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Abstract—This report presents a system for motion planning
and control of multiple UAVs that are autonomously navigating
in a confined space. A dynamic model of a rigid body UAV is
presented as a basis for the system. The motion planning for
each UAV is done using an A* algorithm in a discretized space
to plan a collision-free path to the goal. The UAVs plan these
paths in a decentralised way, detecting obstacles and other UAVs
based on local sensing. Therefore, a certain collision avoidance
logic is applied in cases where blocked paths occur. A non-
linear continuous controller using a position-based flight mode is
presented and applied to the dynamic UAV for navigation in the
discretized workspace. Finally, the designed planning and control
multi-agent scheme is demonstrated via a numerical simulation
example.

Index Terms—UAV, motion planning, continuous control, non-
linear, dynamic model, autonomous, multi-agent systems, colli-
sion avoidance

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are 4-rotor helicopters
that normally consist of two pairs of opposite rotors, one pair
with clockwise and one pair with counterclockwise rotation,
mounted on a cross-frame. Due to their manoeuvrability and
ability to perform vertical take-offs and landings without
needing many of the complex parts of normal helicopters,
their prospective applications of use are continuously growing,
spanning industries such as surveillance, transportation and
even education [1]. With these new areas of use, new and
more complex problems arise, like having multiple UAVs
working in the same confined space. Because of this, the
need for multi-agent system analysis has gained more attention
as the UAVs need to navigate their way through a space
containing obstacles while avoiding collisions [2]–[4]. This
requires accurate sensors, robust motion planning solutions
capable of providing accurate paths and continuous controllers
allowing the UAVs to follow those paths.

Motion planning algorithms, some of which are commonly
used today, have been around for decades. The aim of motion
planning algorithms is to find the shortest path between two
points. The A* (A star) algorithm is one of those algorithms.
It was developed in 1968 by Hart et al as part of the Shakey
project [5]. It uses a combination of a Breadth-first Search and
Dijkstra’s algorithm. Breadth-first Search explores all nodes
in each direction, something useful not only in path finding
but for map analysis in general. Dijkstra’s algorithm is an
algorithm that introduces prioritisation of paths by adding
costs to steps. This allows the algorithm to find the path
without having to search through all nodes, as the Breadth-
first Search had to [6].

Real-world navigation and motion planning requires, as
mentioned before, reliable sensors. UAVs can utilise every-

thing from thermal sensors, to Global Positioning System
(GPS), cameras and accelerometers [7]–[10]. A GPS allows
the UAV to track its position, aiding its navigation. In cases
where GPS is unavailable, the UAV can also utilise an
accelerometer or a gyroscope, which track velocities and
rotations respectively. With this information, the UAV can
track its movement based on a known start point. The next
step for describing multi-agent systems is to develop more
advanced models, for motion planning in particular. Research
has been conducted by Ayari and Bouamama, who developed a
new dynamic distributed particle swarm optimisation to solve
the issue of multi-agent systems becoming exponentially more
complex as more agents are added [3].

A common way to describe the behaviour of a single
UAV is by using linearised models [4], [11], [12]. Another
approach is non-linear models. They work by using geometric
control on non-linear manifolds. This has been used together
with Lie-groups, which are groups that are also differentiable
manifolds, to create tracking controllers for simple, fully-
actuated mechanical systems [13]. They have also been used
for stabilisation of rigid bodies and proven to be globally
asymptotically stable for almost all initial conditions [14].

Some early linear models were based on Euler angles, which
suffer from singularities and cannot fully describe complex
rotational motions [11]. Apart from Euler angles, quaternions
can be used. The quaternions are a number system that
expands on the complex numbers. While they don’t suffer from
singularities, these models are not perfect either as they have
ambiguities in describing attitude, causing inconsistencies
[12]. The attitude in this case refers to the UAVs orientation
in relation to the horizontal plane. Lee et al. have developed
a non-linear model that describes complex manoeuvres for
UAVs by coupling their non-linear dynamic model with a
continuous controller separating different manoeuvres into so
called modes [15]. This controller uses rotational matrices
rather than Euler angles or quaternions to avoid the singu-
larities or the imposed scalar constraint that these may cause
[16].

