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Abstract

Existujici systém vyvinuty pro planovani trajektorie a stabilizaci formaci bezpilotnich
helikoptér je v této praci rozsiren o moznost planovani komplexnich manévra vyzaduji-
cich ndhlou zménu sméru pohybu formace a také jednotlivych helikoptér ve formaci. Sys-
tém zalozeny na metodé prediktivniho rizeni (MPC) je pouzit spolu s popisem formace
pomoci flexibilni virtualni struktury pro umoznéni slozitych manévria béhem planovani
trajektorie. V kombinaci s pouzitim virtudlnich struktur je navrzeno rizeni rychlosti
kvadrokoptér, které je zalozeno na existujicim Fizeni pozice (geometric tracking cont-
roller). Za pomoci Fizeni rychlosti jednotlivych kvadrokoptér je naplno vyuzito jejich
manévrovacich schopnosti a jsou tim umoznény komplexni manévry celé formace. Cely
systém je implementovan a vyzkousen v simula¢nim programu V-REP, ktery zaroven
umoznuje studovat vzajemny vliv kvadrokoptér, zptisobeny proudénim vzduchu z jejich
rotor.

Klicova slova

prediktivni fizeni; MPC; planovani trajektorie; formace; kvadrokoptéra; V-REP; kom-
plexni manévry; sekvencni kvadratické programovani; SQP

viii



Abstract

The trajectory planning system originally designed for stabilization of formations of
Micro Aerial Vehicles (MAV) is extended to enable complex maneuvers that require
sudden changes of velocity of the group as well as the individual formation members.
The model predictive control based algorithm is combined with formation representa-
tion by flexible virtual structure. Furthermore, the velocity controller for the quadro-
copters based on position geometric controller is presented to enable the movement
of formation members and whole formation in any direction. The proposed system is
implemented and verified in the V-REP (virtual robot experimentation platform) sim-
ulation software with studying the influence of mutual interactions between MAVs of
the formation, which are caused by the air flow from their propellers.

Keywords

model predictive control; MPC; trajectory planning; formation; quadrocopter; V-REP;
complex maneuvers, sequential quadratic programming; SQP
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1 Introduction

There can be found a lot of applications using formations of autonomous robots nowa-
days, e.g. environment monitoring, searching missions, security monitoring, and there
can be found even more. Some of these applications are more suitable for aerial robots,
referred as UAV (Unmanned Aerial Vehicle) or MAV (Micro Aerial Vehicle). Further-
more, there can be found applications, where the UAVs with capability of vertical take
off and landing (referred as VTOL) are more suitable, e.g. searching in buildings with a
lot of obstacles and narrow corridors. These VTOL UAVs include helicopters and multi-
copters, while multi-copters are commonly used for their simpler mechanical structure,
especially, the most common type with four rotors referred as a quadrocopter. The
goal of this thesis is to extend the system designed for stabilization of formations of Mi-
cro Aerial Vehicles presented in [1], to enable complex maneuvers that require sudden
changes of velocity of the group. The system presented in [1] uses a model predictive
control based algorithm for keeping the formation of MAVs and also for the motion plan-
ning into a target region. This approach allows for integrating the obstacle avoidance
system into motion planning of the individual members of a formation as well as into
global planning of the whole formation. However, the capability of complex maneuvers
is limited due to the use of the leader-follower approach and curvilinear coordinates
used to determine the position of the followers. The position of the followers is then
determined by the position of the leader in the past. This introduces complications
during the complex maneuvers which involves sudden changes of the direction. The
complex maneuvers for formations of unmanned mobile car-like vehicles are discussed
and the solution introduced in [2].

The structure of this thesis is as follows. The introduction with the description of the
state of the art of the formation driving methods and approaches is given in chapter
1, followed by chapter 2, describing the problem, discussing the possible approaches to
the problem and introducing the methods used in this thesis. The approach using the
flexible virtual structure for formation is further described in detail in chapter 3. In
chapter 4, the global trajectory planning for whole formation is described and the local
trajectory planning for the formation members is described in chapter 5. The velocity
controller for the quadrocopters, needed for the proposed approach, is described in
chapter 6 with experiments in simulation to verify the controller functionality. Then,
the experiments with the whole formation trajectory planning system is verified by
experiments in chapter 7. Finally, the last chapter 8 summarizes the results of the work
in this thesis and describes its contribution.

1.1 State of the art

The task of trajectory planning for formations of autonomous robots is intensively
studied topic in last years and it can be found many works on the topic, [1], [2],
3], [4], [5], [6], [7], [8], [9], [10], [11] and many more. There can be found different
approaches of driving the formations. These are: virtual structures, leader-follower
methods, behavior-based methods, potential field methods and neural networks. The
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last two mentioned methods are combined with other formation driving methods to
control the formation.

The methods using virtual structures define the formation using the virtual rigid
body object, where the formation members are located on vertices of the virtual object.
This approach is used in [8] for driving ground mobile robots with the possible use to
push the real object along the path.

The leader-follower method defines the position of formation members relatively to
leader. The leader can be virtual with no assigned member, or some more equipped
robot can be the real leader of the formation. This approach is used in [5] for car-like
robots using curvilinear coordinates, that enables specifying the trajectory for the non-
holonomic robots. Moreover the multiple virtual leaders are used in [5] and [2] to enable
complex maneuvers with change of direction, where it is switched between trajectories
of the virtual leaders. The leader-follower method is also used in [1], where the method
is extended for use with quadrotor UAVs. The work [3] is also based on leader-follower
method using the UAV for top-view relative localization of the other robots and ensuring
the direct visibility by using the convex hull of the formation projected along the path.

The behavior-based methods are inspired by the nature and how the animals in the
flocks or schools of fishes behave. This method is more suitable for large number of
robots, implementing relatively simple control schemas for individual robots in forma-
tion, but it can be also used for small formations, as it is presented in [9], where this
method is used to drive formation of four robotic scout vehicles in different formation
shape.

The methods using the potential fields can be also combined with other methods. The
potential fields are generated based on the environment and the mission goals. The 3D
potential field filed is for example used in [10] to plan the trajectory for formation of
helicopter UAVs. In that paper, the potential field method is combined with leader-
follower method to drive the formation. The potential field is generated for every
follower based on actual position, desired position and obstacles size and positions.
More details can be found in original paper [10].

The neural networks are similarly as the potential fields combined with other for-
mation driving methods. In the paper [11], the neural networks are combined with
leader-follower method to control the trajectory of the formation members. The neural
networks are in that paper used to control the quadrotor UAVs with their complex
dynamics and aerodynamics nonlinearities.
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The methods used for trajectory planning for formation of autonomous quadrotor he-
licopters are introduced in this chapter. First, the task of trajectory planning for for-
mations in general with possible approaches is discussed in following section 2.1. Next,
the model predictive control method, used as base for the formation driving, is intro-
duced in section 2.2. Finally, the method for solving the optimization problems, needed
to use the model predictive control method, the sequential quadratic programming is
introduced in the section 2.3.

