The prediction model is giving the following states [x̂, ŷ, θ̂, v̂t, v̂n, ω̂, ât, ân, âω] thus a jerk is modeled
to be in the output as well. The prediction model in this case can be expressed as

˙̂x(t)
˙̂y(t)
˙̂
θ(t)
˙̂vt(t)
˙̂vn(t)
˙̂ω(t)
˙̂at(t)
˙̂an(t)
˙̂aω(t)


= F (t)



x̂(t)
ŷ(t)

θ̂(t)
v̂t(t)
v̂n(t)
ω̂(t)
ât(t)
ân(t)
âω(t)


+ w(t) (6.13)

Where the dynamic coefficient matrix is derived from the kinematic model of the robot and is
expressed as

F (t) =



0 0 0 cosθ̂(t) −sinθ̂(t) 0 dt.cosθ̂(t) −dt.sinθ̂(t) 0

0 0 0 sinθ̂(t) cosθ̂(t) 0 dt.sinθ̂(t) dt.cosθ̂(t) 0
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0


(6.14)

The generic measurement model in the discreet time domain can be expressed as

zk = H.xk + vk (6.15)

with zk being a column vector of the state measurements from the sensors, H is defined as the
measurement sensitivity matrix and vk is defined as the measurement noise of the system. which
can be assumed as a Gaussian random variable with zero mean and a covariance J , vk‘N(0, J). The
first measurement model where the measurements are attained only from the internal navigation
system, thus the measurements available are namely (ω, at, an). This model runs at a high sampling
rate and is expressed as

 ωat
an

 = H



xk
yk
θkv

t
k

vnk
ωk
atk
ank
aωk


+ vk (6.16)
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Where the measurement sensitivity matrix can be expressed as shown in equation (6.17) which
is basically the matrix which relates the state estimates to the values that are coming in from the
sensors. 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0

 (6.17)

The measurement noise can be represented as

J =

σ2
ω 0 0
0 σ2

at 0
0 0 σ2

an

 (6.18)

In equation (6.18) the variables σ2
ω, σ2

at and σ2
an are the noise variances of the internal navigation

system measurement ω, at and an respectively. These values can be measured from the measured
sensor signals. This can generally be done by making the robot run over a fixed distance multiple
times and recording the values and then computing the standard deviation and the variances.
Which in case of the internal navigation system is harder because the sensors do not log their
own covariances. Whereas in the case of the UWB beacons they log the standard deviation of the
measurements and finding the variances is much easier in that case.
The second measurement model is with both the UWB system and the internal navigation system.
Thus the equation (6.15) transforms to


x
y
θ
ω
at

an

 = H



xk
yk
θkv

t
k

vnk
ωk
atk
ank
aωk


+ vk (6.19)

Here the measurement sensitivity matrix develops into

H =


1 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0

 (6.20)

and the noise matrix includes the noise variances of the measurements of x, y, θ from the UWB
system and is as

J =


σ2
x 0 0 0 0 0

0 σ2
y 0 0 0 0

0 0 σ2
θ 0 0 0

0 0 0σ2
ω 0 0

0 0 0 0 σ2
at 0

0 0 0 0 0 σ2
an

 (6.21)

In this chapter a theoretical model for the prediction and measurement models for the extended
Kalman filter are derived. These models are used for the multi-rate sensor fusion of the two
different localization methods. For these models to be implemented onto the robot, the covariance
matrix for the UWB system (R) needs to be obtained from the UWB beacons once the system
is running and functional again (for the measurement model) and he process noise matrix, (w(t))
once all the sensors are functional (for the prediction model).
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Conclusions and future work

The main aim of the project was to develop a control algorithm such that the robot is able to
reach the desired coordinates (path following) that are provided to it by the planner and also to
provide a sensor fusion algorithm for localization of the robot through the UWB system and the
inertial measurement system of the robot.

7.1 Conclusions

A path following controller is developed which is able to drive the robot to the given set of co-
ordinates. The controller was tested on a pre-defined path and not on a path that is autonomously
generated by the planner, since the path planner has not yet been designed. Thus, the full cap-
ability of the controller could not be tested.
A theoretical model for multi-rate sensor fusion using an extended Kalman filter for the two local-
ization process was developed. Due to System upgrades for the UWB system the algorithm could
not be tested as the system was not available for use.

7.2 Recommendations

• Controller

– Verify the controller with the UWB system.

– Test the controller with the area coverage planning algorithm once the planner is de-
signed and implemented.

• Sensor Fusion

– To find the covariance matrix of the UWB system once it is up and running.

– To find the system noise matrix using the UWB beacons.

– Implementing the prediction and measurement model.

– Tuning the Kalman gains while testing the sensor fusion on the robot.
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Appendix A

Inverse function theorum

Theorem 5.1 (Inverse function theorem [14]) Let U be an open subset o Rn and f : U → Rn,
a C∞ mapping. If the Jacobian, dfx∗ , is nonsingular at some x∗ in U , then there exists an open
neighborhood V of x∗ in U such that W = f(U) is open in Rn and f |v is a diffeomorphism onto
W

Corollary 5.2 Let x∗ ∈ Γ. There exists a neighbored U ⊂ R3 containing x∗ such that the
mapping T : U ⊂ R3 → T (U) ⊂ R3 which is defined in the equation 4.19 The equation 4.19 is a
diffeomorphism onto its image.
Proof: Let x∗ ∈ Γ. By the direct calculations the Jacobian dTx∗ := δT

δx |x=x∗ is given by

dTx∗ =

 δz1δx1

δz1
δx2

δz1
δx3

δz2
δx1

δz2
δx2

δz2
δx3

δz3
δx1

δz3
δx2

δz3
δx3

 =

 −x2 x1 0
2vcosx3 2vsinx3 2v(x2cosx3 − x1sinx3)

2x1 2x2 0

 (A.1)

The determinant of the matrix in A.1 is given as shown in A.2

det(dTx∗ = −4v(x2cosx3 − x1sinx3) (A.2)

As shown before that on the path following manifold Γ this determinant is equal to zero only
under the condition that v = 0. The condition set is that v 6= 0, thus the Jacobian dTx∗ is
nonsingular. In accordance with Theorem(5.1), T is diffeomorphism onto its image
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