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ROBUST NAVIGATION SYSTEMS FOR UAVS 

ABSTRACT 

Small and micro UAVs currently mostly use GPS/INS integrated navigation systems to 
provide position information. These are most commonly supplemented with barometric 
altimeters, ultrasound or laser rangefinders, and optical flow detectors. Overall, these 
systems work well under nominal conditions, however, there are multiple single points of 
failure present. Loss of GPS signal, for example, whether due to radio interference, flying 
through urban canyons or equipment failure, will render most systems unusable. This project 
aims to determine weak points in currently used navigation systems for small and micro 
UAVs, find appropriate solutions and test them in flight. So far, most of the outputs of this 
project were related to increasing the research capacities of the involved researchers, 
development of an in-flight test bed, and testing already existing algorithms. 
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1. INTRODUCTION 

Decrease in the production costs of unmanned aerial vehicles (UAVs), sensor and 
actuator equipment, and recent technological advances make them easily available for 
industrial and private usage. Drones are an emerging technology of unmanned aerial vehicles 
(UAVs) which combine two major branches of the technology  remotely piloted aviation 
systems (RPASs) and fully autonomous vehicles ([1], [2]). Academics and industry are 
investing essential resources into constructing UAVs and estimating their societal and 
economic impacts ([3], [4]). However, numerous aspects of this quickly maturing technology 
remain uncharted and the future of the urban UAV-traffic is not clear at all [5].  

The current market share of civil government and commercial use is relatively small 
14. However, the forecasts 

agree about the rapid growth of the civilian use of UAVs [6] and their economic impact and 
according to one report world civil UAV market is predicted to reach 9.85% ($1088 million) 
of the global UAV market by 2023 [7]. The UAVs are already intensively used in agriculture, 
aerial photography, surveying, law enforcement, advertising, and, more recently, in 
construction safety, package [8] and food delivery [9]. Industry leaders like Amazon, DHL 
and Google are already testing and using UAVs for various civil purposes, e.g. package 
deliveries [8]. The former Mayor of London Boris Johnson called for UAV package delivery 
solutions to help solve . 
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It is recognized by the research groups worldwide that all these applications rely on safe 
navigation in a very difficult environment, therefore several visual algorithms for 
simultaneous localization and mapping were developed ([11], [12], [13]). 

2. RESEARCH GOAL AND MOTIVATION  

Navigation of small and micro UAVs has many things in common with navigation of 
conventional aircraft, however, there are many challenges which are specific to the UAV 
operations. Conventional aircraft, here defined as those operating in general and commercial 
aviation environment, rely on a layered navigation infrastructure consisting of ground-based 
systems, satellite-based systems and on-board systems. These systems overlap in function and 
availability, thus providing redundancy over the whole range of operations. In addition to 
these navigation systems, all manned aircraft are also able to operate based on the visual 
navigation which is the main mode of navigation for some aircraft or a backup for others. 
UAVs have comparatively fewer systems available, whereas those that are available are not 
suitable to support all types of activities which are expected of UAVs (Table 1). 

Table 1  Comparison of Navigation Systems used in Conventional Aircraft vs. Micro UAVs 

Navigation system Conventional aircraft Small and micro UAVs 
Ground-based radio-navigation 
systems (NDB, VOR, DME, 
ILS) 

Widely used. NDBs are being phased out. Not used. Receivers have not been 
miniaturized, accuracy too low for the 
intended purposes. 

Satellite-based systems (GPS, 
GLONASS, Galileo, ABAS) 

Widely used. Considered the back-bone of 
the future air traffic management. 

Widely used. In most cases this is the 
sole provider of navigation 
information. 

On-board systems (INS) Used in commercial aircraft, not as much in 
general aviation. Highly accurate systems are 
used to provide autonomous long-range 
navigation. 

Widely used. Low-cost, low-accuracy 
systems are integrated with GPS to 
provide high-frequency attitude and 
position information. INS is not used 
for autonomous navigation. 

