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Abstract 
Indoor navigation for autonomous vehicles and robots is an area of research and 
development with great promises for both current and future applications. Examples 
include robots assisting humans in indoor tasks, and industrial applications such as 
warehouse management using autonomous robots [Jensen, 2001]. This project 
examines the possibilities and limitations of navigating an autonomous vehicle in an 
enclosed area with the aid of visual recognition software and distancing sensors. The 
navigation works by using two sets of references: the distance and the relative angle to a 
point of origin that in this project is a visual reference attached to a flat and visually 
clean background. The autonomous vehicle is constructed with open source hardware 
and utilizes already available visual recognition software and all control software is 
written in Python 2.7. The scope of the project limits the navigation of the robot on a flat 
surface with no obstacles and with access to a nearby flat wall with a visual reference. A 
demonstrator was built and empirically tested for its navigational accuracy. The 
positional accuracy was found to have a mean deviation of ± 1 and ± 4.5 centimeters for 
the x and y-axis respectively. 
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Sammanfattning 
Navigering och lokalisering inomhus är ett hett forskningsområde både inom 
vetenskapen och ingenjörstillämpningar. Exempel på system som kan förbättras med 
sådan teknik är robotar som assisterar människor i hemmet samt automatisering av 
industrirobotar som är fria att röra sig över golvytor [Jensen, 2001]. 
Detta kandidatexamensprojekt undersöker möjligheterna och begränsningarna av 
navigering inomhus för en autonom robot med hjälp av färg-igenkännande 
bildbehandling och avståndssensorer. Navigeringen sker med hjälp  av två riktmärken: 
en visuell referens monterad på en plan vägg och avståndet mellan robot och vägg. 
Robotens interna styrelektronik, sensorer samt mjukvara är alla open source. Bredden 
av projektet begränsas av villkoren att navigationen sker på en plan yta utan hinder 
samt tillgång till en plan vägg med en visuell referens. Slutgiltiga systemets 
navigationssäkerhet kontrollerades och mättes empiriskt och uppskattades till att ha en 
medelavvikelse på ± 1 cm och ± 4.6 cm för x respektive y-axeln. 
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d Distance in meters (m) 

t Time in seconds (s)  

t  Change in time, (s) 

  Angle measured in degrees ( ) 

pK  Proportional gain 

IK  Integral gain 

DK  Derivative gain 
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1x  Distance read by ultrasonic range finder 1 (cm) 
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1 Introduction 

This chapter describes in detail the thesis to be investigated, assumptions made and 

limitations in the modeling and construction of the robot. 

1.1 Background 
Indoor navigation has been and continues to be a hot top topic of research and 
engineering considering the vast practical applications of such a technology. A viable 
means of indoor localization can in many ways change the way we navigate the world 
the same way maps, compasses and GPS did for outdoor navigation. A fairly recent 
application with promising yields is indoor positioning using smartphones, utilizing 
both Wi-Fi beacons tracking and inertial sensors [Li et al, 2012]. Other potential areas of 
use are robots that assist the elderly with daily tasks. In order for such a system to be 
relatively autonomous, the assisting robots require some form of positional awareness 
in order to follow and assist the subject in need of assistance [Jensfelt. 2001]. 
 
By comparing indoor to outdoor navigation some differences are immediately obvious; 
indoor navigation does not have a universal access GPS equivalent and maps are 
unavailable most of the time [The Challenges of Indoor Positioning, 2014]. This leads to 
most indoor navigation being done by a mapping protocol in one way or the other. 
Humans tackle this problem by using a very powerful visual sensing mechanism 
combined with a great capacity for mental 3-D mapping. Although this method relies on 
complex algorithms in the brain that reconstructs mental images that are very 
fragmented [Pinker, 1997 pp. 294]. Some other interesting solutions to navigation in 
general include birds using the night sky as a visual reference, and ants walking to and 
from their nest by keeping count of their steps taken. The bird can handle disturbances 
in its planned navigation by referring back to the night sky for external feedback, 
whereas the ant gets lost if one changes its position while in motion [Pinker, 1997, pp. 
180-181]. This is due to the ant having no mechanism for taking navigation errors into 
account. The two different methods of navigation employed by the ant and bird have 
interesting parallels in indoor navigation for robots. The bird method is similar to a 
robot continuously updating its position using beacon tracking, live image processing or 
some other means of sensing its environment. The ant method is similar to a robot that 
navigates by knowing its starting position and then only keeps track of how far it has 
traveled by measuring a change in an internal mechanism, such as revolutions of a 
wheel or change in an inertial sensor. This is known as the Dead Reckoning approach to 
navigation that uses some form of odometry. The fundamental flaw of odometry, no 
matter how precise it is, is that its errors accumulate over time without bound unless 
some sort of external reference is used. This makes the dead reckoning approach on its 
own less accurate for larger distances.  It’s not uncommon to make use of both odometry 
and external references to achieve better positional accuracy. 
 
Almost all of the proposed solutions for indoor navigations tackle the three fundamental 
problems a navigating robotic system has to overcome: Localization (“Where am I?”), 
place recognition (“Where am I going?”) and path planning (“How do I get there?”) 
[Borenstein et al, 1996, pp. 10]. 
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1.2 Purpose 
The purpose of this project is to investigate the alternative solution to the problem of 
indoor navigation by combining visual tracking capabilities with ultrasonic distance 
sensing to efficiently navigate in an environment free of obstacles, by using open 
sourced components and software. The robot will utilize the “bird method” by 
continuously measuring its position relative to a visual reference. This reference is 
arbitrary and is by itself the basis for a coordinate system, not a reference to another 
system. A working prototype is built and then investigated for positional accuracy. The 
positional errors are manually quantified to answer the question: 
 
What is the positional accuracy of an indoor navigation system that relies on visual object 

tracking in combination with ultrasonic ranging devices? 
 
The positional accuracy is here defined by the deviation from the desired outcome that 
is based on the position vector the robot navigates to. Conclusions are then drawn about 
the feasibility of this particular solution to the problem posed and if any further 
improvements are needed. 

1.3 Scope 
The robot will navigate in a small room on a flat surface while not being visually or 
physically obstructed in any way. Here visual obstruction refers to any object that might 
obstruct the line of sight of the robot and the presence of any chaotic patterns around 
the visual marker that the robot uses for tracking. The object tracking relies solely on 
color filtering/selection and not on pattern recognition. An active beacon is used, in the 
form of an array of LED’s attached to the wall. See Appendix A for more information on 
the beacon used. 
The robots pose is initially unknown and the coordinate system set up by the tracking 
and sensing algorithms are only referenced to the visual beacon and the wall it is 
attached to. This means that the robot lacks awareness of the room geometry, i.e. 
mapping is only performed with respect to the visual beacon.  The navigation of the 
robot takes place within the reliable range of the sensors used. For this project the 
reliable range can be approximated as an area of 70x70 centimeters drawn from the 
visual reference.  

