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Abstract

Design and Evaluation of an Autonomous Vehicle
Based on GPS Navigation

Yuefan Chen

This thesis has been done in the field of robotics. The 
focus of this project is to design an autonomous 
vehicle following a desired path by a RTK (Real Time 
Kinematic) GPS, including designing prototype 
PCB(Printed Circuit Board) layout, finding sensors and 
components for the system, designing and simulating 
the control system and making software. The system is 
based on a robotic vehicle with three wheels where 
two of them are driving. An ARM CORTEX A9 based 
controller is running the system. 

In software, in order to do the sensor fusion to reduce 
noise influence in the system, a Kalman filter is 
implemented. System stability is achieved by 
implementing a PID controller. The study concludes 
that an autonomous vehicle can reach an accuracy of 
±5cm by using the RTK-GPS.
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Chapter 1. Introduction 
1.1 Description 
Due to the waste of time on mowing lawn, a need for autonomous vehicle has increased. 
However, autonomous machines in industries for automatic goods transportation and 
storeroom item management are nothing new [1]. There are many types of auto-mowers 
available on the market, such as Husqvarna AutoMower 305®, Honda Miimo®[2

 

], etc. 

However, all these robots are not perfect and usually don’t have a good control because 
of the cost of software and hardware. All existing machines can only randomly mow the 
lawn without any rules. Therefore some parts of the lawn may be cut several times 
which cause a waste of energy. A good way to control the mower and let it follow a 
track is needed. This relies often on position indication that is very limiting and can be 
expensive. It can be wires in the floor or reflective indicators on walls/ceilings [3

 

] or 
landmarks or having positioning sensors mounted outside to provide accurate position. 

Nowadays, since wireless tags are getting cheaper in price, positioning system is more 
popular than before. Positioning systems based on GPS/GLONASS, Bluetooth, or 
VLan has been widely studied for being used in robot system. GPS is good choice in 
industry area since it has existed for several decades and there are a lot of options for 
GPS modules in the market. But one weakness for a GNSS system is that it only works 
works outdoor. Indoor or places with obstacles won't work properly with a GNSS 
receiver due to a lot of reasons, for example, multi-path reflection and signal 
attenuation etc [4

 

]. 

 
Figure1.1 Honda Miimo running on the grass [5] 
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This thesis aims to control a vehicle based on a GPS system, the advantage is flexibility 
and very short time required for installation. Our hope is to use this system for 
positioning on robot instead of physical indicators. 

1.2 Background 

The Global Positioning System (GPS) is a space-based satellite navigation system 
established in 1960s for an optimum positioning system [4]. It can work anywhere on or 
or near the Earth, where there is an unobstructed line of sight to four or more GPS 
satellites. The satellites constellation consists of 24 satellites that run over the world. By 
By tracking more than 4 satellites, a precise position can be known. This is done by 
precisely timing the signals sent by GPS satellites high above the Earth. Each satellite 
continually transmits messages that include 

 The time the message was transmitted 
 Satellite position at time of message transmission [6

The users who have GPS receivers can know the travel time by comparing local time 
with transmit time and then compute its distance to the satellite. As soon as we know 
more than 4 distances to satellites, an approximated position will be obtained by 

] 

trilateration. Uncertainty is caused by a number of error sources such as clock bias, 
clock drift, ionosphere, multi-path reflection, etc. Also uncertainty various depending 
on which computation algorithm is used [4]. 
 
Besides GPS, there are other satellites-based positioning systems in the world. They are 
are European GAILIEO Satellite System, Russian GLONASS and Chinese Beidou [4]. 
They are different in the signal characteristics and services to users. Among them, GPS 
GPS is still the most mature and advanced system in the world that all positioning 
receivers support it [7

 

]. 

A GPS system can be used as positioning system for vehicles or some other moving 
targets. But normally people use NMEA data for navigation. NMEA known as National 
Marine Electronics Association (more precisely NMEA 0183) is a communication 
standard for marine electronic devices such as sonar, GPS receivers[8

 

]. It uses an ASCII, 
serial communications protocol. It standardizes sentences used in the communication 
between devices. A typical example is GPGGA sentence in GPS in which an 
approximated position in the format of longitude, latitude and altitude is shown. 
Though it is popular to use NMEA, the error various and is not controllable. Therefore 
it is not impossible to use NMEA measurement from GPS receivers to navigate our 
machine. Usually, there are quite a few ways to enhance the accuracy through precise 
monitoring and measurement. 

http://en.wikipedia.org/wiki/Satellite_navigation�
http://en.wikipedia.org/wiki/Satellites�
http://en.wikipedia.org/wiki/Trilateration�
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1.2.1 Carrier-Phase Enhancement (CPGPS) 

The CPGPS method corrects the error that arises because the pulse transition of 
the PRN code [9

1.2.2 Real Time Kinematic (RTK) satellite navigation 

] is not instantaneous, thus a small transition would cause a big error in 
the distance. This method uses carrier phase in order to correct the error, since carrier 
phase has a period of about 1ns that is one thousand of the PRN code.  

Real Time Kinematic is a technique used in land survey and in hydrographic 
survey based on the use of carrier phase measurements of the GPS, GLONASS and 
Galileo signals where a single reference station provides the real-time corrections, 
providing up to centimeter-level accuracy[4]. It is deeply investigated that if a reference 
GPS is used, some error that is hard to remove in stand-alone GPS receivers can be 
easily avoided, especially when two receivers are not too far apart. 
 

1.3 Current Research 
Vehicles based on RTK-GPS are well developed since they can normally provide 
accuracy down to centimeter level. This technology so far has already been applied in 
vehicle industry. In 2012, Scania AB, Sweden has tested RTK-GPS satellite navigation 
in their vehicles for accurate navigation, which uses data from a fixed reference station 
placed in Mårtsbo outside of Gävle, Sweden, but unfortunately, their solution gave a 
RMS(root mean square) positioning error of 0.67M in the northern direction and 0.32m 
in the eastern direction [10

In some research areas, a lot of evaluations have been done. For example, one Korean 
group applied it in a real car, but due to the high speed of the vehicle, only 20 cm RMS 
can be achieved [

]. 

11

 

]. 

1.4 The problem 
Although there are a lot of researches on autonomous vehicles, not so much work has 
been done in vehicles with RTK-GPS by low-price receivers.  

To design a system in an autonomous vehicle, there is a lot of work that should be done 
before a test can run. Challenges such as component selection, PCB design for 
electronic board and model-based implementation must be taken into account. When 
making a new model, we need to choose good parameters and tune the system 
according to physical facts. Moreover, as there is signal transmission between reference 
station and mobile vehicle, we need to do signal processing to avoid unnecessary noise. 

In conclusion, there are a lot of details to consider if we would like to have a qualified 
implementation. In the following chapters, we will discuss this step by step. 

http://en.wikipedia.org/wiki/Global_Positioning_System�
http://en.wikipedia.org/wiki/GLONASS�
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1.5 Thesis Structure 
The following chapters are structured as shown below: 
 

 Chapter 2: we present the theory for our implementation. First, we discuss 
about the basic operational principle of autonomous vehicles. We then 
introduce the Kalman filter technique, which is used in our software. The last 
part will go through a motor control algorithm.  

 
 Chapter 3: This chapter discusses everything about our implementation 

from hardware to software. In the hardware part, we present which sensors 
we use, the schematic and layout of our PCB design. For software, embedded 
Linux will be introduced and we also present the software structure and the 
main idea of how to make real-time software threads. 

 
 Chapter 4: This chapter focuses on the tests in an open area outside and the 

results are concluded and all statistics are shown for better understanding. 
 