Visual navigation Always available, sometimes used. 
Commercial air transport relies on visual 
navigation mostly for take-off and landing or 
as a backup. General aviation pilots use 
mostly visual navigation for all phases of 
flight. Visual navigation is primary source of 
position information for all low-altitude 
operations (SAR, law-enforcement, industrial 
operations such as crop dusting, logging, 
power-line inspection etc.). 

Currently used for experimental 
purposes. Commercial solutions do not 
exist yet. 

 
As can be seen in Table 1, small and micro UAVs lack the redundancy of navigation 

systems which is available to conventional aircraft. Radio-navigation receivers could be 
miniaturized and deployed on UAVs, however, their accuracy is not good enough for the type 
of operations which are expected of UAVs. Among other environments, micro UAVs are 
expected to operate within urban areas, flying safely, accurately, and precisely in close 
proximity to buildings and people. Flying in GPS-denied environment, such as indoors, will 
further push the limits of UAV navigation. Interaction with ground objects is also one of the 
activities which will drive future application of UAVs. 

Current situation can be summarized as follows: 

 Small and micro UAVs use single source of navigation information (integrated 
GPS/INS). 

 Flying in urban environments requires redundancy [14]. 
 Flying in GPS-denied environment requires other sources of navigation information. 
 Interaction with ground-based objects requires high accuracy and precision. 



, T., , J., , P.: Robust Navigation Systems for UAVs 

99 

 Research is already underway with purpose of enabling autonomous visual navigation 
for UAVs. 

The aim of this project, therefore, is to determine alternative means of navigation 
which can support highly accurate small and micro UAV operations in a GPS-denied 
environment. 

Development of novel methods will be in line with the Measure 4. Supporting Research 
and Innovation Strategic Research Programme 2015  2020. 

Project team members have previously researched air navigation systems, but only in 
the domain of conventional manned aircraft navigation ([15], [16]). This is their first foray 
into the research area of UAV navigation. To increase the probability of a successful 
achievement of the project aims, team members will take part in networking activities with 
the goal of establishing connections with other organizations and teams working in the field 
of UAV navigation. Also, the general objective of this project is to apply for funding from 
outside sources, such as Horizon 2020 or Croatian Science Foundation. Therefore, this project 

Strategic Research Programme 2015  2020, Measure 7. 
Development of Mobility and International Cooperation. 

3. RESEARCH ACTIVITIES 

Activities undertaken for this project can be grouped under following four themes, or 
work packages: increasing research capacity of team members, networking with other 
research teams, development of research test-bed, and development and testing of the 
navigation methods. 

Figure 1  Work-packages 

3.1 Increasing research capacity of team members 

Team members have experience in researching methods and techniques for navigation 
of conventional manned aircraft. It was necessary to improve their understanding of possible 
methods for autonomous air navigation of UAVs. That is why they took the certified on-line 

Autonomous Navigation for Flying Robots  by 
. The course contents included, among others, linear algebra refresher, 2D and 3D 

geometry, motor controllers, probabilistic state estimation, Bayes and Kalman filters, and 
visual odometry. 

Increasing 
research capacity 
of team members

Networking with 
other research 

teams

Development of 
research test-bed

Development and 
testing of the 

navigation 
methods
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Besides networking with other research teams, attending the relevant conferences was 
also one of the ways research capacity of team members could be increased. Team members 
can listen to presentations of the new research papers and ask questions about topics of 
interest. This is why, in this project, two visits to international conferences were planned 
(InAir conference and Transportation Research Arena conference). 

One of the research capacities, often overlooked, is the ability to apply for grants or 
funding from external organizations. For team members to know to which calls they can 
apply, how to write the proposal and to have necessary knowledge to manage the project, it 
was planned that the team members will attend several courses about EU funds and project 
management.  

Another way to increase research capacity is to build the knowledge base relevant to the 
research aim. To achieve this, team members have gathered more than 50 papers from the 
most cited authors in the field. A review of these papers was built into a single document. 