1.4 Method 
This project was split up in to different steps. First, initial research was conducted to 
make sure that the proposed navigational system and algorithm was viable. The basic 
pseudo-algorithm for finding the robots pose and navigating to different positions was 
constructed using geometric figures. From this it was deemed necessary to utilize at 
least three distance sensors of some sort to measure both the distance to the wall and 
determining if the robot was parallel or not. Some sort of tracking device to track the 
reference would also be needed, and here options were quite limited. The robot would 
have to track a ‘beacon’ of some sort and in order to not add unnecessary infrastructure 
around the robot the choice fell on a visual marker as a beacon and a camera module to 
track it. The choice was made to use a light source instead of a passively lit object to 
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ensure better tracking by the camera module. The camera module tracks the object and 
the relative angle is given by the rotation of a servo attached to the camera. The robot 
was constructed on the Raspberry Pi 2 platform due to its versatile nature and low price 
point. The fact that it can control and read sensors while having native support for a 
camera module and Wi-Fi made it the ideal choice for this project. The appropriate 
sensors and modules were then chosen. In terms of distance measurement the choice 
was made to use ultrasonic rangefinders due to their availability and ease of 
implementation with the Raspberry Pi. 
It was realized early on that for the robot to successfully navigate with the given sensor 
input, it had to be able to rotate around its center axis. For this a three-wheeled robot 
platform was chosen, a platform that can rotate around its own center axis and has the 
appropriate dimensions required to install all the necessary equipment. The robot 
chassis has two DC motors for independent control of the two front wheels. 
In terms of software there were multiple options. There are several operating systems 
available for the Raspberry Pi 2 but the choice fell on Raspbian both for its familiarity 
and vast user community that can provide tremendous resources for troubleshooting.  
Some form of image processing software was necessary in order to track the visual 
reference. OpenCV was the obvious choice for much of the same reasons as choosing 
Raspbian; it is not an exclusive platform and has a rich user community. Python 2.7 was 
chosen as the interpreter for the control algorithms both for its support for OpenCV and 
familiarity for the author. 
Several Python 2.7 algorithms were constructed step by step to test the features of the 
robot as assembly of the robot progressed.  Once all the individual algorithms for 
sensing the environment and moving the robot with motor control were completed, 
trials were conducted on the finished demonstrator. In order to answer the research 
question a set of trials were set up to test the positional accuracy of the implemented 
tracking algorithms. The results of these trials were then analyzed by plotting the 
deviations as histograms. 
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2 Theory 

  

2.1 Visual tracking and OpenCV 

In order for the robot to figure out its pose relative to the coordinate system set up by 
the visual reference it needs to visually track this reference. In this project the tracking 
is done using color filtering and coordinate extraction in the open source software 
OpenCV. 
 

2.1.1 OpenCV 

 
OpenCV stands for Open Source Computer Vision and is as the name implies an open 
source software library for real-time computer vision. It was originally created in 1998 
and has since then been heavily expanded upon and grown to become a main staple in 
computer vision applications [OpenCV, 2015] The OpenCV library features more than 
2500 computer vision algorithms, including object tracking and color filtering. Although 
OpenCV was written and developed in C/C++ it can be implemented in various 
programming languages and is imported to Python 2.7 for this project [Opencv.org, 
2015]. 
  

2.1.2  Hue-Saturation-Value  

 
Hue-Saturation-Value, commonly abbreviated as HSV, is a method of storing and 
interpreting different colors and their intensities in terms of hue, saturation and value. It 
was initially developed by Ray Smith in the 1970’s for use in an early digital painting 
program [Smith, 1978].  Using HSV it is possible to represent the whole BGR spectrum, 
but with no information about the lightness of specific points in the spectrum. The HSV 
model is best represented visually for a better intuitive understanding as pictured in 
Figure 1.  
 

 
Figure 1. Visual representation of the HSV spectrum. 
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2.2 Ultrasonic Time-of-Flight sensing 

 
Ultrasonic range finding, or distance sensing, is a technology widely used in a lot of 
applications, including measurements of wind speed, tank levels and height tolerances 
for manufacturing processes [Applications for Ultrasonic Sensors, n .d.] 
It works by sending out and receiving ultrasonic sound waves. An ultrasonic sound wave 
is generated by an ultrasonic transducer and then an ultrasonic transceiver listens for 
the echo. By keeping track of the time elapsed between sending the ultrasonic wave to 
receiving the echo conclusions can be drawn about the distance to the object that the 
ultrasonic wave bounced off of.  More precisely, the distance d can be inferred from 
[Young & Freedman, 2012]: 
 

 d vt   

(2.1) 
   
where d is the distance, v  is propagation speed of the medium the wave travels in and 

t  is elapsed time between sending and receiving a signal. By putting d as 2 objectd  , and  v  

as soundv , Equation (2.1) transforms to 

 
 

2
2

sound
object sound object

v t
d v t d


     

(2.2) 

 

Equation (2.2) represents the typical operating assumption of ultrasonic distance 
sensing that is illustrated by Figure 2. The rangefinder is more or less perpendicular to 
the object so that the transceiver can successfully register the echo. The speed of sound 

soundv can be approximated as 343 m/s in normal indoor conditions, assuming an 

ambient temperature of 20 degrees Celsius [Ekroth & Granryd, 2006].  Although the 
ambient temperature can shift between calibrations, the errors caused by this are 
negligible for shorter distances [Borenstein et al, 1996, pp. 96] 

 
Figure 2. Illustration of ultrasonic rangefinding. 

The most limiting aspect of ultrasonic range finding is the propensity for ultrasonic 
sound waves to be absorbed or deflect on various surfaces. The initial energy of the 
sound wave is scattered to a large degree and only a small fraction makes it back to the 



7 

 

transceiver. This becomes a significant factor when the measurement is taken at an 
angle to the surface, where an ultrasonic sound wave may deflect to the point where it 
misses the transceiver on the way back. If several ultrasonic sensors are used at the 
same time they may pick up transmitted waves from each other, a phenomenon known 
as crosstalk. To compensate for this a time delay can be put in between the triggering of 
the sensors. However, this may reduce the speed of positional feedback [Borenstein et 
al, 1996, pp. 96]. 
 