2.1 Problem statement

The task of trajectory planning for formation of the quadrotor helicopters is defined
with requirement to enable complex maneuvers with sudden changes of direction of the
formation motion. The assumption for the global environment is that the global map
M is known with set of all static obstacles O. There is set of quadrotor UAVs Q in the
formation. The visual-based relative localization is used to determine the positions of
formation members. The estimate of the global position in the map is also available.

The introduction to different methods for driving the formations of autonomous
robots was given in the section 1.1. To revise, there were mentioned virtual struc-
ture based methods, leader-follower methods, behavior-based methods, potential field
methods and neural networks. Two possible approaches to the task of extending the
existing system for trajectory planning for formations of micro UAVs [1] by enabling
complex maneuvers were selected to further analyze. The first approach is using the
leader-follower method, originally used in [1], and the second is using the virtual struc-
ture based method for formation driving.

2.1.1 Leader-follower approach

The idea behind the leader-follower approach is to us the convex hull for formation
representation with combination of virtual leader. The complex maneuvers are in this
case enabled by migration of the virtual leader along the convex hull. This enables the
sudden changes of the direction of the formation without complications that arise when
the curvilinear coordinates are used to specify the positions of the formation members
where the position is retrieved using the past position of the leader, therefore the leader
has to be always in the front of the whole formation. The example of the convex hull
of the formation with illustrated migration of the virtual leader is shown on the Fig. 1.

The migration of the virtual leader along the convex hull can be implemented by
adding parameters to optimization vector for trajectory planning of the virtual leader.
The convex hull representation can be reduced to smallest possible sphere around the
formation members. The position of the virtual leader L, on the sphere is then given
by fixed radius ry 1 and two spherical coordinates: the azimuthal 6 and the polar ¢.
These two spherical coordinates would then be part of every element of the trajectory.

The virtual leader was used to overcome the complications related to complex ma-
neuvers mentioned above in works studying the formations of the ground car-like robots
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Top view Front view

Figure 1 The example of the convex hull of the formation. a) The UAVs in formation with the
convex hull shown in light red. b) The convex hull with the migration of the virtual leader
position L,. The formation is shown as viewed from top and from front.

[2] and [5]. The demonstration of difficulties that can occur during complex maneuvers
of the formation is shown on the Fig. 2, where the formation of the four car-like robots
tries to change the direction of the movement.

time: t¢

—

max(p;)

time: tg
i=l.n

time: tg
bt

+

time: tg

time: tp

feasible
solution

unfeasible
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S S

Figure 2 Demonstration of difficulties during complex maneuvers of the formation using the
common leader-follower concept. Source: [2]

The snapshot a) on the Fig. 2 shows the initial position of the formation (shaded
contours) and the position where the direction of the motion is changed. The snapshot
b) shows the collision between the formation members if the common leader-follower
method was used. On the snapshot c) the modified path is shown for backward motion
of the formation with the robots numbered 3,4 are leading the formation. There is in-
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troduced concept of leader-follower approach with two virtual leaders, and it is switched
between the trajectories of these two leaders to overcome the difficulties shown on the
Fig. 2.

2.1.2 Virtual flexible structure based approach

The virtual structure based approach is using the rigid-body like virtual structure to
represent the formation. The center of the structure is reference point for the formation
members to determine the position in the formation. The global trajectory is planned
for the center of the virtual structure with size of the structure defined by sphere with
radius ryg.

To enable the virtual structure movement without the modification of the shape of
the formation, and further, without the limitations of the virtual structure movement,
such as minimal radius of the curve in the trajectory, the individual robots have to be
controlled in a way, that allows motion in any direction. This can be done by using the
velocity vector ¢ as control input for the quadrotor UAV. The controller is described in
chapter 6.

This approach allows the formation to hold the desired shape throughout the progress
in the environment to the target and allows the formation to suddenly change the
direction of the motion, e.g. to proceed with sideway motion or backwards motion. The
only deformation of the shape of the formation can be caused by collision avoidance of
the robots, if it is allowed by global trajectory planning, e.g. the global trajectory is
planned closer to the obstacles than the size of the formation. Therefore the virtual
structure is flexible.

2.1.3 Summary

There were described two approaches to enable complex maneuvers for formation of
quadrotor UAVs in sections 2.1.1 and 2.1.2.

The first proposed approach enables the complex maneuvers by using the leader-
follower method with virtual leader, that can migrate on the convex hull representation
of the formation. This approach would involve extending the vector representing the
trajectory by additional parameters, defining the position of the virtual leader on the
convex hull. This would increase the dimension of the optimization solution depending
on the number of elements in the vector.

The second proposed approach is using virtual flexible structure to represent the
formation and keep the desired shape. The direct advantage of this approach is in
non-constrained motion of the formation, because the whole formation can move in
any direction in any moment. Further, when compared with the leader-follower ap-
proach, there are no additional parameter in the vector, therefore the solution of the
optimization can be calculated faster.

After the comparison of the two proposed approaches, the second approach, using
the virtual flexible structure for the formation representation, is selected for this thesis,
mainly because of the keeping the low count of the parameters in optimization vec-
tor, therefore faster calculations. Another advantage is related to the visual relative
localization used in several works dealing with the formation of the autonomous robots,
where in the formation that keeps the predefined shape of the virtual structure, most
of the time is the relative localization used only to stay in fixed relative position to
other formation members, without any changes in relative position during the turns
in contrast with the leader-follower approach using the curvilinear coordinates for the
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followers, therefore changing the relative positions of the followers in global cartesian
coordinate system.

2.2 Model predictive control

The model predictive control (MPC), also referred as the Receding Horizon Control
(RHC), is the method of determining the optimal control sequence with given objective
function as subject to minimization. The method is using the model of the system in
the optimization. The optimization is done by minimization of the objective function,
which is constructed according to application specific needs. The method is using the
model to predict the state of the system for given sequence of the control inputs for
given prediction horizon, which can be finite or infinite [12]. When the optimization of
the current sequence is done, only the first control is applied, the state of the system
is updated and the optimization for the new state is run. The more detailed view on
MPC can be found in [13].

This origin of this technique can be dated to the 1960s [12] and the method was used
for long time only for industrial processes with slow dynamics for which the processing
power of computers was sufficient to solve the optimization of the model of the system.
It is shown, that in last years, this technique can be also used for systems with fast
dynamics, such as micro UAVs, and the MPC can be computed onboard of embedded
controllers directly on the UAV [14].

The general idea of MPC can be further used for trajectory planning and formation
stabilization in one optimization process. This approach has been introduced in [15]
for the leader of the formation. The original MPC optimization problem is coded into
an optimization vector with N elements as the predictive horizon. Each of the vector
elements has constant duration Aty. The idea introduced in [15] is to extend the
optimization vector by additional M vector elements with variable duration At,s. This
part of the optimization vector is added to include the global trajectory planning to
the optimization problem, therefore the whole trajectory is coded into the optimization
vector. As the result of this extension, the formation leader can therefore react not
only to local changes in environment, but also the changes in global environment and
change the trajectory accordingly.