 Chapter 5: In this final chapter, we summarize the entire thesis and present 
points that we can improve upon in the future. 
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Chapter 2. Theory 
In the market, usually most autonomous vehicles available don’t contain any precise 
position sensors due to high cost. To be able to drive a vehicle by using cheaper sensors, 
we need a good mathematical algorithm that is mostly implemented in a MCU. The 
vehicle we used in our implementation consists of three wheels. Two of them are 
driving wheels and one is a support wheel. Driving wheels control the heading of the 
vehicle as well as the speed by changing the wheel speed. The motors for the driving 
wheels are brushless DC motors, which need a three-phase controller [12

 

].  

To be able to know the position and heading as accurately as possible, speed and other 
measurements are taken into account. In this machine, we have a sensor package 
incorporated with a GPS receiver to detect the state of the vehicle [13

 

]. But since the 
sensors as well as the GPS receiver are noisy, the machine should be simulated in a 
good mathematical model in order to get proper control. This chapter discusses how to 
derive the mathematical model, and how we tune the system in order to meet our need. 

 

2.1 Principle of operation 
In our implementation, both reference station and vehicle get position signal from many 
GPS satellites. The reference station always forwards all information including health 
of satellites, position of satellites, etc. to the vehicle. Note that all the calculation is done 
in the vehicle, and the role of reference station is only to forward data to the vehicle. 
The vehicle will do a sensor fusion on signal from GPS data and sensors and estimate a 
position. 
 
Once we have the position, the machine will calculate the current error and use this 
number to adjust its speed to get itself close to the ideal line that it should follow. 
 
Principally, we have stored the starting point and end point in the memory in the vehicle. 
These points are in the format of (X,Y) coordinates so we know all the positions on this 
line by calculating them as described in the following equations.  
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Figure 2.1-1 Operational Description.The mobile robot gets the same satellites’ information 
as the reference station does. Comparing those two sets of data yields estimation about the 
mobile robot’s position. 
 
The graph below shows a line starting with A(Xa,Ya) and ending with B(Xb,Yb). The 
coordinates for any dots along the line can be obtained from the equation: 
 

(𝑋,𝑌)𝜖 �(𝑋,𝑌)|𝑦 =
𝑌𝑏 − 𝑌𝑎
𝑋𝑏 − 𝑋𝑎

∗ 𝑋 +
𝑋𝑏𝑌𝑎 − 𝑋𝑎𝑌𝑏
𝑋𝑏 − 𝑋𝑎

,𝑋 ∈ [𝑋𝑎,𝑋𝑏],𝑌 ∈ [𝑌𝑎,𝑌𝑏]� 

 
 
 
 
 
 
 
Figure 2.2-2 Two dots in a line with their coordinators define a line along which all 
dots’ coordinators can be calculated. 
 
 
 

Reference Station Mobile robot 

A(Xa,Ya) B(Xb,Yb) 
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2.2 Kalman filter 

Since we have a variety of sensors for the machine and each sensor has some 
uncertainty in the measurement, the Kalman Filter is then necessary to filter out the data 
data and make a better estimation of vehicle’s state. The assumption here is that all 
noise follows normal distribution (Gaussian distribution) [14

 

].  

The model is expressed according to [15

 𝑋𝑘−1 = 𝐴𝑘𝑋𝑘−1 + 𝐵𝑘𝑢𝑘 + 𝑤𝑘              (2.1) 

] 

 
Where  
𝐴𝑘 is the state transition model which is applied to the previous state 𝑋𝑘−1 
𝐵𝑘 is the control-input model which is applied to the control vector 𝑢𝑘 
𝑤𝑘  is the process noise which is assumed to be drawn from a zero mean multivariate 
normal distribution with covariance Qk 

 𝑤𝑘~𝑁(0,𝑄𝑘) 
 
Then the measurement which can be used to derive the estimated state is made 
according to 

 𝑍𝑘 = 𝐻𝑘𝑋𝑘 + 𝑣𝑘                 (2.2) 
Where 
𝐻𝑘  is the observation model which maps the estimated state space into the observed 
space  
𝑣𝑘 is the observation noise which is assumed to be zero mean Gaussian white noise 
with covariance 𝑅𝑘  

 𝑣𝑘~𝑁(0,𝑅𝑘) 

 
Figure2.3 An example of the Kalman Filter. A parabola is discretely sampled by ADC with 
noise added in. After Kalman filtering, a smooth parabola is generated. 
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The Kalman filter basically is derived from the Bayesian equation which uses a form of 
of recursive process, the filter first estimates the process state from previous state, then 
then the estimated state, compensated by noisy measurements will be fed back into the 
the model and become said previous state for the next process. Therefore, the Kalman 
filter can be expressed in two stages: Time update stage and Measurement update stage 

stage [14]. 

Time update stage 

The process state will evolve as time passes. In this stage, we also update variance for 
the state. It is also an priori estimate. 

Measurement Update stage 

In this stage, we use the noisy measurements to obtain an estimate. It can be considered 
as a posteriori estimate.  

 
Figure 2.4 Kalman Filter recursive process [14] 

 
 

2.2.1 Discrete Kalman filter 
Continuous model or signal is not accepted in a computer, neither is a standard Kalman 
Filter. Thus, we use discrete Kalman filter. The Kalman filter model can be written as 
follows:  

 
State prediction: 

  𝑋�𝑘|𝑘−1 = 𝐴𝑘𝑋�𝑘−1|𝑘−1 + 𝐵𝑘𝑢𝑘−1            (2.3) 

  𝑃𝑘|𝑘−1 = 𝐴𝑘𝑃𝑘−1|𝑘−1𝐴𝑘𝑇 + 𝑄              (2.4) 

The equation above is based on how we think the state will be according to the control 
input and previous state. Since we also know the variance from last state, we can predict 
the next variance after the current state. 
 
Measurement update： 

𝐾𝑘 = 𝑃𝑘|𝑘−1𝐻𝑇(𝐻𝑃𝑘|𝑘−1𝐻𝑇 + 𝑅)-1            (2.5) 



9 
 

𝑋�𝑘 = 𝑋�𝑘|𝑘−1 + 𝐾𝐾�𝑍𝑘 − 𝐻𝑋�𝑘|𝑘−1�            (2.6) 

 𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻)𝑃𝑘|𝑘−1                     (2.7) 

The first equation above is to calculate the Kalman gain which is a weight for whether 
we should trust the state or measurement. The K is decided by both the state variance 
and the measurement variance. The next equation is to get the optimal estimate for the 
current state based on the prediction from the model and actual measurements from 
sensors. 
 
 

2.2.2 Extended Kalman Filter 

The Kalman filter addresses the general problem of trying to estimate the state by a 
linear stochastic process. However, in a lot of practical cases, the process is non-linear . 
For instance, in our model, as we will see later, we have sin and cos in the formula. 
Fortunately, some successful applications of Kalman filtering have been applied in such 
situation. Therefore, a Kalman filter which can linearize the model, referred to as 
extended Kalman filter (EKF) is used [16

 

]. 