2.3 Servo Control 

 
Servos provide a simple way of controlling various mechanical motions, most common 
of which is the rotation of an outgoing shaft [Servo Motor | Theory and Working Principle, 
2012]. The shaft may be outfitted with a variety of extensions that convert rotation to 
linear or radial movement. Although servos come in a lot of different configurations the 
basic construction does the following: an electrical motor provides torque to a reduction 
gear that turns the outgoing axis at a reduced angular velocity, while also turning a 
potentiometer that provides feedback for positional awareness. A control circuit 
minimizes the difference between the reference and potentiometer signal. Servos are 
controlled by Pulse Width Modulated signals, typically at frequencies of 50 Hz [Servo 
Motor Controller, n.d.] 
 

2.4 PID control & The Ziegler-Nichols method 

 
In order to control a system with a closed feedback loop, some sort of external controller 
is required. A very common way of implementing a control scheme is to measure the 
error caused by the difference between the reference and the feedback value: 
 
 

 ( ) ( ) ( )e t r t y t   (2.3) 

 
 
The error ( )e t  in Equation (2.3) is then multiplied by a proportional gain PK  to get the 

control signal: 
 

 ( ) K ( )pu t e t  (2.4) 

 
 
Equation (2.4) represents a basic P-controller. The proportional gain PK  can be set to 

get a quick and responsive system, but often at the cost of initial overshoot, instability 
and an inability to completely get rid of the steady state error. In order to address these 
issues, a full PID controller is often implemented. PID is an abbreviation for 
Proportional, Integral and Derivate, and is a very common controller for industrial 
applications. The integral part corrects any steady state errors and the derivative 
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dampens the oscillations caused by a high proportional or integration gain constant 
[Glad & Ljung, 2006 pp. 19-20]. The entire continuous PID controller as a function of 
time can be written as: 
 

 

0

1
( ) ( ) ( ) ( )

t

D

I

d
u t K e t e d T e t

T dt
 

 
   

 
  

(2.5) 

 
In cases where the actuating mechanism works incrementally, such as a servo, a discrete 
PID controller can be used. A discrete time-invariant PID controller can be constructed 
as [Patki et al, 2013]: 
 

 
0

0 0

T
(n) K (n) ( ) ( ( ) ( 1))

n
P P D

p

kI

K T K
u e e k e n e n

T T

      
(2.6) 

 
The discrete controller is a digital implementation of the continuous controller 
described in Equation (2.5).  It relies on intermittent sampling instead of continuous 
measurements. When designing these control algorithms, care has to be taken to 
prevent so called reset windup caused by unusually high values for the integral part due 
to limitations in the control signal [Glad & Ljung, 2006, pp. 220-221]. 
When designing control systems, it is preferable to have a proper transfer function,  

( )G s , in order to adjust the parameters of a PID controller. But if it is not possible to 

construct a transfer function for the system, the Ziegler-Nichols method can be used 
instead. The method does not require any inside knowledge of the system that is to be 
controlled, but instead it uses a more refined variant of the trial-and-error approach. 
The first step of the method is to increase 

0K  until the system oscillates with a constant 

period, 
0T . Then the constants { , , }P I DK T T  are set as in Table 1. 

 
Table 1. PID constants for the Ziegler-Nichols method. 

Regulator KP TI TD 

PID 0.6K0 T0/2 T0/8 
 

These settings usually give satisfactory results with decent stability, but there is often 
room for fine tuning to further improve stability and rise times [Glad & Ljung, 2006, pp. 
56]. 
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3    Demonstrator 
This section describes the overall construction of the demonstrator and its algorithms, and 

the methods used to solve any problems that arose during the process. 

3.1 Problem formulation 

 
The demonstrator needs to accurately assess its current pose defined by the distance to 
the wall and the relative angle to the visual marker. It needs to do this in a  reproducible 
manner, meaning that any stochastic behavior in the sensors needs to be accounted and 
compensated for. The robot needs to independently move itself from one position vector 
to another which requires a set of wheels and motors to rotate those wheels. The wheels 
need to be individually controlled in order to achieve rotation of the robot. 
The geometric problem formulation can be visualized in Figure 3, where the relevant 
variables are presented and put into context. The movement algorithm is constructed 
from continuous measurements of these variables. 
 
 

 
Figure 3. Geometric representation of the robot pose. 

The general goal of the algorithm is to navigate the robot from position (lx, ly) to 
position (Lx, Ly). The positions are represented by two-dimensional vectors with (x, y) 
coordinates. The initial pose is estimated by first aligning the robot perpendicularly to 

the wall and storing the distance xl . Then the color tracking module targets the visual 

reference and returns the angle 1 that the reference is located at relative to the robot. 

With these two variables known, the position yl  on the y-axis can be acquired: 

 
  1tany xl l   (3.1) 

 

Using a similar relationship as in Equation (3.1), the angle 2 can be deduced as: 
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1

2 tan
y

x

L

L
   

  
 

 
(3.2) 

 
The movement algorithm between two different position vectors can be constructed in 
two basic ways with the restriction of two controllable wheels sharing a common axis of 
rotation (Table 2). 

 

Table 2. Movement algorithms for two-wheeled vehicles. 

Movement 
algorithm 

Illustration Continuousl
y requires 
variable(s) 

Variables that can 
be measured 
continuously 

Complication(s) 

1) 
Stationary 
rotation 
followed 
by linear 
motion 

 

 

1 , xl  1 , Xl , 

(via deduction)Yl  

Distance 
measurements are 
not reliable during 
rotation. Assumes 
perfect rotation 
without 
displacement. 

2) Curved 
path 
motion 

 

 

1 , xl  

 
1  Curved path is 

restricted to a small 
degree range due to 
limitations in 
ultrasonic range 
finding. 

 
With the considerations laid out in Table 2 it becomes clear that ultrasonic rangefinders 
are not suitable for movement algorithm 2), given the requirement that they have to 
measure the distance at considerably small angles in order to produce reliable results, 
especially at larger distances. This severely restricts the robots movement on the x-axis 
while traversing. This leaves us with movement algorithm 1) that can be implemented 
as shown in Figure 4. 

 

Figure 4. Positioning steps for rotation followed by linear motion. 
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The positioning steps in Figure 4 are: 
 

1) Arbitrary drop-off point. Robot is unaware of its position relative to the visual 
reference. 

2) The robot rotates until the criterion for being perpendicular is achieved. The 

camera rotates until visual reference is found. The current position ( , )X Yl l  is 

calculated using the camera angle and distance to the wall. 

3) Robot moves to the requested y-coordinate YL  while remaining perpendicular to 

the wall. The camera tracks the visual reference until a certain angle is achieved 
upon which the motors stop. 

4) The robot rotates until the measured distance from the front ultrasonic 
rangefinder corresponds to the previous measurement by the rangefinders on 
the side. It then adjusts its position on the x-axis until the value from the front 

rangefinder corresponds to the requested value of xL . 