2.3 Sequential quadratic programming

The sequential quadratic programming (further referred as SQP) is method for solving
nonlinearly constrained optimization problems. The SQP itself is not just a single
algorithm but rather it is a base method from which special algorithms are derived [16].
The nonlinear programming problem can be described by following notation:

minimize f(x)
x

h(z) =0 (1)

subject to : g(z) <0

where f : R” — R specifies the optimality of the solution z, and the constraint
functions h : R” — R™ and ¢ : R™ — RP describe the limitations of the system [16].

As the name of the method suggests, the method works sequentially or iteratively.
The function f is modeled by a quadratic programming subproblem at a given approx-
imate solution. The subproblem is solved to get a better approximation of the solution
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to the original problem. The idea is to iteratively repeat the process to converge to a
solution z*. More details about SQP can be found in [16].

To solve the MPC based optimization problem for the trajectory planning of the
quadrotor helicopters, the C library with implementation of the SQP is used. This
library is called C code for Feasible Sequential Quadratic Programming (CFSQP) by
Crag T. Lawrence, Jian L. Zhou and André L. Tits and more information about this
library can be found in the library user-manual [17].



3 Formation representation - Flexible
virtual structure

As stated in previous chapter, the model predictive control based algorithm is used
for driving the formation of the quadrotor UAVs. The formation stabilization is done
using the virtual structure method. The formation is given by the center of the virtual
structure, the Zy g, and the positions of the formation members, given by relative
position to the center of the virtual structure, the py,,ps,,...,pr,, where the n is the
number of formation members. The example of formation with the virtual structure
and its center is shown on Fig. 3. The design allows to change the formation also
during the flight in the middle of the trajectory.

Figure 3 The examples of formations represented by virtual structure with the center shown
as green circle. a) the rectangle formation, b) arrow formation

As the result of using the virtual structure for the formation representation and for
the global planning, the whole formation behaves almost as the rigid body (the virtual
structure is flexible to allow the collision avoidance) with the formation members as the
vertices of the virtual rigid body. The movement of the formation is depicted on Fig.
4, where the formation executes a sharp turn. It is shown, that the formation shape is
kept in global coordinate system. If the mission requires the rotation of the formation
according to the direction of the movement with the proposed virtual structure method,
the formation representation in global coordinate system would have to be recalculated
to accommodate this change. Also for such a situation, the leader-follower approach is
more suitable.

3.1 Trajectory parameterization

As it was stated in section 2.1, the trajectory has to be coded into a vector of constant
control inputs. The trajectory is then represented by sequence of constant control
inputs. The representation that allows the complex maneuvers with immediate changes
of move direction is chosen with respect to capabilities of the quadrotor UAV to move
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Figure 4 The example of formation movement, when represented by virtual structure with the
center shown as green circle. The example trajectory to avoid the obstacle, shown as grey
box, is shown as grey line.

in any direction immediately. The trajectory element is described by velocity vector
v = [vg,vy,v:]T and the time duration of the element At:

x|

yl
-

[SEN
T

<

>

t[s

the velocity in direction of global z-axis (i1),
the velocity in direction of global y-axis (i2),
the velocity in direction of global z-axis (i3),
the time duration of the trajectory element.

The vector that represents the trajectory is shown on the Fig. 5. The trajectory is
represented by an array of the control inputs with time duration as elements. For the
purpose of the implementation, the representation by an 1-D array is used, where a
single element of the trajectory consists of four numbers: v;, vy, v,, At. The number of
elements is shown as N on the Fig. 5.

[VXW IVW :[ vzl I dt1 IVXE I Wy2 [ Vz2 [ at2 IH“{VXNIVyNIVZN I dth ]

Figure 5 The trajectory representation by a vector.

The trajectory represented by the proposed vector creates poly-line with straight
elements. The transition between two elements is done by the quadrotor controller,
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described in chapter 6.2. The transitions will be rounded, as it is indicated on the Fig.
6 by green line, depending on the quadrotor dynamics and the controller. The "ideal"
trajectory with constant velocity inputs, when no dynamic or kinematic model is used
for trajectory estimation, is shown as blue dashed line. The simplified model, described
in section 3.3, is used to estimate the predicted trajectory for MPC algorithm. The
predicted trajectory is then evaluated by objective function as it is described in detail
in chapters 4 and 5. To ensure that the inaccuracies of the simplified model of the
UAV will not lead to collisions, the safety region around the obstacles has to be chosen
carefully to be large enough.
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Figure 6 The trajectory example for constant velocity inputs. The inputs are: v, (¢) = 0.5m -
s vy (t) =0m - s7! for t €<0,3), vy(t) = 0.3m - s ,v,(t) =0.2m - s~ for t €< 3,6) and
vy (t) = —0.1m - s71 v, (t) = 0.6m - s7! for t €< 6,9 >.

3.2 Trajectory planning

The formation trajectory planning structure is shown on Fig. 7. It consists of the tra-
jectory planning for the virtual structure and the trajectory planning for the formation
members. The trajectory planning for the virtual structure is used to find global trajec-
tory in the global environment to reach the target region and avoid the obstacles. The
goal of the trajectory planning of each formation member is to track the desired position
to stay in formation and avoid the collisions with obstacles and other robots in forma-
tion. The trajectory is represented by vector with elements 7'r(i),i =1...N + M for
the global trajectory and Tr(i),i = 1... N for the trajectory of the individual robots.
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3.3 Simplified model for MPC' calculations

Every trajectory element consists of four numbers as stated in the previous section 3.1,
the vy, vy, v, At.

The approach for global trajectory planning discussed in the previous chapter and
originally presented in [15] is used. The global trajectory consists of N constant time du-
ration elements and M variable time duration elements. The M elements with variable
At are added to trajectory vector for global planning to include the global trajectory
planning in the MPC optimization [15].

Global planning for virtual structure

Traject: <
. .r_aje_c °‘fY MPC optimization
initialization

Initialize
global trajectory Optimize

Update positions of robots
and moving obstacles in Map

World

v Global Trajectory vector [

‘ ‘ [ Tr(1) I Tr2) ] .. -[Tr(N-1)I Tr(N) Tr(N+1)] .. '[Tr(N+M)]

Initialize robots trajectories

Y
Trajectory planning Y Trajectory planning
for Robot 1 TG for Robot n MPC
L optimization
optimization

Robot n Trajectory vector v

v Robot 1 Trajectory vector v

Y
‘[ Tr(1) I Tr(2) ] L '[Tr(N-1)I Tr(N) ]’ ‘ Tr(1) o . "

L7 v Move robot n
Robot 1 Robot n
Move robot 1
Controller Controller

Figure 7 The structure of trajectory planning for virtual structure and formation members.

3.3 Simplified model for MPC calculations

The MPC-based trajectory planning used for the formation driving is using a model of
the real system to predict future states of the system and optimize the control inputs
accordingly. More details about the MPC method can be found in section 2.2.