In this report, we consider the problem of motion planning
and control for multiple decentralised UAVs, which aim to
autonomously navigate in a confined space using local sensing
to avoid collisions. We combine the A* algorithm with the
non-linear control scheme from [15] to provide a hybrid
solution of the problem.

The rest of the report is structured as follows. Section
II describes the dynamic model of a UAV. A background
to sensor systems commonly used on UAVs is presented in
Section III. In Section IV it is explained how the solution
is built. An A* algorithm is used to plan the paths and
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a non-linear continuous controller is used to describe the
flight paths. A numerical simulation example is shown in
Section V, illustrating system performance. Considerations
that were excluded from the solution are discussed in Section
VI. Finally, the conclusion is presented in Section VII.

II. DYNAMIC MODEL

Using the model provided by [15], we start by considering
a quadrotor UAV. A UAV is typically a small helicopter with
four rotors mounted on a horizontal plane and on a cross-frame
body. The rotors then produce thrust along the normal direction
of this plane. Two reference frames are chosen. One inertial
reference frame {e1, e2, e3} and one fixed to the centre of mass
of the UAV {b1, b2, b3} as illustrated in Fig. 1. The vectors b1
and b2 make up the horizontal plane that lies in the centre
of the four rotors and b3 is the normal to this plane. These
two reference frames are used as the base when describing
location and movement of the UAVs and are used to represent
physical vectors in the R3 plane. To go between the frames,
3x3 real rotational matrices are used for linear transformations
[15]. We use the following notation throughout the paper:

m ∈ R the total mass of the UAV
J ∈ R3x3 the inertia matrix in the body-fixed frame
R ∈ SO(3) the rotation matrix from the body-fixed

frame to the inertial frame
Ω ∈ R3 the angular velocity in the body-fixed

frame
x ∈ R3 the position vector for the UAV centre of

mass in the inertial frame
v ∈ R3 the linear velocity vector for the UAV

centre of mass in the inertial frame
d ∈ R the distance from UAV centre of mass to

the centre of each rotor in the b1, b2 plane
fi ∈ R the thrust generated by the i-th rotor along

the −b3 axis
τi ∈ R the torque generated by the i-th rotor

about the b3 axis
f ∈ R the magnitude of the total thrust, f =∑4

i=1 fi
M ∈ R3 the total moment vector in the body-fixed

frame
Certain assumptions are made regarding the properties of

the quadrotor UAV, the rotors as well as the thrust and the
moment the rotors exert on the UAV itself. The thrust is
assumed to be directly controlled for each rotor and the
direction of each of those thrusts is the normal direction of
the horizontal plane in the UAV reference frame. Rotors one
and three are assumed to rotate clockwise when generating
thrust in the −b3 direction and rotors two and four rotate
counterclockwise when generating thrust in the same −b3
direction. If the thrust generated by the rotors is acting along
the −b3 then the force is positive and is the sum of the forces
from all four rotors, f =

∑4
i=1 fi. The total thrust vector, in

the inertial frame, is given by −fRe3. It is also assumed that
the torque, τ , is directly proportional to the thrust for each
rotor. This gives the expression τi = (−1)icτffi, where τi
is the torque generated by each rotor for a fixed constant cτf

Fig. 1: The quadrotor model with the inertial reference frame, {e1, e2, e3},
the body-fixed frame, {b1, b2, b3} and the forces fi from each rotor. Taken
from [15].

[15]. This gives us a system of equations describing the UAVs
motion that can be written as

X =


x
R
v
Ω



Ẋ =


ẋ = v

Ṙ = R Ω̂

v̇ = ge3 − f
mRe3

Ω̇ = J−1(M − Ω× JΩ)

 (1)

where ·̂ is defined by the condition x̂y = x× y for all x, y ∈
R3.

III. SENSORY INFORMATION

For a UAV to gather information about its surroundings,
it can be equipped with a combination of different sensor
systems, i.e. Global Positioning System (GPS), Inertial Nav-
igation Systems (INS), Infrared sensors (IR) or Ultrasonic
sensors. These systems gather different information from the
environment in order to create a representation of the real
surroundings. This is especially important in a system with de-
centralised UAVs. Since they don’t rely on a central computer
sending information between them, they can only consider
obstacles and other UAVs within their local sensor range.