The state space model can be expressed as 

 𝑋𝑘−1 = 𝑓(𝑋𝑘−1, 𝑢𝑘 ,𝑤𝑘)                        (2.8) 

 𝑍𝑘 = ℎ(𝑋𝑘 ,𝑣𝑘)                 (2.9) 
 
If we do the linearization for the predicted state by doing Taylor expansion at point of 
X�k−1 then we obtain 

    𝑋𝑘−1 = 𝑓�𝑋�𝑘−1,𝑢𝑘 ,𝑤𝑘� + 𝐹�𝑋𝑘−1 − 𝑋�𝑘−1� + 𝐻.𝑂.𝑇    (2.10) 

 𝐹 = 𝜕𝑓
𝜕𝑥

|𝑋𝑘−1,𝑢𝑘 

Where F is the Jacobian matrix of f and H. O. T is higer order terms which are 

considered negligible 
 
Do the same to the observation equation, and then we have 

    𝑍𝑘−1 = ℎ�𝑋�𝑘−1, 𝑣𝑘� + 𝐻�𝑋𝑘−1 − 𝑋�𝑘−1� + 𝐻.𝑂.𝑇             (2.11) 
 

Where H is the Jacobian matrix of h and H. O. T is higer order terms which are 

considered negligible. 
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The EKF process then can be expressed as 

                                      𝑋�𝑘|𝑘−1 = 𝑓�𝑋�𝑘−1|𝑘−1,𝑢𝑘 ,𝑤𝑘� 

𝑃𝑘|𝑘−1 = 𝐹𝑃𝑘−1|𝑘−1𝐹𝑇 + 𝑄 

   𝐾𝑘 = 𝑃𝑘|𝑘−1𝐻𝑇(𝐻𝑃𝑘|𝑘−1𝐻𝑇 + 𝑅)^-1 

𝑋�𝑘 = 𝑋�𝑘|𝑘−1 + 𝐾𝐾�𝑍𝑘 − 𝐻𝑋�𝑘|𝑘−1� 

𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻)𝑃𝑘|𝑘−1 

 

 

2.3 Modeling 

2.3.1 Kinematic model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 2.5 Drawing for the model 
 

y
   

O 

�𝑥𝑡, 𝑦𝑡 , 𝑧𝑡 ,𝜑𝑡, 𝑣𝑟 , 𝑣𝑙,�̇�𝑡� 

�𝑥𝑡−1, 𝑦𝑡−1, 𝑧𝑡−1,𝜑𝑡−1, 𝑣𝑟 , 𝑣𝑙,�̇�𝑡−1� 

x 

Z 

 

Right wheel speed  

Left wheel speed  Yaw rate  



11 
 

In our implementation, we assume our machine is running on a flat ground meaning 
that the Up-axis is locked. In this case, we define our state vector as below. 

𝑥 = �𝑥,𝑦, 𝑧,𝜑, 𝑣𝑟, 𝑣𝑙,�̇��
𝑇

 

Where  
x, y, z are position of the machine in x, y, z axis of global coordinate system(ECEF) 
respectively. 

𝜑 is the turning angle with x axis. 

φ̇ is angle speed. 
𝑣𝑟 , 𝑣𝑙 are wheel speed for right and left wheel respectively. 
 
Since we are using a three wheels robot, the kinematic model is sufficient. Before we 
derive equations for the model, we should clarify the relation between different 
coordinate systems. 
 

2.3.2 Coordinates System 
In reality, what we can get is a relative position from the basestation. It is measured in 
ENU coordinator system. But in the world of GPS, most of the information from 
satellites are in the format of global coordinate system[17

 

]. When we do the calculation, 
we should convert position to an agreed coordinate system. 

 

 
Figure 2.6 A drawing showing relationship between three coordinator systems with ECEF in 
blue, geodetic system in yellow and ENU in green[18

a. ENU coordinates 

].  

The local ENU coordinates are formed from a plane tangent to the Earth's surface fixed 
fixed to a specific location and hence it is sometimes known as a "Local Tangent" or 
"local geodetic" plane. By convention the east axis is labeled X, the north Y and the 
up Z. The green lines in the picture above show the positioning coordinate system in 
ENU. Note that the origin is self-defined and can be put anywhere in this case[19

 

].  
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b. ECEF coordinates 
The blue lines in the picture show the earth-centered earth-fixed (ECEF), it rotates with 
with the Earth and has its origin at the center of the Earth. The X-axis passes through 
the equator at the prime meridian. The Z-axis passes through the North Pole but it does 
does not exactly coincide with the instantaneous Earth rotational axis [4]. The Y-axis can 
can be determined by the right-hand rule to be passing through the equator at 90° 
longitude [19].  
 

c. Geodetic coordinates 
The orange lines show geodetic coordinates. In this coordinates the Earth's surface is 
approximated by an ellipsoid and locations near the surface are described in terms of 
latitude (φ), longitude (λ) and height (h). This is widely used in GPS receiver in the 
format of NMEA [19]. 

 
 
The model is in ECEF and the observation from ENU 

From ECEF to ENU 

�
𝑥
𝑦
𝑧
� = �

−𝑠𝑖𝑛λ 𝑐𝑜𝑠λ 0
−𝑠𝑖𝑛𝜑𝑐𝑜𝑠λ −𝑠𝑖𝑛𝜑𝑠𝑖𝑛λ 𝑐𝑜𝑠𝜑
𝑐𝑜𝑠φ𝑐𝑜𝑠λ 𝑐𝑜𝑠φ𝑠𝑖𝑛λ 𝑠𝑖𝑛𝜑

� �
𝑋𝑝 − 𝑋𝑟
𝑌𝑝 − 𝑌𝑟
𝑍𝑝 − 𝑍𝑟

�      (2.12) 

Where Xp,Yp,Zp is the machine position in ECEF system, Xr,Yr,Zr is the base state 
position in ECEF system as reference point. 
φ, λ is latitude, longitude for base station. 
 

From ENU to ECEF 

�
𝑋
𝑌
𝑍
� = �

−𝑠𝑖𝑛λ −𝑠𝑖𝑛𝜑𝑐𝑜𝑠λ 𝑐𝑜𝑠𝜑𝑐𝑜𝑠λ
cosλ −𝑠𝑖𝑛𝜑𝑠𝑖𝑛λ 𝑐𝑜𝑠𝜑𝑠𝑖𝑛λ

0 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑
� �
𝑥
𝑦
𝑧
� + �

𝑋𝑟
𝑌𝑟
𝑍𝑟
�      (2.13) 

Herex y z is local ENU coordinator system. After transformation, we have ECEF 
position for the robot. 
 
 

2.3.3 Model Definition 
First, we derive velocity evolution from the transformation matrix. 

�̇� =
𝑉𝑟 + 𝑉𝑙

2
∗ cos(𝜑) 

http://en.wikipedia.org/wiki/ECEF�
http://en.wikipedia.org/wiki/Prime_meridian#IERS_Reference_Meridian�
http://en.wikipedia.org/wiki/Right-hand_rule�
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                  �̇� = 𝑉𝑟+𝑉𝑙
2

∗ sin(𝜑)                (2.14) 

Deviate the equation 2.13, we have 

            �
�̇�
�̇�
�̇�
� = �

−𝑠𝑖𝑛λ −𝑠𝑖𝑛𝜑𝑐𝑜𝑠λ 𝑐𝑜𝑠𝜑𝑐𝑜𝑠λ
𝑐𝑜𝑠λ −𝑠𝑖𝑛𝜑𝑠𝑖𝑛λ 𝑐𝑜𝑠𝜑𝑠𝑖𝑛λ

0 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑
� �
𝑥
�̇�
�̇�

̇
�     (2.15) 

 
The discrete kinematic model for our machine can be expressed as 

                   

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑋𝑡
𝑌𝑡
𝑍𝑡
𝜑𝑡
�̇�𝑡
𝑉𝑙(𝑡)
𝑉𝑟(𝑡)⎦

⎥
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑋𝑡−1 + �̇� ∙ 𝑑𝑡
𝑌𝑡−1 + �̇� ∙ 𝑑𝑡
𝑍𝑡−1 + �̇� ∙ 𝑑𝑡
𝜑𝑡−1 + �̇� ∙ 𝑑𝑡

𝑉𝑟+𝑉𝑙
2𝐿

𝑉𝑙(𝑡−1)
𝑉𝑟(𝑡−1) ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

               (2.16) 

 
Insert equation 2.15 to equation 2.16, we obtain 

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑋𝑡
𝑌𝑡
𝑍𝑡
𝜑𝑡
�̇�𝑡
𝑉𝑙(𝑡)
𝑉𝑟(𝑡)⎦