3.2 Networking with other research teams 

Several activities were planned in order to enable networking with other research teams 
studying UAV navigation. One activity was to visit the Zurich University of Applied Sciences 
whose team studies usage of UAVs for search and rescue operations and environmental 
monitoring. This activity was realised in April of 2016. Before that, in June of 2015, a visit 
was made to the French Air Force Academy in Salon. 

Other activities involved attending conferences where direct contact with UAV 
researchers and users was established. Team members attended the DroneFest conference in 
Zagreb in March of 2016. Also, they attended the InAir conference for two years in a row, in 
2015 and 2016. 

3.3 Development of a research test-bed 

A flying research test-bed is required for testing navigation methods in real conditions 
(Figure 2). For this purpose, a low-cost multirotor in a hexacopter configuration was 
developed. It was built from commercial off-the-shelf components with following 
requirements: 

 ability to lift 3 kilograms of payload, 
 flight endurance of at least 20 minutes, 
 motor redundancy (flying with one motor turned off), 
 multiple anchor points for sensors. 

 
Figure 2  Research test-bed 
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Students were included in the design and building process of the UAV as a part of 
coursework for the UAV Operations course. 

Since visual navigation algorithms require relatively more processing power than 
conventional navigation algorithms, in the second year of the project a more powerful small 
form factor computer was purchased (Odroid XU4). This computer enables real-time on-
board processing of video data. Odroid XU4 has a calibrated camera connected to it which 
provides an oblique forward view of the terrain. Based on the results of the visual navigation 
algorithm, Odroid XU4 sends waypoint instructions to PixHawk autopilot which then guides 
the UAV towards the destination.  

3.4 Development and testing of the navigation methods 

In this part of the project currently used navigation algorithms were analysed for 
possible improvement and integration with visual navigation techniques. Most of the efforts 
were concentrated on monocular simultaneous localization and mapping (SLAM) algorithms. 
These algorithms enable mapping of the surrounding terrain by comparing coordinates of the 
features in the images acquired from different locations. This type of comparison relies on 
accurate automatic feature detection and matching. Therefore, feature matching algorithms 
were studied in detail.  

Once a map is built, it becomes possible for the UAV to determine its position in 
relation to the ground features. However, it is not possible to determine the global coordinates 
of the UAV in this way. Because of this, current solutions to integration of position 
information gained through visual means with GPS/INS data was studied. 

4. BUDGET SPENDING 

The budget for the project was planned to support main work packages (Table 2). 
Following list connects work packages with budget lines. 

 

Not all activities were completed in the same manner as planned. For some activities, a 
more affordable alternatives became available after the project started. These include the 
project management course and RaspberryPi course.  

Assembly of the research test-bed, an UAV which is to be used in testing navigation 
algorithms, experienced a major setback when the UAV crashed on one of the first flight. 

Arduino programming course
RaspberryPi course
Project management courses and EU structure funds workshop
Conferences

Increasing research capacity of team members:

Conferences
Visits to other organizations

Networking with other research teams:

Equipment procurement (for assembly of the research test-bed)

Development of a research test-bed:

Equipment procurement (sensors and integration)

Development and testing of the navigation methods:
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Therefore, additional funds were reallocated towards procurement of parts necessary for 
repairing the UAV. 

Some savings were accomplished by financing some of the activities through other 
means of financing. Most notably, visit to the Zurich University of Applied Sciences in 
Switzerland was accomplished through University of Zagreb Mobility Fund. 

Table 2  Planned and realized activities with budget overview. 

5. RESULTS 

Considering the relatively small-scale of the project, significant progress was made in 
some areas. Most of the progress was made in development of the research test-bed. It was 
assembled, tested, and flown. Additional, more powerful, computer was attached to it. This 
enables real-time video processing for visual navigation. 

Significant involvement of students was achieved as well. Students were instrumental in 
assembly of the research test-bed and have shown great motivation for further work in the 
field of UAVs. 