The GPS provides positioning, navigation and timing for
users and is used for the localisation of the UAVs. The system
is divided into three parts: the space segment, the control
segment and the user segment. The space segment consists
of 24 satellites arranged in six equally spaced planes orbiting
earth twice a day. This constellation ensures that users are
able to view at least four satellites at any time from almost
anywhere on earth. These satellites transmit radio signals
with information about the satellite position as well as the
time to users. The control segment simply refers to the part
that controls and maintains the satellites, ensuring they are
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up to date and stay on course etc. The user segment refers
to the receivers of the radio transmissions. The user system
uses information from four different satellites to determine its
own position [9], [10]. However, sometimes a GPS signal is
unreceivable, i.e. if the receiver is in a tunnel or otherwise
blocked. Combining it with an INS is one way of filling
in this gap. An INS uses accelerometers and gyroscopes to
track position, velocity and orientation of an object relative
to a known starting point. The gyroscopes and accelerometers
measure the rate of rotation and linear acceleration, respec-
tively. By integrating these values, the distance travelled can
be obtained. However, INS are prone to error propagation,
called integration drift. This error can be adjusted to zero by
combining INS with another positioning system, such as GPS
[9]. Another issue using only GPS is that even under good
flying conditions, the accuracy of the localisation is in the
range of ±5m [7].

An infrared sensor is an electronic sensor that measures
infrared radiation from objects. They are commonly used in
motion detectors and can similarly be used in UAVs to track
its surrounding environment or, for instance, other UAVs.
Thermal imaging is a non-contact method where an image
is created based on the radiation pattern of an object allowing
surface temperature to be mapped [8].

Normal optical cameras are of use as well, as they can
be used together with edge-detection software which, as the
name implies, detects edges of surfaces and objects captured
by the camera. This can be used by the UAV to localise itself
or for inspecting an object for damage or wear [17]. They
can also be effectively used to measure distances to objects
using two cameras or by using a camera with built-in depth-
gathering. This is important information when performing
motion planning, in order to efficiently avoid obstacles [18].

IV. SOLUTION DESCRIPTION

The problem scenario in this project is multiple UAVs
which share a workspace with obstacles and are tasked with
navigating to individual goal points without collisions. The
objective is to present a system capable of achieving this.

The solution consists of two major parts: the motion plan-
ning and the continuous controller. The general idea is the
following. Firstly, we perform a partition of the workspace into
rectangular regions based on the UAVs’ and obstacles’ volume.
The discrete space is chosen so one UAV is smaller than one
discrete region in the space as this ensures UAVs can’t overlap.
An obstacle is assumed to cover an entire discrete box and a
UAV is assumed to be a perfect sphere. The UAVs then plan
their path to their goal over the discretized workspace using
the A* algorithm and local sensing information at every step,
while making sure not to collide with others/obstacles. Then,
a continuous controller is employed to achieve the navigation
through the discrete workspace. This process is repeated at
every step until the goal for every UAV is reached.

A. A* algorithm

The A* algorithm is a discrete method for finding the
shortest path between two points in the workspace. It is based

on a breadth-first search, which goes through adjacent nodes
until it reaches the goal node, but introduces cost for travelling
between nodes. The cost is calculated as

fn = gn + hn

where gn is the accumulated cost of reaching the current node
and hn is the cost from the current node to the goal. hn is
a heuristic search function calculating the remaining distance
with a Manhattan distance.

hn = abs(xn − xn+1) + abs(yn − yn+1) + abs(zn − zn+1).

The total cost, fn, of reaching a node is then used to
prioritise and determine which of the adjacent nodes is the
most promising one [6]. The algorithm is then used within
the model as part of the continuous controller, re-planning the
path after each step to take any new obstacles that might have
appeared in the UAVs sensor range into account.

Fig. 2: The surrounding nodes used by the A* algorithm. The adjacent nodes
are chosen as the nodes directly above, below or to the sides of the current
node.

The adjacent nodes are chosen as the nodes directly above,
below or to the sides of the current node as seen in Fig. 2.
This gives, in a real-world scenario, a safer path when moving
around corners of obstacles as it ensures a UAV does not
collide with an obstacle it might otherwise collide with if it
takes a diagonal path.