In this thesis, the MPC is used for trajectory planning of the virtual structure and
the individual robots. The model used in MPC has to be adequately complex to enable
accurate prediction of the trajectory with negligible inaccuracies when compared with
the real robot. On the other hand, the model has to be as simple as possible to enable
fast calculations of the trajectory prediction and to enable the system to run online
on embedded controllers onboard the UAVs. Therefore the controller and the complete

11



3 Formation representation - Flexible virtual structure

dynamics model of the quadrotor can not be used for trajectory prediction.

To satisfy the requirements for the model of the system of a quadrotor UAV with the
velocity controller, a simplified kinematic model is used for trajectory evaluation. The
model with the controller is described by following equations. The equations (2) and
(3) describe the general kinematic model of the quadrotor UAV. The equations (4) and
(5) describe the simple proportional controller.

Because the trajectory is represented by vector of constant velocity control inputs,
the velocity output of the proposed model is shown on step function on Fig. 8. There
is shown the effect of the proportional constant &, on the speed of the controller on the
Fig. 8.

The comparison between the proposed simplified model and the "real" quadrotor
UAV with dynamics simulated in V-REP simulation software and with the geometric
tracking controller implemented is done in section 6.3.2.
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Figure 8 The step responses of the simplified model used for MPC with different k,.
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4 Trajectory planning for virtual structure

The virtual structure represents the whole formation, the center of the virtual structure
serves as the reference point for the formation members to keep the desired formation.
The global trajectory is planned for the center of the virtual structure and for the
trajectory planning, it is represented by sphere with radius ryg determining its size.
The size of the virtual structure used for the trajectory planning can be different from
the real formation size and it can be set according to specific demands of application.
For the applications, where the direct visibility between the formation members is
needed, e.g. for formations, where visual relative localization is used [18], the size of
the virtual structure used for trajectory planning has to be large enough for trajectory
to be feasible for the whole formation without changing its shape, or with minimal
changes, and to ensure that no obstacles can be between the formation members. If the
different localization is used, e.g. global visual localization [19], and there are no such
constraint, then the size of the virtual structure can be smaller. This will allow the
formation to split around smaller obstacles and therefore can lead to shorter trajectories.

Before the optimization of the trajectory begins, there has to be given the initial esti-
mation of the feasible trajectory. The possible methods of finding this initial trajectory
are discussed in following section 4.1.

4.1 Initialization of the trajectory

In order for the trajectory optimization to work properly, the initial trajectory estimate
has to be given. The initial trajectory has to be feasible and has to go from start position
to the target region. According to the CFSQP (the SQP is described in section 2.3)
library manual [17], the algorithm is able to find the feasible trajectory (the optimization
vector in general) even when the un-feasible trajectory is given as initial, but it is not
guaranteed.

As the implementation of an algorithm for finding the initial estimate of the trajectory
for the MPC method is not the objective of this thesis and some of the methods have
been already implemented in other works [20], [21], the possible approaches to the
initialization are only described and discussed in this section.

There can be found numerous methods and algorithms for path planning or mo-
tion planning in the literature. The path planning methods divided by the techniques
of representation of the configuration space are shown on Fig. 9. There are geometric
methods using the roadmap representation, such as visibility graph or Voronoi diagrams,
the methods using a discrete grid-based space, or the cell decomposition and the graph
searching algorithms such as breath-first search, depth-first search, A-star, Dijkstra,
etc. [22]. Another commonly used path planning algorithms using the Roadmap repre-
sentation and based on stochastic approaches are probabilistic roadmaps and Rapidly
exploring dense trees (RDT), that are using incremental sampling and searching, and
the special case where the sampling sequence is random, called Rapidly exploring ran-
dom tree (RRT) [22], [23]. Another method for path planning is using the potential
fields.
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4 Trajectory planning for virtual structure

| Representation techniques |

Cell Decomposition Roadmap (RM) Potential Fields
(CD) (PE)
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Adaptive Probabilistic RM

Rapidly-exploring
Randomised Tree (RRT)

Quad-tree ‘ \ /

Framed quad-tree

Figure 9 Path planning methods divided by C' — space representation. Source: [24]

4.1.1 Rapidly exploring random tree

The last mentioned method has been already used in works [20], [21] to find feasible
trajectory for MPC technique based trajectory planning. In the work [20], it is shown,
that the RRT can be used directly to find the feasible trajectory for the UAV robot
in an known environment with obstacles and the trajectory is in the form of a vector
suitable for the optimization in MPC method. Further the sequential processing for
the trajectory search is used in [20], where piecewise processing of the trajectory, where
the start and end states of each of the processed parts of the trajectory is fixed. The
sequential processing helps to reduce the computation time of the implemented RRT
algorithm. The example of the resulting tree generated by the RRT implemented in
[20] is shown on Fig. 10, where the start point is represented by green cross, the target
point is represented by red cross and the trajectory found by the algorithm is shown as
bold blue line.

Both mentioned works dealing with the RRT method [20], [21], use the RRT for
trajectories, that are represented by a vector of control inputs for a non-holonomic
UAVs, the tangential velocity v-, normal velocity v, and the curvature k. As it is
stated in section 3.1, the trajectory is represented, in the approach presented in this
thesis, by a vector of control inputs for a holonomic UAV, with control inputs v, vy, v..
Therefore the trajectory found by RRT algorithm modified to be used with approach
presented in this thesis would look a bit different, where the resulting tree would be
composed rather from the straight lines with rounded transitions, as it is illustrated in
Fig. 6, instead of circular-like sections.
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4.1 Initialization of the trajectory
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Figure 10 An example of the tree generated by the RRT algorithm. Source: [20]

4.1.2 Visibility graph

Another approach commonly used for path planning is the visibility graph. This method
is designed to find the shortest path between the obstacles. The visibility graph is
constructed by connecting the visible nodes, where the nodes are the path endpoints and
the obstacle vertices [25]. When the visibility graph is constructed, some of the graph
search method can be used to find the shortest path. An example of the path planned
by visibility graph method and the Dijkstra’s graph search algorithm is illustrated on
Fig. 11, where the black numbered boxes represent the obstacles, the blue triangle
represents the starting position, the purple circle represents the target position. The
resulting trajectory is shown as purple line. The visibility graph method has been
commonly used for 2-D environments for ground mobile robots, but several extension
to use this method in 3-D environments has been introduced [25], [24].

The resulted paths found by the visibility graph methods are composed from the
straight line segments and from the nature of the approach, the paths are generated
close to the obstacles, which can be in some cases inappropriate, like in applications
with non-holonomic robots. In this thesis, the holonomic quadrotor UAVs are used in
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4 Trajectory planning for virtual structure
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Figure 11 An example of the path planned using visibility graph and Dijkstra’s graph search
algorithm. Source: [24]

conjunction with the trajectory represented by the elements with constant UAV velocity,
therefore, the visibility graph based methods for 3-D environments can be used for the
initial path and then the initial trajectory estimation.