 

3.2 Software 

This section describes the software used and the algorithms written to control the 

demonstrator. The code in its entirety is omitted for continuity reasons but some parts of it 

can be found in Appendix B. 

The software in the demonstrator needs to do the following: 
 

 Provide user interface via Wi-Fi 
 Read and control various sensors and motors through GPIO protocols 
 Process a live camera feed and perform filtering on the images produced 

 
This is accomplished by utilizing several layers of software and modules contained 
within them. The relationship between these is illustrated in Figure 5. 

 

 
Figure 5. Software and module layering. 

Raspbian is the operating system of the RPi2 which provides a user interface very 
similar to Linux. A Python 2.7 interpreter is installed on the Raspbian image and in 
order to control both the sensors and motors the GPIO module is used. It features native 
functions for reading and outputting logic highs (3.3 V) and lows, and sending PWM 
signals via the GPIO pins on the RPi2. The numpy and math modules are used to 
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complement Python’s lacking mathematical abilities, for operations such as 
trigonometry, arrays and decimal numbers [Python Software Foundation, 2015]. The 
OpenCV module is used to process the live camera feed and output the position vector of 
the visual reference. 
 
 

3.2.1 Image processing 

 
The color filtering used to track the visual reference is done in several steps using 
already existing methods in the OpenCV library.  
The raw video stream from the Raspberry Pi Camera Module is extracted using the 
cv2.VideoCapture.read() method that grabs, decodes and returns the next frame 
[OpenCV, 2015]. Then the color space of the extracted frame is converted from BGR to 
HSV using the cv2.cvtColor() method. Now that the color space is in the HSV domain, the 
cv2.inRange method is used to constrain and filter out elements of the image that is not 
of interest. In other words, the cv2.inRange method extracts the visual reference from 
the image. Although HSV values are traditionally scaled 0-1 or 1-100 in some cases, 
OpenCV interprets HSV values on a scale from 0-179° for Hue, and 0-255 for both 
Saturation and Value [OpenCV, 2015]. These values are represented as an array: 
 

  , ,H S V  (3.3) 

 
Two of these arrays are fed as arguments into the cv2.inRange function to set the lower 
and upper limit of the HSV values to keep in the image. If the object of interest is the 
color red, the limits can be set as: 
 

  _ 0,100,100red lower

  _upper 5,255,255red   

(3.4) 

 
It must be noted that the values in Equation (3.4) always represent a compromise and 
are not guaranteed to work for all situations, as experienced by the author. Using an 
active beacon such as an array of LED’s for visual reference makes the system less 
sensitive to changes in ambient light. For this setup the limits were set as  

 
  144,60,70lower 

  upper 150,255,255  

(3.5) 

 
These lower and upper bounds tracks violet colors. See Appendix A for more 
information on the beacon used. A set of trials determined that a large resolution was 
not needed for the color tracking algorithm, so the choice was made to significantly 
lower the native resolution of the Raspberry Pi Camera module in order to speed up 
algorithm run times. The original resolution of the video stream is initially set to 160 x 
160 pixels, but it is then scaled down further by a factor of four. The run time for 
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processing a single image and extracting the coordinates of the object of interest 
amounts to approximately 50 ms, as measured by the script itself. 
The code used for the image processing is a heavily modified version of a tutorial found 
on the Internet [Fast Colour Based Object Tracking with OpenCV, 2013]. 
 

3.2.2 Object tracking 

 
After the color filtering has been done, the remaining objects left in the image are then 
filtered by total area: 

 

 
 

This filtering method makes sure that the tracking algorithm ignores any details in the 
image that might take precedence over of the visual beacon in the tracking algorithm. A 
rectangle is then drawn around the contour with the largest area using the 
cv2.boundingRect() method. Since the middle of the object is the point of interest, the 
coordinates are extracted using the coordinates for the rectangle and its width and 
height: 
 

 
 
The [x_pos, y_pos] variables are requested by another method that checks the value 
of [x_pos]. It is then fed into a discrete PID controller (see section 2.4), with the error 
function: 
 

 (t) pos middlee x x   (3.6) 

 

and the constants 0.17PK  , 0.012IK  , 0.025DK   and 20middlex  . The variable middlex  

represents the distance in pixels from the left of the image to the middle of the tracked 
object. The constants for the PID controller were derived with the Ziegler-Nichols 
method as a starting point with further changes done by iteratively observing the 
behavior of the control loop and adjusting the values.  The control signal is put as an 
argument for the variable angle for servo actuation. The control signal is restricted by 
another method so it doesn’t go outside of the 0-180 degree range. 
 
 

max_area = #Minimum area to filter out smaller details 

for idx, contour in enumerate(contours): 

area = cv2.contourArea(contour) 

if area > max_area: 

 max_area = area 

largest_contour = contour 

 

x, y, w, h = cv2.boundingRect(largest_contour)  

x_pos = (x + w/2) 

y_pos = (y + h/2) 

return [x_pos, y_pos] 
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3.2.3 Distance measurement and rotation until perpendicular 

 
The demonstrator is outfitted with a total of three ultrasonic rangefinders; two at the 
right hand side and one in the front as illustrated by Figure 6. 
 

 
Figure 6. Layout of ultrasonic rangefinders. 

Rangefinders (1) and (2) serve to measure both the absolute distance to the wall and, 
indirectly, the relative angle at which the robot is positioned against the wall. This is 
achieved by activating these rangefinders intermittently to avoid crosstalk, and 
comparing the values received. The algorithms used for triggering, reading and 
interpreting the values from the ultrasonic sensors can be found in Appendix B. If the 
difference between the values is found to be within a certain subjective tolerance, it is 
counted as a ‘match’. Since the received values from the rangefinders are not always 
accurate and produce stochastic results, a basic filter is implemented in order to get rid 
of false positives. These false positives are most likely caused by the ultrasonic waves 
deflecting off of nearby objects in such a manner that they appear to be a genuine 
measurement of the distance to the wall. Given how unpredictable such occurrences are 
it is next to impossible to foresee every single one that might occur. Instead, the 
assumption is made that such unlucky measurements will not happen right after one 
another. A filter is constructed as follows with some less important details omitted: 
 

 
 
Positioning step 3) requires that the robot moves up or down the y-axis while still 
remaining perpendicular. This is achieved by implementing a proportional controller as 
described in Appendix D. 
 