Obstacle avoidance is performed within the A* algorithm
as it will plan the path around any known obstacles. This is
done by making certain nodes forbidden to access. Since the
solution works with multiple decentralised UAVs, the known
obstacles are only the ones within a UAV’s local sensor range.
Common sensors, such as IR or GPS give limited information
to the UAV, but by combining several sensors a more complete
mapping of the environment is achieved. The local sensing
has been modelled by giving each UAV knowledge of its
surrounding discrete nodes within a spherical sensor range
with the radius 3 m as seen in Fig. 3. Using the local sensing,
the predicted movement of other UAVs is used as another part
of the obstacle avoidance. The predicted movement is derived
from the information gathered about other UAVs previous
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movement in the discrete space by the sensors. By predicting
the movement of other UAVs, a UAV can plan a path that will
not cross paths with another UAV.

Fig. 3: The modelled 3 m sensor radius shown as a sphere around a UAV.

B. Continuous controller
The second part of the solution is the non-linear continuous

controller whose function is to navigate the UAVs to adjacent
nodes of the discretized workspace. It combines a feedback
loop with the dynamic model in order to model the flight path
a UAV would take.

Geometric tracking controls with asymptotic output tracking
are achieved by defining different flight modes depending on
the desired output. For the purposes of this project, only
the position-controlled flight mode presented in [15] was
necessary.

The controller used is taken from [15] where the flight
mode’s structure consists of two subsets of controllers: the
force controller and the moment controller as seen in Fig. 4.
The coordinate vector of the goal, xd, is the input parameter
of the force controller, yielding the force magnitude and the
control vertical body-fixed frame axis b3c as outputs. The latter
and the desired direction of the first body-fixed frame axis b1d

become the inputs for the moment controller, which outputs
the moment vector. These outputs are fed into the dynamic
model’s system of differential equations (1), which are solved
continuously. The controllers receive the updated data through
the feedback loop.

The output of the first controller, the thrust magnitude f and
the computed third body-fixed frame axis direction b3c are

f = −(kxex + kvev +mge3 −mẍd) ·Re3

b3c
= − −kxex − kvev −mge3 +mẍd
|| −kxex − kvev −mge3 +mẍd ||

The k values are the gains for the controller. The error vectors
track the position and velocity deviation.

ex = x− xd, ev = v − ẍd (2)

Fig. 4: The controller structure consists of a force controller which takes the
coordinate vector for the goal, xd, and outputs the force, f , and the body-
fixed frame axis, b3c . It also consists of the moment controller, which takes,
b3c , and the desired direction, b1d , as inputs, and outputs the moment, M .
The figure is taken from [15].

With xd being a coordinate vector and thus not time-
dependent, it can be determined that ẍd = 0.

The second controller can be described by its resulting
moment vector.

M = −kReR − kΩeΩ + Ω× JΩ− J(Ω̂RTRcΩc −RTRcΩ̇c)

A UAV’s ability to travel the modelled path is dependent on the
system’s rotational adeptness, expressed in the control rotation
matrix Rc. It is composed by the orthogonal control body-fixed
frame axes.

Rc = [b1d
, b2c

, b3c
]

The third column, b3c
, is feedback dependent and is con-

tinuously updated with the dynamic model data from the
first controller. The input parameter, b1d

, has the constraint
of satisfying orthogonality against b3c , but can be chosen
arbitrarily.

b3c
=

b3c,e1

b3c,e2

b3c,e3

 , b1d
=

 b3c,e2

−b3c,e1

0

 , b2c =
b3c
× b1d

|| b3c
× b1d ||

b1d
, as defined above, is an example of a vector that fulfils the

given constraint and is how it is used throughout the report.
Rc describes the attitude that allows asymptotic convergence

towards the commanded inputs, meaning, R(t) → Rc conse-
quently making b1(t)→ b1d

as t→∞.
The tracking error vectors for the attitude and the angular

velocity are expressed as

eR =
1

2
(RTc R−RTRc)∨, eΩ = Ω−RTRcΩc, (3)

where the control angular velocity can be described as

Ωc = (RTc Ṙc)
∨.

Vee map ∨ is defined as the inverse of the hap map ·̂, meaning
it converts a matrix into its equivalent vector.