Several project proposals were written regarding UAVs and are currently being in 
different phases of evaluation. Most importantly, funding for these projects is from external 
sources (EU and NATO). 

5.1 Involvement of students 

From the beginning of the project Master students were heavily involved. First, through 
UAV related courses, and second, by working on the project itself. Students helped develop 
and assemble the research test-bed and apparatus for propulsion efficiency testing. Also, 

Nr. Planned activity Planned budget Achieved Cost 

1. Project management courses 5751,00 kn 
Completed as part of Applicants 

Workshop organized by the Ministry 
of Science, Education and Sport 

0,00 kn 

2. 
Attend a workshop on EU Structure 

Funds 
3125,00 kn Not yet attended. 0,00 kn 

3. 
Visits to other organizations 

(Exploring the opportunities for 
networking) 

3000,00 kn 

A visit to the French Air Force 
Academy was made (co-financed 

from other sources). 
Additionally, a visit was made to 

Zurich University of Applied 
Sciences, Switzerland (financed from 

other sources) 

2535,00 kn 

4. 
Attending conferences (InAir 

conference and  Transportation 
Research Arena conference) 

13996,00 kn 

InAir conference attended and a 
paper was presented at that 

conference. 
Transportation Research Arena was 
not attended because the paper was 

not ready in time. 

6500,00 kn 

5. Arduino programming course 1645,00 kn 

After further consideration, a more 
appropriate course was found 

(Autonomous navigation for flying 
robots) 

375,00 kn 

6. RaspberryPi course 518,00 kn A free on-line course was found 0,00 kn 

7. 

Equipment procurement (Pixhawk 
autopilot, DJI E600 tuned 

propulsion set, Frsky Taranis,  
S680 Carbon Fibre Folding 

Hexacopter Frame, Odroid XU4, 
accessories) 

5405,00 kn 

Equipment procured. Additional 
equipment was needed due to crash 
of the flying test-bed (another S680 
frame, E600 tuned propulsion set, 

propellers). Also, additional sensors 
were acquired (oCam, GPS sensor, 

Firefly HD camera, gimbal) 

14583,00 kn 
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several students have organized a development team of their own as a direct consequence of 
this project and are currently developing a fixed-wing long-range UAV. Besides using some 
of the equipment purchased for this project, their project has received additional funding from 
the Faculty and a donation from Croatian Civil Aviation Agency. 

Two students are currently in the process of writing their master thesis on the topic of 
UAVs and visual navigation: 

 Development and Operation of UAV Propulsion System Efficiency Testbed 
 Creating Terrain Elevation Model Based on Aerial Video Recording 

5.2 Cooperation with industry and academia 

Throughout the duration of this project, an emphasis was made on building relationships 
with other organizations. Following is the list of organizations with which some form of 
cooperation was established: 

 Universiteit Hasselt  CityFly project coordinator. Cooperation was established during 
the writing of the project proposal. Also, 15 other partners are involved in this project. 

 Croatian Mine Action Center for testing, development and training Ltd.  Bee4Exp 
project leader. This organisation is a part of Croatian Mine Action Centre. Cooperation 
was established during the writing of the project proposal. Through this project, contact 
was made with 3 other universities as well. 

 Hellenic Institute of Transport  Cooperation was established on the CREATE project. 
 French Air Force Academy  Cooperation was established on the topic of student 

exchange. Several French students visited the Faculty to write their master theses. 
 Faculty of Mechanical Engineering and Naval Architecture  Cooperation was made for 

the writing of the project proposal for CREATE project. Also, 
member of the PhD thesis evaluation committee for a PhD student working on UAVs. 

5.3 Project applications 

During the course of this project following project proposals, in cooperation with other 
Faculty employees, were made (Table 3): 

 Bee4Exp  Bees for Detection of Explosives. 