⎥
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑋𝑡−1 − 𝑠𝑖𝑛λ ∙

𝑉𝑟 + 𝑉𝑙
2 ∗ cos(𝜑) ∙ 𝑑𝑡 − 𝑠𝑖𝑛𝜑𝑐𝑜𝑠λ ∙

𝑉𝑟 + 𝑉𝑙
2 ∗ sin(𝜑) ∙ 𝑑𝑡

𝑌𝑡−1 + 𝑐𝑜𝑠λ ∙
𝑉𝑟 + 𝑉𝑙

2 ∗ cos(𝜑) ∙ 𝑑𝑡 − 𝑠𝑖𝑛𝜑𝑠𝑖𝑛λ ∙
𝑉𝑟 + 𝑉𝑙

2 ∗ sin(𝜑) ∙ 𝑑𝑡
𝑍𝑡−1

𝜑𝑡−1 + �̇� ∙ 𝑑𝑡
𝑉𝑟 + 𝑉𝑙

2𝐿
𝑉𝑙(𝑡−1)
𝑉𝑟(𝑡−1) ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(2.17) 

The measurements are [20

GPS position 

𝑍𝑝𝑜𝑠 = �
𝑋
𝑌
𝑍
� 

]: 

With its covariance 

𝑅𝑝𝑜𝑠 = �
𝜎𝑥2 0 0
0 𝜎𝑦2 0
0 0 𝜎𝑧2

� 

 



14 
 

And its transformation matrix 

𝐻𝑝𝑜𝑠 = �
1 0 0   
0 1 0  
0 0 1  

0 0 0
0 0 0
0 0 0

   0
   0
   0
� 

X,Y,Z are position data from GPS. Here we do a loose-coupled Kalman Filter in which 
we don’t directly put GPS data. Instead, we first calculate position and then put them 
in the matrix.  
 
Speed measurement  

𝑍𝑝𝑜𝑠 = �𝑉𝑙𝑉𝑟
� 

 
With its covariance 

𝑅𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = �
𝜎𝑙𝑒𝑓𝑡 𝑤ℎ𝑒𝑒𝑙
2 0

0 𝜎𝑟𝑖𝑔ℎ𝑡 𝑤ℎ𝑒𝑒𝑙
2 � 

 
And its transformation matrix 

𝐻𝑝𝑜𝑠 = �0 0 0
0 0 0

   0 0 1
   0 0 0

   0
   1� 

 
Those speeds are from hall sensors that are very accurate which has a very small 
number for variance. 
 
Angle speed measurement 

𝑍𝑔𝑦𝑟𝑜 = 𝜔 

     
With its covariance 
  

𝑅𝑔𝑦𝑟𝑜 = �𝜎𝑔𝑦𝑟𝑜2 � 

 
And its transformation matrix 

𝐻𝑔𝑦𝑟𝑜 = [0 0 0   0 1 0 0] 
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2.3.4 Simulation 
The whole simulation is based on Matlab code, and I tried different parameters to see 
how different variance affects the system by using a Kalman Filter. The performance 
is evaluated by comparing peak error and mean error. 
 
The simulation steps are shown below: 

 
Figure 2.7 Simulation steps 

 
In order to know the performance of the model, we need to change the system’s 
parameters and compare them with different cases. Parameters such as covariance for 
measurement, model transformation vector and estimated speed are very important.  
 
Ideal state 
We first use the parameters to generate an ideal state like position, speed, yaw rate,etc. 
These states are used to compare with our estimation. The right and left wheel speeds 

Generate IDEAL state 

Add noise 

Simulate state by using 
Kalman filter 

Initial Parameters 

Draw conclusion based 
on graphs 

Change Parameters 
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are fixed, so the ideal position (x,y) curve will give you a predefined pattern. For 
instance, if we have Vl>Vr, then we will have a ring after some simulation steps. If we 
have Vl=Vr, then we will almost have a straight line. 
 
Noise generation 
In reality, all measurements are noisy. In our case, the real measurements such as 
speed, yaw rate and position follow normal distribution. In order to make the scenario 
close to reality, we manually add noise to the measurements by add random numbers 
which follow normal distribution. 
 
Kalman filter  
In this stage, we use a Kalman filter to remove the noise and make the estimation as 
close as possible to the ideal state. In the system, the most important thing is 
covariance. A small change in variance will probably make the system unstable.   
 
 
 

 Scenario 1 
Vl=0.3 m/s Vr=0.2 m/s  

 
Figure 2.8 Ideal situation. Before added in noise, the track is smooth. 

 
In this figure, we see that since we have different speed on two wheels, the path it will 
follow must be a circle. As showed in the second graph, the angle speed is a fixed 
number. 
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Figure 2.9 A circle with noise added in 

 
As showed in figure above, after adding noise, the position data we get from raw data 
is not smooth.  
 

 
Figure 2.10 A circle after using a Kalman filter 

 
This graph above shows the position curve after using a Kalman filter, we can see, it 
is smoother than the noisy graph.  
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Figure 2.11 Absolute error by comparing estimated position to ideal position. 

 

 Scenario 2 
In this case, we assumed that our system knows the speed is around 0, in reality they 
are 0.2m/s and 0.3m/s. But we set a higher variance for the speed.  
 

 
Figure 2.12 Estimated position after a Kalman filter in scenario 2. 
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Figure 2.13 Absolute error in scenario 2 

 

 Scenario 3 
We use the same speed variance as above, but we give a bigger number to yaw rate 
variance. 

 
Figure 2.14 Estimated position after a Kalman filter in scenario 3. 
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Figure 2.15 Absolute error in scenario 3 

 
 

 Speed Variance Yaw rate 
Variance 

Peak Error Average 
Error 

Scenario 1 0.1 0.01 3.9 cm 1.3 cm 
Scenario 2 1 0.01 4.1 cm 1.5 cm 
Scenario 3 1 0.1 6.0 cm 1.7 cm 

Table 2 Simulation Result 
 

Conclusion 

As shown above, there are two ways to make optimal estimations. One is to strictly 
follow the rule of measurements—Use accurate data, precise variance. Or if we don’t 
know accurate measurement, then we can have a higher variance. The Kalman filter 
will determine a sub-optimal estimation. In our case, it only made slightly bigger 
errors. 
But it is really important that all parameters follow practical rules. If one sets an 
unreal number, a dramatic error will soon appear and ruin the system. 
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2.4 Control theory 
As soon as given target coordinators, the vehicle runs following a straight line to the 
target. Due to the noise in the measurement and slip on the grass, a regulator is needed 
to correct the vehicle’s position. It can be controlled by changing the wheels speed. In 
our implementation, wheel speed is proportional to the DC voltage we put in the 
motor controller. This section discusses a simple control system to avoid oscillation. 
 

Description 

In our project, the system model is a closed-loop system since outputs from the 
Kalman filter are considered as feedbacks [21]. There are a lot of existing controllers 
available for different purposes. PID controller [22], LQR controller [23] and H-∞ 
controller [24]are very popular in applications. In autonomous vehicle field, LQR is a 
robust optimal controller but when it faces uncertainties, new issues appear [25]. 
Disadvantages of H-∞ controller include the high level of mathematical 
understanding needed to apply them successfully and the need for a reasonably good 
model of the system to be controlled [26][27][28][29

25

]. A PID controller is enough for our 
application [ ], especially when a SISO system is used [15]. The objective of the 
control theory is to use PID and choose an appropriate set of PID parameters for the 
system. 
 

 
Figure 2.16 Control structure described in blocks 

 
As showed in figure 2.16, it’s desirable to control the position along the predefined 
path. We can achieve this by controlling the error between real position and desired 
position as mall as possible. The error generated by comparing real position and 
desired position will be an input in the PID controller. 
 