The stability proof for the controller can be found in [15].

C. Collision avoidance logic

The obstacle avoidance is, as mentioned above, handled in
the A* algorithm, but the system also uses extended collision
avoidance logic. In cases where two UAVs are occupying each
other’s goals, A* fails to calculate a path because the goal is
then considered an obstacle. UAVs are therefore assigned a
priority value. In the system, this is implemented as a turn-
based move system, where each UAV takes a turn to move.
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There is also a waiting system in place which dictates that
if a UAV has waited for more than two turns, the goal is
temporarily moved to xd = [x + 1, y, z]. This absolves the
stalemate and allows the UAV with the highest priority to move
out of the way before resetting the goal to the original point.

V. SIMULATION

A simulation was used to show system accuracy and sta-
bility. In the examples shown, five UAVs are used in a space
that is 12x12x12 m3, with two larger obstacle structures. One
step in the discrete space is set to 1 m. Parameters are chosen
to be the same as used in [15].

m = 4.34 kg, g = 9.81 m/s2

J =

0.0820 0 0
0 0.0845 0
0 0 0.1377


The controller gain values were empirically found to be

stable as

kx = 25, kv = 40, kR = 50, kΩ = 2.5.

The magnitudes of the gains are proportional to the con-
troller’s ability to asymptotically converge the error vectors, ex
and ev (2), to zero. Thereby, the magnitude of kx determined
whether or not the UAV was able to reach the goal, whilst
kv influenced how much the UAV would slow down when
approaching its goal.

The effect of the values of the gains kR and kΩ on (3) were
observed via experimentation, in which a too large kR resulted
in a delayed attitude adjustment apt for the modelled path. If
kΩ surpassed its ideal magnitude, it was unable to converge
to the control rotation matrix Rc rapidly or at all.

The start and goal position of each UAV was randomised
and the initial conditions for each UAV were set as:

v(0) = [0; 0; 0], Ω(0) = [0; 0; 0]

R(0) =

1 0 0
0 1 0
0 0 1

 .
Fig. 5 shows the A* planned paths and the modelled flight

paths respectively. The triangles are start points, the squares
are goals and the black circles are obstacles. The UAVs
successfully avoid all obstacles whilst still being able to reach
their goals. In Fig. 6 it can be seen that the example UAV path
converges to the goal in around 5 s. We also see that e1 and e3

stay almost constant in relation to e2, indicating that the UAV
only moves in the desired direction. The angular velocities also
converge to 0 in around 1 s as also seen in Fig. 6, indicating
the UAV adjusts to the desired orientation quickly.

While most collision paths are being resolved, either by
waiting or by assigning a temporary goal, there are occurrences
of UAVs being stuck in waiting for each other to move if the
temporary goal is set within an obstacle or out of bounds. In
these cases the system will not be able to find a path for all
UAVs.
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(a) Paths planned with A* algorithm.

(b) Modelled flight paths for each UAV.

Fig. 5: Planned (a) and actual (b) flight paths. The triangles are start points,
the squares are goals and the black circles are obstacles.

VI. DISCUSSION

The solution presented in this thesis is based on previously
addressed assumptions. Factors that have not been included or
expanded on in the model, the system or solution but could
be valuable to be aware of are discussed below.

The dynamic model describing the UAV motion is simpli-
fied and does not include wind or drag forces, making the
model less reliable in an outdoor scenario. This also applies
when two UAVs are near each other. The turbulence caused
by the rotors is not considered either and does not affect other
UAVs. However, since velocities are quite small, drag would
also be small, making the model more suitable for an indoor
scenario. The model also does not handle any inputs except
the propulsion forces from the rotors. So, any other external
force, i.e. a push, would not be accounted for in the model.