  #Start rotating robot 

        perpendicular = False 

        match = 0 

        tolerance = #Appropriate number in centimeters 

  while not perpendicular: 

   [x1, x2] = read_both_sensors() 

   delta = abs(x1 – x2) 

   if delta > tolerance: 

    match = 0 

   if delta < tolerance: 

    match += 1 

   if match >= (Number of matches required): 

    perpendicular = True 

    #Stop rotating robot 
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In order to adjust the positioning of the demonstrator on the x-axis, ultrasonic 
rangefinder (3) is used. After the robot has positioned itself on the y-axis using camera 
tracking, the robot is rotated 90 degrees in order to face the wall. Then, depending on if 
the robot is closer or further away from the wall than requested, it proceeds to drive 
forwards or backwards. These two steps are controlled by separate discrete PID 
controllers (see Appendix D). The 90 degree rotation step features a filter that has a 
break function for when the mean value of a list of previous measurements is below a 
certain tolerance. 

3.3 Electronics 

The following section describes in detail the wiring between all the components, Raspberry Pi 
2 and the power supplies.  

3.3.1 Power supplies and voltage regulation 

 
The robot runs off of two power supplies, one of which is split up into two outputs with 
different potential. The Raspberry Pi 2 is powered by a standard off the shelf USB 2.0 
battery power supply, providing 2200 mAh of energy and 1 A continuous output. For 
some applications involving the RPi2 it is generally recommended to have a power 
supply capable of delivering 2 A continuous output [Raspberry Pi Foundation, 2015]. 
But in this case the total current drawn by the Raspberry Pi 2, Camera Module, Wi-Fi 
dongle and GPIO output pins peaks at around 0.5-06 A. This measurement was done 
with a so called “Charger Doctor”, a USB-configured Volt and Ampere meter. With these 
considerations in mind, a continuous 1 A power supply was deemed sufficient. 
All the sensors and motors are powered by a 7.5 V battery pack consisting of 6xAA NiMH 
rechargeable batteries. Rechargeable NiMH batteries were chosen for having a relatively 
consistent discharge curve compared to standard disposable AA alkaline batteries 
[Powerstream, 2015]. This makes for more consistent motor control over time, given the 
direct relationship between the potential fed in to a DC motor and the torque it produces 
[Johansson, 2013]. 
The output from the 7.5 V battery pack is split up into two parts; one part goes straight 
into the motor power supply pin on the L293D motor controller, the other gets 
regulated down to 5 V by a TI LM7805 voltage regulator as illustrated by Figure 7. 

 

Figure 7. Power supply schematic 

The two capacitors are in parallel with the LM7085 to filter out any transient 
oscillations in potential [Fairchildsemi, 2014]. All of the components share a common 
ground. 
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3.3.2 Motor control 

 
The robot features two DC motors that operate in between 3-6 V. The current draw of 
each motor varies from 100 mA to 300 mA depending on rotational speed and load, as 
measured with a multimeter. With these specifications a L293D motor controller was 
chosen to power and control the DC motors. The L293D is capable of continuously 
powering two motors for up to 600 mA each with a 5-36 volt input range [Texas 
Instruments, 2004]. It is worth noting that the potential drops 1.5 volts from the power 
supply to the motor outputs, so for this particular application the output voltage 

becomes approximately (7.5 1.5) 6Battery LossU U V V     which is within the motor 

specifications. The L293D’s onboard logic is powered by a 5 V pin that is fed by the 
power supply. 
In order to control the motors, the L293D is configured with two Enable pins, one for 
each motor. For a current to pass through any of the output pins connected to the 
motors, a steady 5 V supply needs to be connected to these pins [Texas Instruments, 
2004]. To satisfy this criterion both Enable pins are connected to the LM7805 5 V 
regulated power supply. See Figure 8 for a pin-out diagram for the L293D.  
 

 
Figure 8. Connections of L293D Motor controller. 

The motors are fed a constant potentatial through a PWM (Pulse Width Modulation) 
protocol, the main purpose of which is to control the angular velocity of the DC motors 
while providing a steady torque [Johansson, 2013].  The four Input pins on the L293D 
are fed a 20 kHz PWM signal. With no datasheet available for the motors, this frequency 
was determined with a trial-and-error approach, by trying to find the highest frequency 
at which motor control was subjectively deemed satisfactory. Higher frequencies than 
20 kHz produced excellent motor torque at the cost of motor control for lower speeds.  
Frequencies lower than 20 kHz produced good motor control, but diminished torque.  

3.3.3 Servo Control 

 
In order to rotate the camera so it can track the visual marker, a standard servo was 
chosen for the task. The servo is the FutabaS3003 that features an operating input 
potential of 4.8–6 V and three connections for Vcc (power supply), GND and Signal . The 
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Vcc pin is connected to the 5 V output from the LM7805 regulated 5 V power supply, and 
GND is connected to the common ground shared by all components. The signal pin is 
connected to GPIO 07 pin (pin 26 as counted from top left to bottom right). The 
Futaba3003 is controlled by feeding it a PWM signal from the GPIO pin on the RPi2. The 
neutral position, i.e. 90 degrees, is achieved by adjusting the PWM signal to 
approximately 1500 µs long peaks [ServoDatabase, 2015]. By setting the PWM protocol 
to 50 Hz, this corresponds to a neutral position at a duty cycle of 7.5 at a 1-100 range. It 
follows that, in theory, a duty cycle of 2.5 and 12.5 should correspond to 0 and 180 
degrees respectively. In the script controlling the servo, the following function was tried 
 

 deg
(deg) 2.5 10

180
DC    

(3.7) 

 
where DC  stands for Duty Cycle and deg  for degrees. Equation (3.7) assumes a linear 

relationship between the duty cycle and servo actuation. The particular servo used for 
the robot turned out to be inaccurate in its positioning in the 0-60, 110-180 degree 
range using Equation (3.7). The inaccuracies were manually measured and estimated to 
be roughly 10 degrees off of the correct positioning in some cases. In order to improve 
the accuracy between the angle requested and angle produced by the servo, manual 
measurements were taken for various duty cycles as can be seen in Figure 9. 
 

 
Figure 9. Measured relationship between duty cycle and degrees. 

 
From this it can be concluded that there is not a strict linear relationship between duty 
cycle and the positioning in degrees by the servo. In order to compensate for this a 
calibration was done, using the above data to create a polynomial, by implementing the 
least squares method polyfit() in MATLAB [MathWorks, 2015] The polynomial was set to 
degree three which produced the following equation for duty cycle as a function of 
requested degrees 
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 3 2(deg) -0.0000004359deg 0.0001437deg 0.03371deg + 3.486DC     (3.8) 

 
Equation (3.8) produced considerably more accurate results than Equation (3.7), which 
was confirmed by manually measuring the angle to which the servo adjusted to.  See 
Appendix B for the code used to control the servo. 