4.2 Trajectory optimization

When the initial trajectory is given as the vector described in previous sections, the
vector is passed to the CFSQP solver. The trajectory vector is then optimized by
minimizing the objective function and respecting the constraints given by constraint
functions. Both these functions are user-defined and control the parameters of the op-
timal trajectory based on the applications needs. The objective function is described
in detail in following section 4.2.1 and the constraints function is described in section
4.2.2, both based on originally presented objective and constraints from [1]. The possi-
bility to avoid collisions with dynamically moving obstacles is added to the trajectory
planning and the details about this functionality is described in section 4.2.3.

4.2.1 Objective function

The objective function is used to evaluate the optimality of the trajectory Ty g. The
CFSQP solver tries to minimize the objective function to find the optimal trajectory.
The objective function depends on the application and should be constructed to satisfy
the specific needs for intended environment, e.g. there can be situations where the time
of flight is not important, but the furthest possible distance from the obstacles should
be held. For general use, the objective function Jy g is constructed as weighted sum
of several components. Every component evaluate the trajectory according to different
parameter. The components of objective function are listed below:

Obstacle avoidance component of the objective function penalizes the trajectories
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4.2 Trajectory optimization

according to the closest point of the trajectory to obstacles. The function from [1] is
used:

2
) dist(Tys,0;) —Trsyvs
J, = 0 : 6

obst,V'S = A%, (mm{ "dist(Tyvs,0i) — Ta,vs ’ (©)

where the n, is the number of obstacles, including the dynamic obstacles described in
section 4.2.3, the dist(Ty g, 0;) function determines the minimal distance between every
point in the trajectory Ty g and the obstacle o;, the 74 yg is the safety distance from
which the trajectory will be penalized and the r, v g is the critical distance from the
obstacle. This obstacle avoidance function satisfy the requirements, that the penalty
will be 0, if the trajectory is far enough from the obstacles, specifically, every point
of the trajectory is further than the safety distance. Another requirement for such a
function is to rapidly increase, when the safety distance from obstacle is breached and
increase to infinity when approaching the critical distance. This requirement is also
fulfilled if the condition 7415 < r5y5. As it was stated in chapter 4, the size of virtual
structure used for the trajectory planning determines, how close the global trajectory
will be planned to the obstacles. The safety distance from the obstacle has to satisfy
rs,vs > rvs, where the ry g is the radius of the virtual structure. To ensure the direct
visibility between the formation members the ry g has to be large enough to enclose
the formation members to the sphere defined by ryg. The critical distance from the
obstacle 7,5 determines the minimal allowed distance from the obstacle. With lower
the value r, g, the global trajectory can lead closer to the obstacles, therefore it can
lead to shorter trajectories at the cost of the deformation of the formation shape.

Distance to target component of the objective function penalizes the trajectories,
that do not end near the target region around the goal. This part of objective function,
Jtarget 1s directly calculated as the distance of the last point in trajectory to the target.
This component helps to stabilize the optimization by pushing the solution closer to
the goal.

Trajectory length component of the objective function penalizes the longer trajec-
tories, therefore the solver will prefer the shorter trajectories. The value of this function
is calculated as:

N+M

Jlen,VS = Z ” 772 H Ati- (7)
=1

Time of flight component of the objective function penalizes the time needed to
reach the target region. The time of flight is determined as sum of all segments of the
trajectory:

N+M

Jogvs = >, At (8)
=1

4.2.2 Constraint function

The constraint function is used to add limitations of the controlled system to optimiza-
tion process. The user can define several constraint functions in CFSQP. The constraint
functions are then selected by an index in the optimization.
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4 Trajectory planning for virtual structure

The constraints are defined using inequality equations. The constraint functions
returns the value C for given trajectory. The trajectory is feasible, if the constraint
function value C' < 0. If the constraint function value C' > 0, the trajectory is considered
unfeasible.

For the virtual structure trajectory planning, the following constraint functions are
applied to optimization process, ensuring the collision free trajectories and respecting
the limitations of the robots in formation. These constraints are based on constraints
presented in [1].

Obstacles avoidance constraint is similar to obstacle avoidance objective function.
The closest distance to obstacles is determined for the whole trajectory Ty g and all
obstacles 0;,i € {1...n,}, including the dynamic obstacle described in section 4.2.3,
by function dist(Ty g, 0;), where n, is the number of obstacles. The constraint ensures
that the minimal distance of the trajectory to obstacles is more than critical radius
rq,vs. Therefore the obstacle avoidance constraint can be written as

Covst,vs = Ta,vs — min (dist(Tys,0;)). 9)

1=1...n0

The value of this function is < 0, therefore the trajectory is feasible, if minimal
distance from obstacles is greater than critical radius 74 v g.

Distance to target constraint is ensuring that the trajectory will end in target
region defined by sphere with radius rz and the center in the target position xp.
This constraint is important for the stability of the formation driving process as the
trajectories that does not end in the target region as considered as infeasible. The
constraint can be written as:

Ctarget,VS’ = diSt(TVS(N + M); :EF) —TF, (10)

where the dist(Tys(N + M), zp) stands for distance of the last point in trajectory
from the target position.

Control limits of the whole trajectory added as constraints to optimization process
to limit the control inputs needed to follow the prescribed trajectory. The constraints for
the whole trajectory are stricter than for formation members to allow them to recover
the position in formation after maneuvering, e.g. after avoiding the collision. Also
the limits for the variable time duration of the trajectory vector elements are defined.
These limits can be written as set of constraint functions:

Vv S — VzV S maz
Vyy g = V2V S,maz
V2vSs — V2V S max
Vv S,min — VzV S (11)
VyySmin — Yyvs
Vv S,min — VzVS
AtVS - AtVS,maac
Atyvgmin — Atyvs

Climvs =
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4.2 Trajectory optimization

4.2.3 Dynamic obstacles avoidance

The basic functionality is added to the trajectory planning to enable robots avoiding
the collisions with dynamic obstacles. This part of obstacles avoidance is designed with
respect to the limited possibilities of the robots onboard sensors to detect the moving
obstacle.

It is assumed that the position of the moving obstacle is measured repeatedly and its
velocity can be estimated based on consecutive position measurements. The estimated
velocity is then used to predict the position of the obstacle in future to allow the MPC
algorithm to optimize the trajectory with respect to the dynamic obstacles. Let’s denote
the two consecutive position measurements gy, (tk—1), Zdyn(tr), then the estimated
velocity is calculated as:

xdyn(tk) - xdyn(tkfl)
lg — th—1

Vdyn,est (tk) = (12)

The dynamic obstacles avoidance is included to function dist(Traj, o;), which returns
the minimal distance between every point of the trajectory Traj and the obstacle o;.
In case of the dynamic obstacles, the distance is calculated for the predicted position
based on estimated velocity vgyn st for appropriate time of the point on the trajectory.

19



5 Trajectory planning for members of
formation

The trajectory planning for the members of formation works similarly as the trajectory
planning for the virtual structure of the whole formation with few differences. The
trajectory is also coded into a vector, but the number of elements for the individual
robots is only given by N. These N elements have fixed duration time Aty. There is
no need for additional M elements, because the trajectory plan of individual robots is
only local, and does not include the global trajectory to the goal. The vector for the
trajectory is depicted on Fig. 12. It is shown, that the trajectory element constists of
velocity vector components and the time duration of the element, which is fixed for the
formation members.