The A* adjacent nodes could have been chosen as all 26
nodes neighbouring the node currently being evaluated. This
would have led to more efficient and realistic flight paths as
diagonal movement would have been allowed. Taking into
account the slightly higher step cost for a diagonal step (an
increase by a factor

√
3 at most), it still would have been

a more effective path. However, since using the assumption
that an obstacle takes up an entire cube in the space, allowing
diagonal movement would mean that even if a UAV is assumed
to be a sphere with a diameter d < h, where h is the step
size in x, y or z, a collision might occur. This is because,
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Fig. 6: Position error in [m] over time for one step, (b) changes in angular
velocity in [rad/s] over time for the same step.

when moving around a corner diagonally, the UAV has a high
chance of colliding with the obstacle. So, either fake obstacles
must be introduced around existing obstacles to make sure the
UAVs take enough space to avoid the corner or the UAVs
must be small enough to not collide with the obstacle, i.e. by
increasing the step size. The second solution lacks security in a
real-world situation since there are always imperfections, such
as synchronisation lag or drift in systems, giving a high risk
of colliding with the corner even if it theoretically should not.
As mentioned, the A* implementation does not take different
step costs into account. In our system all steps cost the same,
but in a real-world scenario it might be cheaper in energy
terms to travel in certain directions. For instance, if a certain
movement does not require rotations or tilts.

Choosing a step size larger than a UAV ensures that a UAV
can safely be at a point in the space while still allowing other
UAVs to pass near it. This could be achieved using a step size
smaller than the UAV too, but adds complexity in how the
UAVs have to keep the distance between each other. On the
other hand, having a smaller step size allows for more accuracy
in the movement, which could be important in manoeuvres
requiring fine movement.

In the collision avoidance logic, a temporary goal is used in
cases of stalemates between UAVs, where both are waiting for
the other to move. This logic solves most stalemates, but leaves
more to be desired as there are still rare scenarios where two
UAVs end up in an endless loop while waiting for the other

to move. The system has been extensively tested using up to
five UAVs and rooms up to 12x12x12 m3. For these numbers
the system performance is stable, but as the number of UAVs
increase and room size decreases, the collision avoidance logic
might lack complexity. The collision avoidance is simple and
might struggle to solve collision courses if more than two
UAVs have directly crossing paths.

No optimising has been performed apart from for the gain
values in the feedback controller and the simulation now runs
at around 5-10 s. The gains were optimised to ensure the
UAVs successfully reached the target every time, without any
thought for speed. The A* implementation was not optimised
either and was only developed to the point where it worked
as intended. A major improvement to its performance is by
exploring fewer nodes by using non-grid searches according to
Patel [6]. Patel also suggests that different queue systems and
that using different kinds of lists can improve performance.
The heuristic distance, hn, also adds complexity in the name
of exploring fewer nodes but can reduce performance if there
are a lot of complex obstacle structures, such as labyrinths.

As Euler angles exhibit singularities at some angles, lin-
ear models describing certain advanced rotational movement
patterns using Euler angles are restricted in their ability to
describe these movements fully [11], [12]. Other solutions
using quaternions solve the problem of singularities, but suffer
from issues with ambiguities in representing an attitude in-
stead. This is because the unit-vectors cover the attitude twice,
which leads to one input being able to create two outputs,
causing inconsistencies [19]. The non-linear model used works
outside of Euclidean spaces, and solves both these issues by
characterising geometric properties of non-linear topological
space. This model achieves almost global asymptotic stability.
When the initial attitude error is less than 90◦ the model
exhibits exponential stability and when the initial attitude error
is less than 180◦ it exhibits global exponential attractiveness
as well [15].

VII. CONCLUSION

We have created a system capable of motion planning,
collision avoidance and flight modelling using continuous
control for a scenario with multiple UAVs. In a discretized
space, an A* algorithm was used to plan individual paths
for the UAVs and to find the shortest paths to the goals
avoiding all obstacles. By adding collision avoidance logic
that prioritises between UAVs and handles collision paths,
the system makes sure the UAVs do not block each other or
take risky paths. Furthermore, a non-linear dynamic model
was used in a continuous controller to achieve autonomous
flight following the planned paths. Results from a simulation
are presented with numerical values, using several UAVs and
show that the system performs as intended.

ACKNOWLEDGEMENT

We would like to thank our supervisor Christos Verginis for
his guidance and help throughout this project.



A1. UAV PLANNING AND CONTROL

REFERENCES

[1] A. Zulu and S. John, “A review of control algorithms for autonomous
quadrotors,” vol. 4, no. 14, 2016.