The motor controller is, basically, a converter containing a look-up table used for 
translating driving information into voltage signals. Given a value from PID controller, 
the motor controller does translation according to the equation below: 

Position in X,Y 
Kalman 

Filter 

 

Noise ε 

 PID 
Motor 

Controller 

Ref Position 

Measurement 

𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑟,𝑙 

+ + + + 

- - 
Reference 
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𝑉𝑠𝑒𝑡 = �

5𝑉          𝑜𝑣𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝑠𝑝𝑒𝑒𝑑 − 𝑠𝑝𝑒𝑒𝑑𝑚𝑖𝑛
𝑠𝑝𝑒𝑒𝑑𝑚𝑎𝑥 − 𝑠𝑝𝑒𝑒𝑑𝑚𝑖𝑛

∙ 4.9[𝑉] + 0.1[𝑉] 𝑏𝑒𝑙𝑜𝑤 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
� 

 
When the motor controller is on, the motor has a lowest speed even if we give a 0 
Volts to it. That means, if we want to stop it, the only way is to switch it off by 
disabling it. 
 
The mathematical expression for PID controller is 

error =ref -y(t) 

𝑢(𝑡) = 𝐾𝑝𝑒𝑟𝑟𝑜𝑟(𝑡) + 𝐾𝐼 � 𝑒𝑟𝑟𝑜𝑟(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒𝑟𝑟𝑜𝑟(𝑡)

𝑑𝑡

𝑡

0
 

where 

𝐾𝑝 is the proportional gain 

𝐾𝐼 is the integral gain 

𝐾𝑑 is the derivative gain 

 
 
The control system depends on the mathematical model we use in the machine, 
however, it is more determined by the physical model of the machine. Thus, 
simulation can only reflect rough performance of the controller but a step to tune the 
controller is needed for better performance. Since PID is a very popular and common 
controller in the world, the simulation won’t be shown here. 
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2.5 Motor controller 

This module is used to control BLDC (brushless DC motors) by directly giving three- 
phase signal according to the input voltage. In order to select a proper device or 
design our own module, we must know the operational principle of it. 
 

 
Figure 2.18 Brief schematic of motor controller[30

 

] 

As we can see in the figure 2.18, usually a motor controller contains one 
microcontroller, three signal drivers for each phase, triple half bridge power stages 
and a sensor feedback controller[31][32][33

32

]. Signal drivers are used to drive the logic 
signal so that it can directly control the bridge circuit. The triple half-bridge circuit 
based on power MOSFETs behaves as a power stage, which usually amplifies the 
current and raise the voltage level [ ]. When the motor is running, due to the magnetic 
Hall effect[34

 

], the motor will have some signal feedback about its state. By knowing 
the state of coils, the microcontroller can adjust control steps and make it stable. 

Operational principle 
BLDC (Brushless DC) motors generally have three coils. The commutation of the 
phase depends on the position. When one coil is charged, a magnetic field is 
generated and a force is created to drive the motor. Only two coils are conductive at 
one time [35].  
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Figure 2.19 Commutation Steps for CW operation [35] 

 
Hall Sensors 

Value 
Switches Commutation for 

Clockwise Rotation 
Switches Commutation for 

Counter-Clockwise Rotation 
Coils Switches Coils Switches 

101 A-B HS1-LS2 B-A HS2-LS1 
001 A-C HS1-LS3 C-A HS3-LS1 
011 B-C HS2-LS3 C-B HS3-LS2 
010 B-A HS2-LS1 A-B HS1-LS2 
110 C-A HS3-LS1 A-C HS1-LS3 
100 C-B HS3-LS2 B-C HS2-LS3 

Table 3 Operation Sequence [35] 
 
According to the table above, the signal to make the motor move is showed below 

 
Figure 2.20 Signal Diagram [32] 

 
To be more precise, the signal for each coil should be sinusoid wave. This can be done 
by PWM(pulse width modulation) and a look-up table [36

 

].  
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Chapter 3. Design and Implementation 
In this chapter, we mainly discuss how to implement our system in both hardware and 
software. In hardware, we choose an ARM CORTEX A9 platform called Pandaboard 
since it is well prepared and documented. Before we start to put our software and 
finish the system, we need to connect all the sensors. In order to put everything in a 
small room, we decided to design a PCB. In software, we use Linux 3.2.60 TI-OMAP  
branches with several patches, such as a real time patch, and a WIFI patch. Our aim is 
to have a real time operating system and to have a stable, easy-maintainable 
environment. 
 

3.1 Hardware Implementation 

3.1.1 Mechanical Design 
In our case, we used Husqvarna lawn mower and did some modification in order to 
meet our needs. The model we used for prototype is Auto Mower 305. The machine is 
a three wheels system with two differential speed wheels and one support wheel. 
 
 
 
 

 
 

Figure 3.1 Bottom view of our autonomous vehicle [37

 

] 

 
 

3.1.1.1 Antenna 
The first modification for the machine was that we made a metal base for both the 
prism and the GPS receiver as shown in the picture above. The reason we put a prism 
on the top of the machine is that we will use Leica TP1200+ (discussed in 3.1.3.3) to 
detect the true ground measurement based on laser reflection from the prism. 
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Figure 3.2 Left photo shows an original vehicle and right is a vehicle after modification with 
GPS antenna and prism mounted on. 
 
 

3.1.1.2 Water-Resistance 
Because of too much rain in autumn in Sweden, a water protection is required to 
avoid short circuits in the circuit board. 
 
 

Figure 3.3 A plastic cover is made and stick at the edge of the vehicle to protect the circuit 
board against water. 
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3.1.1.3 Room for circuit board 
Inside the machine, it is hard to put the circuit board in such a small space. To be able 
to fix our circuit board in the machine, we drilled some holes and changed some parts 
of the plastic chassis.  

    
Figure 3.4 Circuit board can fit into the space in the machine 

 
 

3.1.2 Electronic Design 
This part discusses about the electronic design including the sensor selection and PCB 
layout. As the board should be put in a small room, a predefined size and light -weight 
PCB board is preferred. 
 
Since we use an arm processor as our microcontroller, we choose a Pandaboard for 
our evaluation. The board is really powerful that uses OMAP4430 [38

 

] provided by TI, 
which has 2 Cortex A9 cores cooperated with 2 Cortex M3 cores and one DSP. Only 
two A9 cores are occupied running Linux. 

Figure 3.5 Pandaboard Specifications [39

 

] 
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3.1.2.1 Hardware specification 
For the motor control part, the brushless motor from LINIX® needs a three-phase 
controller. I didn’t design it myself since it may take several weeks. Thus a small 
1-quadrant digital controller module was chosen, named as DEC Module 50/5 from 
Maxon motor®. The motor can either change the speed by setting different DC voltage 
level, or set rotation direction via GPIO. Moreover, it supports motors with various 
RPM. 
 
The DEC module controls motor speed according to the input voltage. The voltage 
can change from 0V to 5V. However, a Pandaboard is not able to generate any analog 
signal. Thus a DAC (Digital Analog Converter) controlled via I2C bus is needed. In 
this project, we chose MAX517[ 40

 

] as our DAC, it has 8-bit resolution. 

Besides, we have other sensors that cooperate with Pandaboard. They use different 
serial communication protocols. 
 
Device Name Manufacturer  Interface Voltage Level Purpose 
3 axis 
gyroscope 

STM 
L3G4200D 

SPI 3.3V Yaw rate 

3 axis 
accelerometer 

STM LIS302DL SPI 3.3V Acceleration 

Motor 
controllers 

MAX 517 
 

I2C 5V Motor control 

GPS Module Ublox EVK-6T USB 5V GPS data 
Receiver Zigbee USB  5V Receive data 

from 
basestation 

Functional Pins On board GPIO 5V Control start 
stop, and 
direction  

Hall Sensors  LINIX SPI 3.3v Information 
about wheel 
speed. 