Local Trajectory vector

G ] - - - o w0 |
: Vx|Vy Vz|dt

Figure 12 The illustration of the vector representing the trajectory of the formation members.

The robot is represented by sphere with radius 7, for use in calculations. The initial-
ization of the trajectory is also different from the global trajectory initialization and it
is described in section 5.1. The optimization of the trajectory uses modified objective
and constraint functions, described in section 5.2.

5.1 Initialization of the trajectory

The initialization of the members trajectory does not include any path planning al-
gorithm as the initialization for the virtual structure, described in previous chapter in
section 4.1. After the initial trajectory estimate is known for the whole virtual structure,
the optimization for it is run with resulting optimal trajectory for given optimization
parameters, objective function and constraint functions. Part of this optimized trajec-
tory with N constant duration time Aty is used directly as initial trajectory for the
formation members, as it is shown on Fig. 13.

This initialization is done only for first time, before the optimization for the formation
members is done. Throughout the flight of the formation, the starting trajectory for
the optimization process is taken from the previous resulting trajectory without the
first control input, that was used for robot control. The missing last element is added
with velocity v = [0,0,0]” and constant duration time Aty.
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5.2 Trajectory optimization

Global Trajectory vector

Robot 1 Trajectory vector
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Figure 13 The illustration of the initialization of the formation members trajectory from the
global trajectory.

5.2 Trajectory optimization

The optimization of the trajectory is done in the same way as for the whole virtual
structure. There are few modifications in objective function and constraint functions,
described in section 5.2.1 and 5.2.2 respectively.

5.2.1 Objective function

Objective function for the formation members is also combination of several components
with different user-defined weights. This allows the user to adjust the optimization
for deployment of the system in different environment with different conditions. The
components of the objective function are:

Obstacle avoidance component of the objective function is designed similarly as
for the virtual structure with addition of the collision avoidance between the formation
members. The part of this component to avoid collisions with obstacles is the same as for
the virtual structure with different safety and critical radiuses r; 4 and 7, 4 respectively.
These critical radius has to be chosen to satisfy condition r,4 > rq, where the r, is
radius of the sphere representing the quadrotor robot. The safety radius determines
how close the trajectory can be to obstacles without any penalization. The safety radius
has to be chosen with respect to possible inaccuracies of the predicted trajectory given
by inaccuracies of the model and the quality of the quadrotor controller.

The part of this component that serves as collision avoidance between formation
members is using the known trajectory of each member, finds the closest distance of
current trajectory and the trajectories of other robots and use the same transformation
function with critical and safety radiuses. The whole obstacle avoidance component of
the objective function can be written as:

2
dZSt T, ,0;) — T
Jobst,g = max | max | min {0, — (Tg,0i) = rs,vs ’
) i:l..-no d/I/St(Tq’ Ol) — Ta,VS

2
distyrq; (Ty,T) —
max min < 0, ' traj (T, Ty) = s.v's , (13)
J=1l..nq,j#q dZSttraj (Tqa 7}) —Ta,VS
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5 Trajectory planning for members of formation

where the ¢ is the index of the current robot and the dist;q;(1y,T;) denote the
function, that determines the distance of two trajectories for robot given by index j
and current robot.

The dynamic obstacles collision avoidance is ensured by the function dist(Traj, o;),
where also the distance from the moving obstacles is calculated, as it is described in
section 4.2.3.

Formation keeping component of the objective function is used for keeping the
prescribed position in formation. The position is given relative to the virtual structure
center for every member of the formation. The formation keeping component is designed
to penalize every deviation from the desired position. The total penalty for the virtual
structure trajectory and current robot trajectory is given as the sum of the deviations
along the trajectory. This can be written as:

Jform,q = dev(TVSv Tqap}q) (14)

where the dev(Ty g, Tg, py,) function returns the total sum of deviations between the
trajectory of virtual structure Ty g, trajectory of the current robot 7, and given relative
position given by vector p}q.

Control smoothness component is designed to prefer the smooth trajectories over
the trajectories with a lot of immediate changes of direction. This component helps
to create straighter trajectories that require less energy which is important especially
for small quadrotor UAVs with very limited battery. The smoothness of the trajectory
is defined as the sum of the control input changes along the trajectory. This can be
written as:

N
Jsmooth,q = Z H Vi — Vi—1 H (15)
1=2

5.2.2 Constraint function

Several constraint functions are used for formation members trajectory optimization to
add limitations for feasible trajectories. The trajectory is feasible if the condition C' < 0
is satisfied. The constraint function for collision avoidance is used the same way as in
case for the whole virtual structure with addition of other members collision avoidance.

Obstacles avoidance constraint uses the minimal distance from the robot’s tra-
jectory to a obstacle or the minimal distance from another robot in formation, whatever
is smaller, and if minimal distance is less than the critical radius defined for the robot,
the trajectory is unfeasible. The objective function is defined as:

Cobst,g = Ta,g — min | min (dist(Ty,0;)), min  (dist(Ty, Tj))| - (16)
’ ’ i=1...m, Jj=1l..ng,j#q
This constraint ensures that the robot will not collide with any object and any other
robot in formation.

Control limits for the formation members are given by limits of the robots used
and their dynamic and kinematic capabilities. The limit values of the velocities, used
as control inputs for robots, have to be large enough for robots to be able to recover
their position in formation in case they had to divert from the desired position, e.g.
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5.2 Trajectory optimization

due to collision avoidance maneuver. The limits are implemented as set of constraint

functions as follows:

C’lim,q =

Vrq — Vzgmazx
Vyq = Vzgmaz
Vzq = Vzg,maz
Vzgmin — Vzq
Uyq,min - Uyq
Vzqmin — Vzq

(17)
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6 Quadrocopter control

As it is stated in chapter 2, the UAV’s control has to be designed to take the desired
velocity as input, because constant control inputs have to be used to encode the tra-
jectory to vector of control inputs. The controller determines the velocities of the four
rotors according to actual state of quadrocopter and the desired velocity.

The controller, that satisfies the requirements, is based on geometric tracking control
of a quadrotor UAV introduced in [26]. In that paper, a nonlinear tracking controller
is developed on the special Euclidean group SE(3) to enable the UAV to follow a
predefined trajectory of the desired location of the center of mass and the direction of
the first body-fixed axis, the heading. It is shown by simulations, that the complex
and acrobatic maneuvers can be done with the geometric tracking control. The original
controller is modified in order to track the velocity of the center of mass instead of
position and the heading is fixed to keep the number of variable input parameters low
for the optimization process. The controller is based on the quadrocopter dynamics
model presented in [26], which is recapitulated in following chapter.

6.1 Quadrocopter dynamic model

The quadrotor UAV is depicted in Fig. 14 with the global inertial frame {4, 2,3} and
the quadrocopter body-fixed frame {b;,be, b3} shown, where the center of mass is the
origin of the body-fixed frame.