3.3.4 Ultrasonic Rangefinder 

 
Three HC-SR04 ultrasonic rangefinders are used that require a 5 V power supply, a 
ground connection and two pins for Signal and Echo. The HC-SR04 runs on 5 V logic and 
therefore the Echo signal is sent to the RPi2 as 5 V [Mikropic, 2015]. This creates a 
problem, since the GPIO pins of the RPi2 can only safely receive 3.3 V [elinux, 2015]. 
Therefore the 5 V output signal from the Echo pin is put through a resistor, R1, to bring 
down the potential to a level the RPi2 can manage(Figure 10). 
 

 
Figure 10. Schematic of HC-SR04 configuration. 

 

3.4 Components 

3.4.1 Raspberry Pi 2 Model B+ 

The Raspberry Pi 2 Model B+ (shown in Figure 11) was released in 2015 and features 
for its price point a very powerful processor and 1 GB of RAM. This minicomputer and 
its predecessors are very popular choices for robot builders for its compactness and 
relative ease of use. The Raspberry Pi 2 can be run using several kinds of operating 
systems; for this particular project Raspbian was used. The foremost reason for 
choosing this particular processing platform is its ability to render live camera feeds and 
process them in the appropriate imaging software needed for this project. Other 
microcontroller platforms such as Arduino have a better ability of accurately controlling 
servos and certain sensors but ultimately they do not have the processing power needed 
to process live image feeds [stackexchange, 2014]. 
All communication with the RPi2 is done through a Wi-Fi connection that is provided by 
a TP-LINK TL-WN725N Wi-Fi dongle. PuTTY software is used on a laptop to log in and 
execute commands on the RPi2. 
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Figure 11. Raspberry Pi 2 Model B+. 

3.4.2 Raspberry Pi Camera Module 

 
The Raspberry Pi camera module is developed and manufactured by element14 and is 
fully compatible with the RPi2 [Raspberrypi.org, 2015]. It offers a native resolution of 5 
MP and comes with a standard flat-flex cable that is approximately 15 cm long. In order 
to avoid any mechanical stresses on the flat flex cable and the connectors while the 
camera is rotated around, a 35 cm flat flex cable was chosen instead to give some leeway 
for movement. The camera module was mounted on the servo with a Pimo Roni camera 
mount. 

3.4.3 HC-SR04 

 
A popular way of measuring small distances (in the range of approximately 5 cm to 2-3 
m) for robot makers and hobbyists is to use an ultrasonic distance sensor, a typical 
example of which is pictured in Figure 12. For this project the model HC-SR04 was used 
for all ultrasonic range finding. This particular model is triggered by sending a 10 µs 
signal to its trigger pin, upon which it sends out eight pulses of 40 kHz sound waves. The 
transceiver then listens for the echo and produces a 5 V high logic level signal on the 
echo pin that is proportional in length to the distance measured. The echo signal is 
approximately 150 µs to 25 ms long and produces a 38 ms signal if no echo is detected. 
As discussed in the Theory section an operating angle of less than 15 degrees at 
distances less or equal to 2 meters to the object undergoing measurement is 
recommended [IteadStudio, 2010]. Measuring distances larger than 2 m severely limits 
the reliable angle range.   

 

 
Figure 12. HC-SR04 Ultrasonic rangefinder 

3.4.4 Three wheeled robot chassis 

 
It was determined early on that a three-wheeled robot chassis with independent motor 
control was necessary for the proposed motion algorithms. A suitable chassis was 
available and supplied by the Mechatronic institution at the Royal Institute of 
Technology, pictured in Figure 13. 
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Figure 13. Three-wheeled robot chassis. 

The chassis features two brushed 3-6 V DC motors and a rear wheel that passively 
rotates around its own center axis to adjust to any movement by the two front wheels. 
Although the rear wheel can rotate freely, it can have an impact on the rotation of the 
robot due to its slight offset, meaning that the horizontal center of the rear wheel does 
not perfectly line up with its vertical rotational axis. 
The two separate levels of the chassis make for a solid foundation to lay out all the 
necessary components.  The lower level is entirely dedicated to battery storage, 
including a 6xAA NiMH battery pack and a 2200 mAh USB power pack. The upper level 
houses the RPi2, ultrasonic rangefinders, camera module, motor controller, power 
supply and servo. The robot in its entirety is described in more detail in Appendix C. 

3.4.5 L293D H-bridge motor controller 

 
The RPi2 is fundamentally unsuitable for powering DC motors, given its severely limited 
current output on the GPIO pins [Understanding Outputs, n.d.]. Instead some sort of motor 
controller with a separate power supply is necessary to control and power the motors. 
For this task the L293D was chosen. The L293D is capable of simultaneously powering 
two motors and is compatible with a PWM control scheme. 

3.5 Results 

A set of three trials were conducted. The robot was placed at the coordinates 

( 30, 40)X Yl l   and then programmed to go to a specific position. This was repeated 

20 times for each position. The positions are laid out in Table 3. 
  

Table 3. Trial parameters. 

Trial 
XL  YL  Sample size 

1) 20 20 20 
2) 40 40 20 
3) 60 60 20 

 
See Appendix A for more information on the experimental setup. The deviation from the 
requested coordinates is calculated as: 
 

  i ideviation L l cm   (3.9) 

 
The deviations for the separate trials and the total deviations for all trials are shown in 
Figure 14, Figure 15, Figure 16 and Figure 17.  Mean deviations are found in Table 4. 
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Figure 14. Histogram of deviations in the first trial. 

 

Figure 15. Histogram of deviations in the second trial. 
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Figure 16. Histogram of deviations in the third trial. 

 
Figure 17. Histogram of all three trials combined. 

Table 4. Mean deviation in absolute values. 

Trial number Mean deviation, x-axis [cm] Mean deviation, y-axis [cm] 

1 0.48 3.92 
2 1.38 4.5 
3 1.1 5.38 

Total 0.98 4.6 
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4 Discussion and conclusions 

4.1 Discussion 

 
The histograms in section 3.5 clearly show that the positioning of the robot is quite 
sporadic, although some trends are obvious. First thing to note is that the deviations on 
the x-axis are significantly smaller than those on the y-axis. This should not come as a 
surprise since the positioning on the x-axis relies solely on the front ultrasonic sensor 
and not on any combined tracking algorithms. The positioning on the y-axis relies on a 
color filtering algorithm in combination with two PID controllers working 
synchronously. The two PID controllers are for keeping the robot perpendicular and 
moving the servo for object tracking. This is complicated even further by glitches in the 
motor control, which happened a lot. The reduction gears for the motors seemed to get 
stuck or bogged down at times and this in turn induced oscillations in the PID 
controllers, producing a cascading effect. By observing the robot when it performed its 
navigation, it was quite clear that the largest deviations in section 3.5 were a result of 
such oscillations.  
 