Table 1 Sensor information 
 

The table above lists the sensors we use. The purpose of the table is to help us to 
understand what protocol we should use and how to agree on the voltage levels. 
 
The Pandaboard itself has only 1.8V as output [39], so if we directly connect it with 
higher voltage, it will definitely blow up. Therefore, we chose TI-TXS0102 [41

 

] as our 
level shifter. The purpose of this circuit is to translate signal between different voltage 
level, for example 1.8V to 3.3V 
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Figure 3.6 Overview of the hardware connection 

 

 
 

The picture above shows two expansion headers we would like to connect our sensors 
with, and these two headers are the only places where the sensors can communicate 
with the ARM processor. Among those pins, there are some pins for I2C and SPI. 
 
 

3.1.2.2 PCB design 
The hardware board design was done using Altium Designer®. Since it is just an 
expansion board to Pandaboard, we need to take the shape into consideration. Since 

Int/Ext Bus 

Int/Ext Bus 
Communication 

 

 
I2C bus 

 
Gyroscope 

 

GPS module 

Orientation Position 

 
Pandaboard  (CORTEX A9) 

Actuator  (2X) 

 
LINIX motor  DEC 50/5 

Core controller 

 

Wireless Link 

SPI BUS 
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the Pandaboard has one power header and one USB connector. So we must reserve 
some space for them. 
 
The DEC 50/5 module has DIP connectors, thus we don’t need to solder them on the 
board. Instead, we just need to have some headers for it. It is easier to plug in and out 
it in case we want to check it out. 

3.Schematic 

As mentioned before, the circuit board is only an expansion board to the Pandaboard. 
Since the most important part is not included on the expansion board, we only need to 
think about how to connect right pins with our sensors. Two schematic can be found 
in Appendix A1 and A2. 
A.1 illustrates how Pandaboard’s expansion headers connect with our sensors. 
Between each connection, we have one level-shifter translating the voltage between 
different standards. 
A.2 shows connection with DEC 50/5 boards in which DigN1 [42

 

] is connected to the 
ground. That is for choosing the right rotation speed range for the motors.  

PCB layout 

 
Figure 3.7 PCB layout of our expansion board for Pandaboard 
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Figure 3.7 shows our PCB placement. Three DEC 50/5 modules are used on our board. 
They are U1, U2 and U3. The USB connector is far from the header. It is not a good 
idea since USB is high speed bus that requires short routing distance, but in our case, 
we are not able to plug in any device from the bottom side, so for the sake of 
convenience, we put it on the top. 
 
On the board, we put connectors instead of sensors, that is because sensors need to be 
put in other places inside the machine. It is flexible to change the position of those 
sensors and then connect them with the Pandaboard by wires. 
 
  

 
Figure 3.8 PCB layout of our board, top and bottom view 
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3.1.3 Sensors 

3.1.3.1 Gyro 
A gyro is used to detect 3 axis angle speeds which are yaw, roll and pitch respectively. 
The L3G4200D is a low-power three-axis angular rate sensor able to provide 

unprecedented stability of zero rate level and 
sensitivity over temperature and time. The 
L3G4200D has a full scale of ±250/±500/±2000 
dps and is capable of measuring rates with a 
user-selectable bandwidth [43

 

]. 

 
 
 

 Figure 3.9 A 3-axis gyro 
 
In our case, because the spinning rate is not very high, we use ±250 dps to get higher 
resolution, which is more accurate.  
 

Configuration of the gyro 

The Bypass mode is used so that when a message is polled, we always get the latest 
information from the sensor. We don’t care about the history of the value in the gyro 
because the frequency in the machine is pretty high which is 10Hz.  
This gyro supports 16 bits floating numbers, so we can get quite accurate value from 
the chip. We set the sampling frequency to 200Hz, and 250dps. Then the resolution 
we can have, according to the datasheet, is 8.75mdps/digit . 
 
Since I2C is used mostly for wheel speed configuration and detection, it’s better to 
use some other serial interface to talk with the gyro. SPI is a good choice because it 
supports higher speed bus than I2C (we poll 16 bits of gyro data 10 times per second) 
although it requires more pins (typically it is 4 pins). 
 

Test with yaw rate 

A test is needed for gyro since we need general information about the yaw rate, for 
example, bias, variance and average value. There are a lot of ways to do it. We choose 
an easy way to do this. We put the sensor in a stationary plate and kept it for one hour 
without disturbance. Data was polled every 0.1 second and the distribution along time 
axis and value axis was displayed. 
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Figure 3.10 Yaw rate data in 1 hour. The picture shows a distribution along time axis 
 

From figure 3.10, we can see that data are not spread completely along 0, it has an 
offset instead. 
 
 

 
   Figure 3.11 Yaw rate data in number-value domain 
 
After display distribution in value, we can see it follows a normal distribution which 
has -0.0069 as mean value and 8.2462*10-6 as variance. 
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3.1.3.2 Hall sensors 
Normally, there are two ways to know the speed from wheels. One is to use encoders 
that detect marks on wheels, another way is to use hall sensors since when the wheel 
is spinning, it will have phase signal for feedback. In our implementation, we use hall 
sensors feedback because hall sensor, compared with encoder, is more accurate and it 
will not be affected by any other issues like light disturbance, speed frequently 
changed and so on. 
 

 
Figure 3.12 Output signal from Hall sensors 
The output from motor control board is a square wave with frequency from 100Hz to 
500Hz [42]. By the formula in the datasheet we can know the wheel speed and gearbox 
ratio. 
 

n =
fmonitor n ∙ 20

Zpol
 

Where fmonitor n is the frequency from hall sensor as output [42] 

  Zpol is poles number in the motor 

  N is speed in rpm 
First of all, we estimate the gearbox ratio and we assume it should be an integer 
number 
 
 
Time Average frequency Rotation times RPM 
59.5 120.4 12.2 602 
59.8 201.2 17.1 1006 
58.6 244.3 21.3 1221.5 

Table 4 Form for computing gearbox ratio 
So we estimate that the gearbox ratio for the motor is 50 since it is always an integer 
number. 
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3.1.3.3 GPS Data 
Position data plays an important role in the model and it affects the accuracy of the 
system significantly. Thus, as it is an out-running robot, we choose RTK-GPS 
(Real-time Kinematic GPS) as our positioning system. The RTK-GPS we have now is 
provided by my colleague and can continuously give us position in X, Y, Z in global 
coordinator system (ECEF).  
 
To be able to test about RTK-GPS, we put those receivers in an open-area for a long 
time. We used Leica TPS1200+ as our measuring device for true ground data. Leica 
TPS1200 series Theodolites are modern geodetic measurement instruments. The 
principle of its operation is to calculate the difference of time between when the laser 
is emitted and when the laser is received [44]. If we calibrate it properly, it can give us 
a precise position with an error less than 1 cm. The evaluation steps are shown below: 

 
Figure 3.13 Leica TP1200+ [44

 

] 

 
• Set up measuring device and receivers. 
• Evaluate a ground-truth position by Leica TP1200+ 
• Continuously store GPS position for a period of time 
• Compare the stored position with ground truth. 

 
 
 
 
The testing was done on a sunny day with two receivers put in open space for 1680 
epochs (24 minutes).The testing filed is showed in the picture below: 
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Figure 3.14 The picture shows how we put our GPS receiver in an open area. One 
receiver was put on the roof of a house. The other was put on the grass. 
 