[2] C. Verginis and D. Dimarogonas, “Timed abstractions for distributed
cooperative manipulation,” Autonomous Robots, vol. 42, no. 4, pp. 781–
799, 2018.

[3] A. Ayari and S. Bouamama, “A new multiple robot path planning
algorithm: dynamic distributed particle swarm optimization,” Robotics
and Biomimetics, vol. 4, no. 1, pp. 1–15, 2017.

[4] F. Sabatino, “Quadrotor control: modeling, nonlinearcontrol design,
and simulation,” KTH, Skolan fr elektro- och systemteknik (EES),
Reglerteknik, Stockholm, 2015.

[5] P. E. Hart, N. J. Nilsson, and B. Raphael, “A formal basis for the
heuristic determination of minimum cost paths,” IEEE Transactions on
Systems Science and Cybernetics, vol. 4, no. 2, pp. 100–107, 1968.

[6] A. Patel. (2019, Feb.) Introduction to the a* algorithm. Red Blob Games,
Palo Alto, CA, USA. A* algorithm explanation. [Online]. Available:
https://www.redblobgames.com/pathfinding/a-star/introduction.html

[7] M. Bumker, H.-J. Przybilla, and A. Zurhorst, “Enhancements in
uav flight control and sensor orientation,” The International Archives
of the Photogrammetry, Remote Sensing and Spatial Information
Sciences, vol. XL-1-W2, pp. 33–38, 2013. [Online]. Available:
https://doaj.org/article/47c66dd693d24559b8441fc835100b43

[8] M. Teena and A. Manickavasagan, “Thermal infrared imaging,” in
Imaging with Electromagnetic Spectrum: Applications in Food and Agri-
culture. Springer-Verlag Berlin Heidelberg, 2014, vol. 9783642548888,
pp. 147–173.

[9] S. A. Zekavat, Handbook of position location: theory, practice and ad-
vances, ser. IEEE series on digital mobile communication, Piscataway,
NJ, 2011.

[10] GPS.gov. (2017, Jun.) Gps, the global positioning system. [Online].
Available: https://www.gps.gov/systems/gps/

[11] S. Bouabdallah, P. Murrieri, and R. Siegwart, “Towards autonomous
indoor micro vtol,” Autonomous Robots, vol. 18, no. 2, pp. 171–183,
2005.

[12] S. Bouabdallah and R. Siegwart, “Backstepping and sliding-mode tech-
niques applied to an indoor micro quadrotor,” in Proceedings of the 2005
IEEE International Conference on Robotics and Automation, vol. 2005.
IEEE, 2005, pp. 2247–2252.

[13] D. Maithripala, J. Berg, and W. Dayawansa, “Almost-global tracking
of simple mechanical systems on a general class of lie groups,” IEEE
Transactions on Automatic Control, vol. 51, no. 2, pp. 216–225, 2006.

[14] D. Cabecinhas, R. Cunha, and C. Silvestre, “Output-feedback control
for almost global stabilization of fully-actuated rigid bodies,” in 2008
47th IEEE Conference on Decision and Control. IEEE, 2008, pp.
3583–3588.

[15] T. Lee, M. Leok, and N. H. McClamroch, “Control of complex maneu-
vers for a quadrotor uav using geometric methods on se(3),” 2010.

[16] X. Zhu and J. Angeles, “A reparametrization of the rotation matrix in
rigid-body dynamics,” Journal of Applied Mechanics, vol. 82, no. 5,
2015.

[17] A. Shukla, H. Xiaoqian, and H. Karki, “Autonomous tracking and
navigation controller for an unmanned aerial vehicle based on visual
data for inspection of oil and gas pipelines,” in 2016 16th International
Conference on Control, Automation and Systems (ICCAS), vol. 0.
Institute of Control, Robotics and Systems - ICROS, 2016, pp. 194–
200.

[18] V. T. B. Tram and M. Yoo, “Vehicle-to-vehicle distance estimation using
a low-resolution camera based on visible light communications,” IEEE
Access, vol. 6, pp. 4521–4527, 2018.

[19] A. Tayebi and S. Mcgilvray, “Attitude stabilization of a vtol quadrotor
aircraft,” IEEE Transactions on Control Systems Technology, vol. 14,
no. 3, pp. 562–571, 2006.