When the algorithms were allowed to run without mechanical disturbances, the 
positional accuracy improved markedly. Figure 17 shows the combined result of the 
trials and the graphs seem to approximate a normal distribution. Further testing would 
most likely reinforce that trend, with the positioning on the y-axis having larger variance 
than the x-axis due to the above mentioned factors. There also seems to be a strong 
correlation between the absolute distance to the reference and the variance in deviation. 
This is especially prominent for the y-axis in Figure 16 compared to Figure 15 and 
Figure 14. 
 
In hindsight it would have been useful to implement some form of optical encoding for 
motor control, since motor unreliability was by far the biggest source of error during the 
development of the robot. This would however require a larger chassis and time 
restrictions prevented a complete rebuild on a different platform. If the project was to 
be started again from scratch, a fourth ultrasonic rangefinder would have been added to 
complement the one in the front of the robot, to measure if the robot is facing the wall 
perpendicularly.  This would prevent it from going off course when undergoing 
positioning step 4). By combining all of these upgrades and slowing down the robots 
movement it is not unlikely the system could position itself within a ± 1 centimeter and 
± 2 centimeter tolerance on the x and y-axes respectively. 
 
Overall, the results were a pleasant surprise by showing that if further calibration is 
done and some components upgraded, the system will navigate with a fairly high degree 
of precision. The most significant result is that the positioning seems to be repeatable, 
which means that achieving accuracy is merely a matter of adjusting a few constants in 
the control algorithms. In other words, the navigational errors appear to be systematic 
and not entirely random. In terms of practical applications of a system like this, it would 
probably have to be supplemented by more rangefinders and a mapping system before 
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it can start navigating freely without having to go through discrete steps as discussed in 
section 3.1. 

 

4.2 Conclusions 

 
The robot was tested within a 60x60 cm area and navigated to the requested 
coordinates with a total mean deviation in absolute values of 0.98 and 4.6 cm on the x 
and y-axis respectively. Biggest source of error was unreliable motor control inducing 
oscillations in the control algorithms. Navigation can be improved by fine tuning the 
control algorithms, adding more ultrasonic range finders and using a propulsion system 
with better precision. 
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5    Recommendations and future work 

5.1 Recommendations 

 
To further improve the concept of utilizing ultrasonic rangefinders and object tracking 
for indoor navigation, it’s very important to use reliable components to further reduce 
the stochastic behavior caused by the inaccuracies in the sensors and propulsion. The 
DC motors used for propulsion and their accompanying gearboxes should preferably be 
of a higher quality than the ones used for this project. Make sure to get consistent speed 
responses for given motor duty cycles.  Here a set of optical encoders could improve 
motor control, finally bringing together map-based positioning with odometry. Motor 
control can be further enhanced by using a motor driver with a built in PWM generator 
to get a cleaner signal than that produced by the RPi2. This would enable more accurate 
results for higher PWM frequencies. 
The Futaba S3003 used in this project played a fundamental part in positional accuracy. 
Although it was calibrated, it’s better to use a higher quality servo for better accuracy  
and resolution throughout the entire range of motion.  
 

5.2 Future work 

 
The system discussed in this report can be implemented with other means of navigating 
indoors and can supplement systems that rely mostly on range finding or beacon 
triangulation with Wi-Fi signals as an example. More work can be put into making the 
color and object tracking more sensitive and robust to eliminate the need for a lit 
beacon. 
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APPENDIX A: THE EXPERIMENTAL SETUP 
 
The visual beacon was constructed using an array of 8 LED’s in a row. This LED device, a 
NeoPixel Stick, was connected to an Arduino Uno as laid out by Table A.1  
 

Table A.1 Connections between Arduino and NeoPixel stick. 

Arduino NeoPixel Stick 

GND GND 
+5 V 5VDC 

Digital PWM 6 DIN 

 
 
The code for the Arduino, or more commonly known as “sketch” is as follows 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When running this code the LED’s produce a violet color, a color chosen because it’s a 
color less commonly found in indoor environments, as to not confuse the tracking 
algorithms. 
This visual beacon was taped against the wall at approximately 15 centimeters above 
floor level. The visual beacon was considered the origin of the coordinate system and all 
measurements were taken from the origin to the rotational axis for the camera on the 
robot. Since the ultrasonic rangefinders are approximately 7 cm from this point, a 
correction was put into the code to account for this. 

#include <Adafruit_NeoPixel.h> 

#include <avr/power.h> 

 

#define PIN 6 

#define NUMPIXELS  8 

#define BRIGHT1 90 #Intensity level, 0-255 

#define BRIGHT2 0 

#define BRIGHT3 90 

Adafruit_NeoPixel pixels = Adafruit_NeoPixel(NUMPIXELS, PIN, NEO_GRB + 

NEO_KHZ800); 

void setup() { 

  pixels.begin(); 

} 

void loop () { 

  pixels.setPixelColor(0, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(1, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(2, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(3, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(4, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(5, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(6, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.setPixelColor(7, pixels.Color(BRIGHT1,BRIGHT2,BRIGHT3)); 

  pixels.show(); 

} 
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APPENDIX B: MOTOR, SERVO AND SENSOR 

CONTROL 
The motors are controlled by outputting PWM signals with varying duty cycles. This is 
accomplished with the RPi2 by the following code: 

 

 The particular GPIO pins used are arbitrary, the only requirement is that they are in fact 

GPIO and not some other pin, for example the GND or +5V pin on the RPI2, pictured in 

Figure B.1. 

Code for servo control: 

 

import RPi.GPIO as GPIO 

freq = #The chosen PWM frequency 

GPIO.setmode(GPIO.BOARD) #Pins are counted from top left to bottom 

right 

GPIO.setup(11, GPIO.OUT)  #Motor 1, sets this particular pin as an 

       #output pin 

 

GPIO.setup(13, GPIO.OUT) #Motor 1 

GPIO.setup(40, GPIO.OUT)  #Motor 2 

GPIO.setup(16, GPIO.OUT)  #Motor 2 

m1_1 = GPIO.PWM(11, freq) #Sets the PWM frequency 

m1_2 = GPIO.PWM(13, freq) 

m2_1 = GPIO.PWM(40, freq) 

m2_2 = GPIO.PWM(16, freq) 

 

m1_1.start(0) #PWM duty cycle initially set to zero 

m1_2.start(0) 

m2_1.start(0) 

m2_2.start(0) 

 

m1_2.ChangeDutyCycle(dutycycle) #Sets the wanted duty cycle for motor 

1 in reverse mode 

 

m1_1.ChangeDutyCycle(dutycycle) #Sets the wanted duty cycle for motor 

1 in forward mode 

def actuate(self, angle_input): 

        if angle_input < 0:  #Limits value of angle 

            angle_input = 0 

        if angle_input > 180: 

            angle_input = 180 

        duty_cycle = Decimal( -0.000000435943388)*angle_input**3 + 

Decimal(0.000143774247407)*angle_input**2 + 

Decimal(0.033719375819547)*angle_input + Decimal(3.486236453742778) 

        p.ChangeDutyCycle(duty_cycle) 
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Figure B.1. Out/Input pins on the Raspberry Pi 2. 
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The ultrasonic sensors are triggered and read by the following code: 