 

a) Evaluation in X axis 

 
Figure 3.15 Error in the X-axis, variance is about ±3cm 
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b) Evaluation in Y axis 

 
Figure 3.16 Error in the Y-axis, variance is about ±4cm 

 
 

 
Figure 3.17 Error in the Z-axis, variance is about ±3cm 

 
 

Conclusion 
 We compare GPS data with true ground measurement in order to get necessary 
parameters for our model. From the graph, we can say that the GPS has an accuracy 
within ±3cm in both X and Y-axis. The variance for the GPS position is 0.00004. To 
avoid singular matrix calculation that occurs in computational calculation, we set the 
variance to 0.001 as a model parameter. 
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3.2 Software Implementation 

3.2.1 Operating system 
Writing code without OS is one option in our project, however, since we have 
multi-tasks and a quite complicated application, it is better to use an operating system. 
So far there are lots of embedded operating systems in the market. They can be 
divided into two categories, commercial OS and open source OS. 
 
Open Source: 

• eLinux 

Embedded Linux is a type of Linux ported to embedded systems. It is 
very popular since it is ported to a lot of mobile device. Mobile devices 
using android such as Samsung and HTC are all based on this [45][46

 

]. 

 

• uCLinux 

uCLinux is a small size version of embedded Linux since it is without a 
memory management unit. 
 
 

 

• MicroC/OS-II 

known as Micro-Controller Operating System Version 2. It is a 
priority-based pre-emptive real-time multitasking operating system 
kernel for microcontrollers and it takes only 20KB in memory space  
for a fully functional kernel [47

 

].  

• FreeRTOS 

known as real time operating system. It is real-time operating system for 
embedded devices. It is also designed to be small and simple. 
 

 
 
 
Commercial: 

• VxWorks 

VxWorks is real-time operating system developed by Wind River 
Systems. 
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• QNX 

 QNX is a commercial Unix-like real-time operating system aimed for 
embedded systems. 
 

 

• Microsoft WinCE 

Known as windows Embedded Compact. It is an operating system 
developed by Microsoft for embedded system. It is a hard real time 
operating system. 
 

 
 
 

The reason why we use Embedded Linux it that it has properties as below 46 
 
 
1. Well maintained  

Since it is a great competitor to Microsoft windows and is open source, it is 
maintained by lots of programmers. Very often, a newer stable release is published 
that would cover more devices and have better performance. 
 

2. Flexibility 
Linux is a flexible operating system, because it is open source. One can look at 
the kernel and modify the code and add more functionalities. Patches such as RT 
Linux is now available, which can optimize the real time response time. 
 

3. Multi-task support 
As other real time operating systems, Linux supports multi-task on the application 
layer. By the Pthread library, concurrent tasks can be implemented and a user can 
also choose a pre-emptible mode. 
 

4. Friendly user interface. 
People who has tried Linux programming environment will easily get used to the 
user interface.  
 

5. Variety of software 
There is a lot of open source software available for Linux. Tools such as DropBear, 
OpenCV lib [46], etc. are very useful and popular. 
 
And most of all, it is free! 
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Figure 3.18 Structure view of software in Linux [48

 

] 

 
Embedded Linux for PandaBoard 
 
There are a lot of Linux versions available, but after 2.6 all versions are similar 
despite of their version numbers. Thus, we use Linux Kernel 3.2.31 since it is not the 
latest and it is not very old. Compared with other versions, it contains less reported 
bugs.  
But to be able to have the system work in the Pandaboard, we also need to do some 
configuration before we really can run our applications. Luckily, modern embedded 
systems are now really powerful and work more like a PC.  
 
Pre-work: A specific compiler is used in ARM processor instead of X86 C compiler, 
such as GCC, or Visual C. Thus we use GNU ARM tool chain, in particular, 
CodeSourcery ARM GNU/Linux tool chain. It is mainline gcc that has stable ARM 
support. 
 
As the figure above illustrates, the operating system boots up following 4 steps . 
1. Load code 

Unlike a PC, embedded systems usually don’t have a BIOS. Instead, one bootable 
device is needed. In our case, we use a SD card and format the first partition as 
bootable. 
 

2. Boot Strap 
MLO is used to initialize the system environment and boot Uboot. 
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3. U-Boot 
It’s a tool like BIOS detecting existing devices and tells information to Linux 
kernel in order to make the boot successful. 
 

4. Kernel Booting 
When everything is done, the kernel starts booting.  
 

 
Figure 3.19 Booting sequence for embedded Linux (from top to down) 

 
a. Customized U-boot 
u-boot is open-source boot loader,which one can download from website. Some 
changes can be made before we compile it. First we can shorten the waiting time 
before it boots up. Second, choose OMAP4PANDA configuration file. After 
compilation, we have 2 files plus one configurable file that we will put on a SD card. 

  Uboot.img  Uboot image file used to be booted when system starts 
  MLO   MLO is a loader used to load code into the ram 
  uENV.script  environment script file passing parameters to uboot 

 
b. Kernel configuration 

Apply realtime patch  
Choose Omap4panda branch in .config file  
Menuconfig, select EHCI(USB 2.0) support, SPI, I2C support 

Load Code 
• Load code from ROM to RAM and start the system 

Boot Strap 
• Initial system environment and boot U-boot 

U-boot 
• Load Linux kernel and pass system parameter to the kernel 

Kernel booting 
• Start Linux 
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Figure 3.20 Typical view in Xconfig window 

 
c.  Compilation 
 This part takes more than 30 minutes depending on what features we have added 
and how many drivers we require. After compilation, we will have uImage, which is a 
compressed version of Linux kernel and a package of module files that can be 
inserted into the system. 
  
d. SD card Preparation 

The SD card works like a hard disk in a PC, thus we need to format one section as 
bootable part and another section as our file system. Then put all kernel files in it 
and wait to start. 
 

If everything goes well, we should get a similar console like below. 

 
Figure 3.21 Linux Kernel is booting 
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3.2.2 Application Layer 
This section mainly focuses on how to design our program based on Embedded Linux. 
The application handles all calculations including RTK GPS processing, control 
system, hardware driver and Kalman filter. 
 
Software Structure: 
 

 

 

Figure 3.22 Software Application Structure 
 

The application mainly contains two threads 
 

Positioning thread 
In this thread, a positioning calculation will always run and keep giving out 

position information. It is basically a Kalman Filter based calculation and runs at 0.2 
Hz. In order to catch the right time stamp, we use Linux pthread with real time patch. 
Note that we use delay until, rather than absolute delay. 

 
 

Pseudo code 

Kernel Motor Driver 
Gyroscope 

Driver 
Hall sensor 

Driver 

WIFI Thread 

Positioning 
Thread 

GPS 
calculation 

Control system 

Path Planner 

Wireless Link 

Void position_thread(void){ 
…. 
  Set_thread_priority();  //setting thread priority, this should be 
the highest. 
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WIFI thread 
This thread is basically a task sending back debugging information most of the time it 
is waiting for commands from the remote side or positioning thread. In our code, we 
first make our machine as a client by Linux socket programming. We put it in a thread 
just because we don’t want it occupying any CPU time when there is no 
communication needed. 

 

Pseudo code: 

 Time=Get_current_time(); //get current time 
  While(){ 
   Time=Time+0.2;   //set next time to start 
   Delay_until(Time);  //sleep until time arrives 
   …. 
   do 
    Kalman Filter  //Kalman model 
    …. 
   end 
   push_position_data();  //forward position information 
   …. 
  } 
} 

 

Network_connect(remote_address,port);  //connect remote host by 
giving IP and //port 

…. 
While(state!=connected);     //check the state until we 

successfully connect to the server. 
…. 
Create_thread(network_thread); 
…. 

 
Void network_thread(void){ 
…. 
Network_read() 
…. 
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Controller 
The PID controller is implemented by a function in which discrete proportion, 
integration and derivation is computed. 