Figure 14 Global inertial frame and a quadrocopter body fixed frame

In this thesis, the direction of the third axes of both, the global inertial frame and
body-fixed frame, are selected to point upwards to be consistent with the simulation
software V-REP used for the controller verification and final experiments simulation.
The first two axes of the body fixed frame by, bs lies in the plane defined by the centers
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6.2 Quadrocopter controller

of the propellers shown on Fig. 14 as light grey plane. The third axis b3 is normal to
the plane and points the same direction as the total thrust created by all propellers.
The equations of motion for the quadrotor UAV [26]:

T =, (18)
mv = mges — f Res, (19)
R = RQ, (20)
JOU+Qx JQ =M, (21)
where
m € R the total mass
J e R3 the inertia matrix with respect to the body-fixed frame
R € SO(3) the rotation matrix from the body-fixed frame to the inertial frame
QecR3 the angular velocity in the body-fixed frame
r € R3 the location of the center of mass in the inertial frame
veR? the velocity of the center of mass in the inertial frame
deR the distance from the center of mass to the center of each rotor
fieR the thrust generated by the i-th propeller along the b3 axis
7 €R the torque generated by the i-th propeller about the b3 axis
4
feRr the total thrust, i.e., f = Y f;
i=1
M e R3 the total moment in the body-fixed frame

The total thrust f and the total moment M can be determined from thrusts of the
individual propellers as

f 1 1 1 11[A
Ml o 0 —d 0 d f2
My| = | d 0 —d 0l|f (22)
M3 —Crf Crf —Crf Crf f4

This matrix equation can be also used to determine the thrust of the individual
propellers based on total thrust f and the total moment M if the following constraints
are satisfied: d # 0 and ¢,y # 0. The details can be found in [26].

6.2 Quadrocopter controller

As already stated, the geometric tracking controller presented in [26] is modified to
follow the velocity of the center of mass, the v4(t) = [vgg, vyy, vz4)” and the desired
heading, which is the direction of the first body-fixed axis by4(t) is fixed to keep the
number of input variables low, as the length of the optimization vector increases with
the number of variables to optimize.

The quadrotor UAV is able to produce force only in the direction of its third body-
fixed frame bg and this force determines the translational dynamics of the quadrocopter.
This force is given as f Res, where the force of the total thrust f is directly controlled.
The Reg is the third body-fixed axis b3. The desired orientation of the third body-
fixed axis b3, is determined from the current velocity v and the desired velocity vg. To
specify the desired attitude Ry, the direction of one more axis has to be determined.
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6 Quadrocopter control

The desired heading by 4 is fixed vector perpendicular to global third axis i3 and is fixed
in the modified controller, i.e. b;d =1,0,0]7. The second axis of the desired attitude
bag is found as the cross product of b3z and by, normalized to size of 1. The first axis
of the desired attitude is then found by the cross product of by; and b3z. The desired
attitude can be written as Rq = [bag X bag, bag, bag), where by = (bsgxb1g)/ || bsgxbig |-
The total thrust f is selected according to desired vertical speed and current attitude.
The controller scheme is depicted on Fig. 15.

Controller

Velocity
tracking

bzq

Attitude
tracking

Figure 15 Controller scheme

The tracking errors for the controller are defined for v, R,€). These tracking errors
are discussed and the process of choosing them is shown in detail in [26]. These tracking
errors are used unmodified. The only change is that originally presented tracking error
for position e, is not used as the controller is re-designed to track only velocity. The
tracking error for velocity is:

ey =0 — g (23)

where the v is current velocity and the v, is desired velocity. The tracking error for
attitude is defined as:

1
eR = 5(RdTR — RTRy) (24)

where R, is desired attitude and R is current attitude of the quadrocopter. The
tracking error for the angular velocity is as follows:

eq =0 — RTRQq (25)

The desired direction of the third body-fixed axis bs, is defined for velocity command
vg(t) as follows:

—kye, +mges
| —kvey +mges ||

bag = (26)

where it is assumed that

H —kye, +mges [|# 0 (27)

The desired velocity will be constant for the time interval of an optimization step.
The desired acceleration will be 0 for this interval and therefore it is not used in the
calculations.
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6.3 Verification of the controller

The total thrust is determined to satisfy the desired vertical force, which is given as
the third coordinate of the bs,, for the current attitude R. The desired vertical force is
defined as follows:

F.q= (_kvevz + mg) (28)

the total force in global coordinates is:

F = fR€3 (29)

therefore the total thrust is given by:

f = (=kvey, +mg)/R33 (30)

The moment M is determined using the attitude and angular velocity tracking errors
as stated in [26]:

M = —kger — kaeq + Q x JQ — J(QRT RiQq — RT RyQ) (31)

The control moment M corresponds to the attitude tracking part of controller on
Fig. 15 and the thrust f corresponds with the velocity tracking part.

6.3 Verification of the controller

The proposed modification of the geometric tracking controller for the quadrotor UAV
is verified by simulations in V-REP software - the Virtual Robot Experimentation
Platform made by Coppelia Robotics [27]. The model of the quadrocopter used for
simulation is courtesy of Eric Rohmer, the propellers are courtesy of Lyall Randell. The
proposed geometric tracking controller for quadrocopter velocity control is implemented
in Lua script for the quadrocopter model in V-REP software. The V-REP is using the
bullet physics engine to simulate dynamics and object collisions.
The parameters of the quadrotor UAV are chosen the same as in [26].

0.0820 0 0
J=1| 0 00845 0 |kg-m’
0 0 01377

m=434 kg, d=0.315m

The controller parameters used in work [26] provide quality control of the quadro-
copter, therefore the same values are used:

ky=56-m, kp=881l, kg=254.

Because the velocity controller is used in conjunction with MPC trajectory planning,
where the trajectory consists of constant velocity elements, the proposed controller is
verified on step functions of the desired velocity. The response to the step in desired
velocity in direction of x-axis, v, ges, is shown on Fig. 16 with the angular momentum
of the quadrocopter measured around the local y-axis and the total thrust f of all four
propellers.

Note the oscillations that are caused by nonlinearities, specifically the limited thrust
of the quadrocopter rotors and therefore limited moment produced by the quadrocopter.
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Figure 16 The response to the step in desired velocity of vy ges. Vs des(t) = 0.5 m-s~tt€<0,5)

b) The angular momentum M, response to step.

Tirne [s]

c) The total thrust f response to step.

and vy qes(t) =0 m - s71t €< 5,10).

The step response in y-axis is the same as for z-axis, because the controller is con-
trolling the velocity in whole x — y plane the same way, by controlling the attitude
of the quadrotor robot. A bit different situation is in controlling the z-axis velocity,
because this component of the velocity vector is controlled by thrust of all quadrocopter
propellers. The graph on Fig. 17 shows the response of the quadrocopter to the step

of the desired velocity v, ges.