The goal of this project is to develop a system for detection of explosives by monitoring 
flight patterns of specially trained bees. The Faculty is a partner in this project and its 
role is to conduct video capture from UAVs. The budget is to be spent mostly on 
procurement of UAVs and sensors. 

 CityFly - . 

The goal of this project is to develop the technology needed to integrate UAVs into 
urban areas. The Faculty is a partner in this project. Its role is to identify positioning 
infrastructure necessary for UAV self-awareness and develop semantic description of 
static and dynamic spatial elements and their relationships. The budget is to be spent 
mostly on research. 

 KAAT  Knowledge Alliance in Air Transport 

The goal of this project is to develop smart and flexible educational pathways in 
aviation sector which satisfy both European Qualification Framework and civil aviation 
regulations. The Faculty is a partner in this project. Its role is to develop a list of 
aviation-related qualifications with the description of leaning outcomes and to cooperate 
on the improvement of the study programme. 
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 CREATE - Croatian Centre of Excellence in Advanced Transport and Mobility 
Research 

The goal of this project is to evaluate the need for establishing a Centre of Excellence in 
advanced transport and mobility research. The Faculty is a partner in this project and its 
role is to research the needs of the transport sector in Croatia. Most of the budget is to 
be spent on evaluating these needs. 

Table 3  Overview of submitted project proposals. 

5.4 Obtained additional projects and funds 

Two smaller grants were obtained so far (Table 4). One, a Short-term University of 
Zagreb Grant, was obtained in cooperation with other research groups at the Faculty. Another, 
by the University of Zagreb Mobility Fund, was used to visit the Zurich University of Applied 
Sciences. This visit was directly related to the work-package Networking with other research 
teams. 

Table 4  Overview of submitted project proposals. 

5.5 Published papers 

Currently, there was only one conference paper directly related to UAVs which was 
presented at the DroneFest conference in Zagreb: 

 UAVs: The Challenges of Education for the Technology of the Future. The paper 
presented the challenges of project-based education in the context of UAV assembly 
and operation. 
So far, there are no journal papers which were directly related to UAVs. 

Nr. Funding scheme Project name Budget Status 

1. 
NATO  Science for 
Peace and Security 

Programme 
Bee4Exp  Bees for Detection of Explosives ,262 In preparation 

2. Horizon 2020 
CityFly  

Infrastructure for Societies of FLYing Vehicles 
 

Under 
evaluation 

3. 
Erasmus+ - 

Knowledge Alliances 
KAAT  Knowledge Alliance in Air Transport  

Under 
evaluation 

4. Horizon 2020 
CREATE  Croatian Centre of Excellence in 
Advanced Transport and Mobility Research 

 
Under 

evaluation 

5. European Social Fund 
INATKO  Innovative Tools for Air Traffic 

Control 
 Rejected 

Nr. Funding scheme Name of project or grant Short description Budget 

1. 
Short-term University 

Grants 
Improvement of the Air Traffic 

Control Simulation Centre 

The grant was used to upgrade the 
air traffic control simulator which 
is used for research of air traffic 

capacity and training of student air 
traffic controllers. This project has 

ended. 

 

2. 
University Mobility 

Fund 

The Effect of Trajectory-based 
Operations on Air Traffic 

Complexity 

The grant was used to visit the 
Zurich University of Applied 
Sciences whose team studies 

usage of UAVs for search and 
rescue operations and 

environmental monitoring. This 
grant was used in April 2016. 

 



, T., , J., , P.: Robust Navigation Systems for UAVs 

105 

6. CONCLUSION AND FUTURE WORK 

The scope of this project was reduced due to reduction in funds for the first year of the 
project in comparison with planned expenses. Therefore, not all of the objectives could be 
achieved. Nevertheless, the project was a success in terms of laying foundation for future 
activities in field of UAV navigation. Mainly, research test-bed was built, tested and flown. 
This test-bed will be used to test navigation methods in the future. Also, three project 
proposals are currently under evaluation and one project proposal is being written. Future 
efforts will be concentrated on applying to new calls for proposals. 
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