Pseudo code： 

  

Parameter_P=P;  //Proportional gain 
 Parameter_I=I;  //Integral gain 
 Parameter_D=D;  //Derivative gain 

Controller(){ 
 
 Error_x = current_x-ideal_x;  //obtain error in x 
 …. 
 Error_y= current_y –ideal_y; //obtain error in y 
 …. 
 Error_distance=Square(Error_x)+Square(Error_y) //get absolute distance to ideal 
point 
 Intergration_Error +=Error_distance;    //do integration for error 
 Deviation_Error= Error_distance-prev_distance; //do derivation for error 
 …. 
 Pterm=Parameter_P*Error_distance;    //P 
 Iterm=Parameter_I*Intergration_Error;   //I  
 Dterm=Parameter_D*Derivation_Error;   //D 
 …. 
 Error_output=Pterm+Iterm+Dterm;    //Error output 
 …. 
} 
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Chapter 4. Test and Evaluation 
The performance of our autonomous vehicle is evaluated under different 
circumstances. In this section, we will present results based on different tests. 
Note that in this chapter, the coordinate system is different from any chapter above. 
When we say X Y Z, it means East, North and Up respectively. 

4.1 Preparation 
Before we have a test, we need to add some features to our system 

 

4.1.1 Simple path planning 
We require the vehicle to run continuously without manual control. The machine 

follows a desired path according to a pre-defined line determined by two dots and it 
should travel back and forth between those two points. Thus a simple path planner is 
needed. 

 
Figure 4.1 Simple path planning illustration. The machine will move back and forth between 
P1 and P2. The line it follows is generally away from the Load Station. 

 
The simple path planner basically stores two defined dots, and every time when the 
machine is moving, the planned line is calculated in the form of a grid. In order to 
make the machine go back and forth, we add two movement states in the model. They 
are TURNING, and MOVING. 
 
TURNING: 

A turning state is a state in which the machine will turn a certain angle in order to 
have a proper heading to the desired target. It doesn’t stop turning until an 
approximated angle has been reached. 
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MOVING: 
In this state, the machine keeps moving forward and tries to minimize the error by 

the PID controller. 

4.1.2 User Interface 
To be able to have a direct view of what is happening, we have a user interface for 
displaying the vehicle’s state and a console showing information for debugging. 
  

 
Figure 4.2 UI from my colleague. 

 

case (STATE_TURN) 
 { 
   If angle hasn’t reached then 
   Keep turning 
      Else 
   State= STATE_MOVING 
｝ 
    

 

 case (STATE_MOVING) 
  { 
   If it hasn’t reached target 
   Moving forward 
      PID control 
  }  
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The UI contains two parts, the left side is a line of buttons used for controlling the 
machine, for instance, we can change the mode, make it stop or continue moving. The 
right side is a picture that shows the current position of a vehicle in real time. And at 
the bottom, we can also see the position of the vehicle in the form of numbers. 
 
A terminal is always open when we run our machine since it can directly show us the 
status of our machine transmitted by WIFI. It is easy to understand whats going on 
with our system by just looking at it. 
 

 
  Figure 4.3 Debugging information in console. 

4.2 Test-bench 

 
Figure 4.4 View of testing place. 
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We made the tests in a football field called Danderydsvallen in Stockholm. The place 
has some features that are good for our tests: 

1. The field is a large open place around 100m2 with a good view of the sky. 
2. The ground is quite flat compared with other places. 
3. The grass on the ground can avoid causing slip of wheels 
4. Few people or animals are around, little disturbance occurs. 
5. Since we have grass on the ground, the track can easily be seen. 

 
 
 

4.3 Result 
The test was made during about 30 minutes 
 

 

    Figure 4.5 Tracks on the grass are almost straight.  
 
 
As we can see on the grass, the line is almost straight. The middle mark was from the 
support wheel at the bottom of the vehicle. The reason why sometimes the line was 
not straight may be because of out-of-flatness, meaning that Z axis changes and it 
introduces some error to the X and Y axis. 
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Figure 4.6 Track in user interface. 
 
 
 

4.4 Statistics 

 
Figure 4.7 Comparison between true ground position and estimated position. 
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Here we show our position data from raw data generated by the vehicle. As we can 
see from figure 4.7, the lines are quite similar except some spikes in the Leica graph. 
The reason is because the Leica generally detect an object’s position by calculating 
time of arrival of a laser beam. It is very important that the prism is very stable, as a 
small shaking in the prism will cause an error around 2-3 centimeters. Another reason 
is that there may be some holes on the ground thus when the vehicle passed, the prism 
would have an angle giving a longer or shorter travel distance for  the laser. There 
may be some other potential error inside the measurement that affect the system, such 
as wind on Leica system. 
Figure 4.8 Data comparison VS time in X-axis on the ground. X-axis in the figure represents 

time and Y-axis represents absolute value in X axis on the ground 
 
 
 

Roughly, two lines coincide with each other in the picture above in spite of spikes in 
the picture above. The graph illustrates the robustness of our system since both of 
them have the same trend. If a system is unstable, we would see a line moving away 
from the other one meaning the error keeps growing. 
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   Figure 4.9 Error in X and Y axis over time. 
 
Analysis 
As illustrated in figure 4.9, the errors are about 4 centimeters in average in both X and 
Y. As the GPS data provided by my colleague has an error below 3 centimeters, there 
must be some other factors bringing in large errors. 
 
First of all, the GPS receiver we used has a big antenna. Usually, a signal center point 
is not in the same position as the physical antenna center point. If we don’t take it into 
accont, this may cause a bias at the beginning. This can be seen from the graph diff x 
vs Time. 
Another reason can be the errors in the model. Parameters such as wheel speed, wheel 
perimeter together with ground slips bring errors to the system. 
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Chapter 5 Conclusion and Future work 
5.1 Conclusion 
The aim of this thesis is to control an autonomous vehicle with advanced GPS 
technology together with sensor fusion. This thesis tells a story about autonomous 
vehicle design from hardware to software. It also includes simulations before the 
software implementation, giving a complete view of this project. 

 
The project is part of an autonomous vehicle project designed by our company with 
path planning as an additional feature. The machine can run completely without 
manual control and run any pattern on the ground  

 
As the result illustrates, the machine is able to run following a desired path with an 
error under 2 centimeters. We kept it run for several hours, and it showed us its 
reliability, repeatability and robustness. It is a great success that an autonomous 
vehicle can run smartly. 

 
In conclusion, we can say all the stated goals have been achieved and that it is an 
expected system that we wanted to have at the beginning of the project. 

 
 
 

5.2 Future Improvement 
The machine is good enough as a first effort, but there are some improvements that 
can be still be made in the future. 

 

5.2.1 Up axis unlocked 
As we mentioned in Chapter 2, we assume the machine runs on a flat ground. That 
means we don’t measure Z-axis at all. This actually is a wrong assumption since 
normally a ground more or less has an uneven surface. As we discussed in the 
experiment result, spikes in measurement data can be found. It is because the Z-axis 
changes are not taken into consideration. To improve this, we can detect the pitch and 
roll rate and keep tracking the Z position. That can be done by modification in the 
mathematical model. 

 

5.2.2 Slip detection 
Usually, an autonomous vehicle moves on a slippery surface. The error caused by 
slips is very small, but when it runs for a while, those small errors will keep 
accumulating and finally ruin the system. To avoid this, we can either detect this from 
sensors mounted on the machine or we can use an advanced model analyzing the 
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situation and compensate it in some ways. 
 

5.2.3 Computer language 

Generally, a system or an embedded system is implemented by pure C because it is 
more close to hardware style, or at least anyone else can understand it easily from a 
hardware view. However, to keep it in a friendly form and help others maintain it, 
C++ is preferred since it has Classes and Objects. We were suffering at the beginning 
of this project because some code for example matrix computation could not be 
written in a nice way. A line of MATLAB like code A*B(Matrix) should be multiple 
lines in pure C.  
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Appendix A2 
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