 

 

 

 

 

import RPi.GPIO as GPIO 

import time 

 

 

GPIO.setmode(GPIO.BOARD) # Pins are counted from top left to bottom right 

 

TRIG1 = 29 #Pin number setup 

TRIG2 = 31 

ECHO = 15  

TRIGFRONT = 37 

 

GPIO.setup(TRIG1, GPIO.OUT) 

GPIO.setup(TRIG2, GPIO.OUT) 

GPIO.setup(TRIGFRONT, GPIO.OUT) 

GPIO.setup(ECHO, GPIO.IN) #There are three TRIGGER pins but only one ECHO, due 

to the sensors being read intermittently thus allowing shared ECHO pin 

GPIO.output(TRIG1, 0) 

GPIO.output(TRIG2, 0) 

 

delay = 0.00001 

velocity = 343  #Speed of sound in air 

 

### Example of a distance reading 

 

def read(self, trig): #trig is the sensor to be triggered 

        TRIGX = trig 

        GPIO.output(TRIGX, True) #Sends out ultrasonic wave 

        time.sleep(delay 

        GPIO.output(TRIGX, False)  

        while GPIO.input(ECHO) == 0: #Waits until echo is received 

            pass 

        start = time.time() 

        while GPIO.input(ECHO) == 1:  #Echo received 

            pass 

        stop = time.time()  

        time_read = stop – start #Measured travel time 

        return self.distance(time_read) 

 

def distance(self, time_read): 

        dist = 100 * velocity * time_read/2 #Returns distance in centimeters 

        return dist 
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APPENDIX C: THE FINISHED ROBOT 
 

 
Figure C.1. Frontal view of the finished robot. 

 

 
Figure C.2. Top view with boxes showing the different components. 

 
The components in Figure C.2 are as follows: 

1) Raspberry Pi 2 Model B+ with Wi-Fi dongle and keyboard USB hub. 
2) Ultrasonic range finders. 
3) L293D motor driver. 
4) Power supply board. 
5) Camera module and a servo beneath it. 
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APPENDIX D: PID CONTROL IN PYTHON 2.7 
 
The discrete PID controller was  constructed as follows for object tracking: 

 
The PID control for rotating the robot 90 degrees: 

 

def cameratracknew(self, angle, error_list): 

        x = self.scan()[0] 

        if x is not None: 

            x /= 4 

            k = 0.17 

            ki = 0.013 

            kd =  0.025 

            error = (x - 20) 

            error_list.append(error) 

            angle += Decimal(k*error + k*ki*sum(error_list) + k*kd*(error 

- error_list[len(error_list) - 2])) 

             

            self.rot_servo(angle) 

        return angle, error_list 

 

  distance = twodistance.Distance.read_all() 

        distance = (distance[0] + distance[1])/2 #Average diatance 

        offset = 8 #The offset in distance between front and side 

        tolerance = 1.5 

        m = motor.Motor() 

        speed = 10 

        m.run2(speed) 

        run = True 

        k = 5.5 

        ki = 0.015 

        kd = 6 

        bound = 7 

        error_list = [] 

        error_correction = 1 

        while run: 

            if len(error_list) > 10: 

                error_list.pop(0) 

            dist = d.read_front() 

            error = (dist + offset) - distance 

            error_list.append(error) 

            if len(error_list) > 4 and (error > (error_list[0], 

error_list[1], error_list[2])): 

                error_correction = -error_correction  #This reverses the 

rotation when robot is getting further away from the target 

            speed = error_correction*k*(error + ki*sum(error_list) + 

kd*(error - error_list[len(error_list) - 2])) 

if speed > bound:    

                speed = bound 

            if speed < -bound: 

                speed = -bound 

            m.run2(speed) 

            if len(error_list) > 4 and (sum(error_list)/len(error_list)) 

< tolerance: 

                m.cleanup() #Stops motors 

                run = False #Exits while loop 
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The PID control for positioning step 4), adjusting the robots position on the x-axis: 
 

 
 
 
 
 
 
 
 
 
 

def adjust_x(self, new_distance): 

        m = motor.Motor() 

        tol = 1 

        var = twodistance.Distance() 

        speed = 0 

        y = 0 

        k = 0.5  #PID parameters 

        ki = 0.2 

        kd = 0.5 

        bound = 40 

        error_list = [] 

        while y == 0: 

            if len(error_list) > 10: #Limits the size of error integral 

                error_list.pop(0) 

            dist1 = [] 

            i = 0 

            while i < 1:  #Number of reading for average value 

                i += 1 

                dist1.append(var.read_front()) 

                time.sleep(0.03) 

            dist = sum(dist1)/len(dist1) 

            if abs(dist - new_distance) > tol: 

                if speed > bound: 

                    speed = bound 

                if speed < -bound: 

                    speed = -bound 

                stop_bound = 0.5 

            error = dist - new_distance 

            if (0 < error < stop_bound) or (-stop_bound < error < 0): 

#Stop condition 

                m.cleanup() 

                break 

            error_list.append(error) 

            speed = k*error + k*ki*sum(error_list) + k*kd*(error - 

error_list[len(error_list) - 2]) 

            if speed > bound: 

                speed = bound 

            if speed < -bound: 

                speed = -bound 

            m.run_both(speed) 

        m.run1(0) 

        m.run2(0) 
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Proportional controller used for keeping the robot perpendicular: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

def running_perp(self): 

        self.forward() 

        [x1, x2] = self.scan()  #Reads both ultrasonic rangefinders 

        delta1 = x1 - x2 

        delta2 = x2 - x1 

        i = 0 

        k = 60*1.2 

        while i == 0: 

            if delta1 < 0: 

                delta1 = -delta1 

                if delta1 > self.tol:   #Deviation larger than tolerance 

                    speed_cor = (1 - self.tol/delta1)*(k) 

                    self.run_ind(self.speed + speed_cor, self.speed) 

                    break 

            if delta2 < 0: 

                delta2 = -delta2 

                if delta2 > self.tol: 

                    speed_cor = (1 - self.tol/delta2)*(k) 

                    self.run_ind(self.speed, self.speed + speed_cor) 

                    break 

            delta1 = -delta1 

            delta2 = -delta2 

            if delta1 < self.tol: 

                self.forward() 

            if delta2 < self.tol: 

                self.forward() 

            i += 1 

        return [x1, x2] 
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