Next graph on Fig. 18 shows the velocity tracking of the quadrotor UAV controller
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for velocity input similar to the output of the MPC algorithm after optimization, that
means the desired velocity is changing every time step, which is set to At = 0.2 s. The
changes in desired velocity are assumed to be small with possible exceptions, where the
immediate change of the movement is necessary, e.g. collision avoidance, therefore the
testing trajectory vector is chosen accordingly with small changes in velocity with the
large change in velocity in time ¢ = 1.8 s, which corresponds with the control input at
v[10]. The testing trajectory is defined by the following vectors:

vy =0.1-[4, 5,5, 4, 4, 3,2, 2, 1, =5, =5, —4, —4, —4, -2, -2, -1, —1, —1, 0]
v, =01-00,2 2 2 2 34,5 5 —1,0,0,0, =1, =2, =2, =2, =2, —1, 0]
v, =01-[0,1,1,1, 1,2, 1,0, 0, =5, =5, —4, —3, 5, 5, 4, 4, 4, 0, 0]

The resulting trajectory is illustrated on Fig. 20, where the trajectory is shown as
green bold line with starting point depicted as blue circle. The trajectory projections
are shown as black lines.
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6 Quadrocopter control

6.3.1 The effects of airflow from the propellers on other quadrocopters

One of the objectives of this thesis is to study the influence of the airflow from the
quadrocopter’s propellers to other quadrocopters. This is allowed by V-REP simulation
software [27] and the model of the quadrocopter, made by Eric Rohmer, with propellers,
that simulates the airflow, that have been made by Lyall Randell.

During the experiments in simulation, it is assumed, that the formation of the au-
tonomous quadrotor UAVs is always shaped in a way, that no quadrocopter will influ-
ence the other one during the whole flight. Therefore, the effects of airflow from the
propellers are studied only as transient processes.

The testing environment for the airflow influence study consists of two same quadro-
copters Q1,2 with straight trajectories in x-axis direction and one hovering quadro-
copter Q. The quadrocopter Q1 is used as reference, the trajectory of the second
quadrocopter ()2 leads under the hovering quadrocopter Qg and the effects of the air-
flow from the hovering quadrocopter to the quadrocopter Q)2 is studied. The velocities
of the quadrocopters @1, Q2 are shown on Fig. 21 and the trajectories of both quadro-
copters are shown on Fig. 22. The testing environment in V-REP with the airflow
illustrated by light blue dots is shown on Fig. 23.

It can be seen on the figures 21, 22 and 23, that the effect of the airflow from
the propellers to the trajectory of the influenced UAV is not very significant, as the
controller tries to compensate the changing vertical speed, but on the other hand, it
cannot be neglected. As it is shown in section 7.3, the small changes in position, caused
by the airflow, are compensated by the MPC method, where the optimization of the
trajectory leads to recovery of the desired position in formation.

6.3.2 Comparison with the simplified model used for MPC

As it is stated in section 3.3, the simplified model for use during the optimization of
the formation members’ trajectory is used to speed up the calculations. In this section,
the experiments in simulation are performed to evaluate the accuracy of the simplified
model and to determine the best proportional constant k, for the simplified model.

The comparison is firstly done on simple step function for desired velocity v, and
the same step function for desired vertical velocity v,, because the dynamics of the
quadrocopter in XY-plane and in vertical direction is different. This comparison is
shown on figures 24 and 25.

From the comparison of the velocities in direction of the global z-axis shown on Fig.
24, it can be seen, that good approximation of the real velocity is provided by the
simplified model with proportional constant k, ~ 5. Important note is that the simple
model used for quadrocopter’s velocity prediction doesn’t model the nonlinearities,
propellers’ limitations and complex dynamics of the real quadrocopter to keep the
calculations as fast as possible, therefore it cannot follow the real velocity response
much more accurately.

The effects of the missing nonlinearities, propellers’ limitations and complex dynamics
of the real quadrocopter, in the simplified model are much less evident in comparison
of the velocities in vertical direction. As it was said in the beginning of the section 6.3,
the vertical velocity is controlled by total thrust only, where the acceleration is directly
proportional to the thrust, if using the thrust values in operational range. Therefore
the simplified model with proportional controller approximates the vertical velocity
very accurately with proportional constant tuned to k, = 5.5, as it can be seen on Fig.
25. For all the following experiments, the proportional constant used in the simplified

30



6.3 Verification of the controller

model is set to k, = 5.5, because the approximation of the velocity in XY-plane is still
good enough for the use in MPC method and the vertical velocity is approximated very
accurately.

Next, the comparison is performed for the testing trajectory vector used in the be-
ginning of the section 6.3. The comparison between the real/simulated velocity and
the velocity predicted by simplified model from section 3.3 in all directions is shown on
Fig. 26. Finally, the comparison of the resulting trajectories is presented on Fig. 27.

Again, it can be seen that the approximation, or better the prediction, of the velocity
in XY-plane shown on figure 26 ( a) and b)) is close to the real velocity with small
deviations for most of the time. The largest deviations can be seen when large changes
of the velocity is desired. It is assumed that such a situations occur only once in a
while, because the small changes in velocities are preferred in optimization process.

The prediction of the vertical velocity is very accurate, shown on 26, and only ex-
pected deviations can occur due to the airflow influence from the other quadrocopters
or due to unmodeled aerodynamics effects, such as ground effect when flying close to
the ground or due to any other effects of the environment.

From the comparison of the resulting trajectories of the real/simulated quadrotor
UAV and the simplified model on Fig. 27, it is evident, that the deviations between
the trajectories increase with the time of the prediction, as the inaccuracies of the
model cumulate. This is expected behavior and it is compensated by the nature of the
model predictive control used for the trajectory planning, where the optimization of
the trajectory is repeated every time step after applying the first control input from
the trajectory (more detailed description of the MPC method is in chapter 2.2). The
whole trajectory shown on Fig. 27 takes about 6 seconds and the time step of the MPC
is chosen tsp = 0.2 s. This ensures that the calculated trajectory will not lead the
quadrocopter to collision because of the model inaccuracies.
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Figure 18 The velocity tracking of the test trajectory vector.
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Figure 21 The resulting trajectory for test trajectory vector with shown projections.
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6.3 Verification of the controller

Figure 23 The testing environment setup in V-REP with the airflow illustrated by light blue
dots and with trajectories of both quadrocopters, @1 in yellow, Q2 in blue.
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Figure 24 Comparison between the real/simulated velocity v, and the velocity predicted by
the simplified model used in MPC method calculations.
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Figure 25 Comparison between the real/simulated vertical velocity v, and the velocity predicted
by the simplified model used in MPC method calculations.

36



6.3 Verification of the controller

_ _ Desired
velocity
Real
velocity —
Simplified model
k,=5

E

Yelocity [mifs]

Time [s]

a) Comparison between the real/simulated velocity and the predicted velocity in global z-axis
direction.

_ Desired
velocity H
Real
velocity L
Simplified model
k, =55

Ve\ocnyy [rné=]

P ————— e ————

Time [s]

b) Comparison between the real/simulated velocity and the predicted velocity in global y-axis
direction.

T T T
054 — — — _Desired —
velocity

Real

velocity
Simplified model

=5
v

z

Welocity_ [m/s]

Time [s]

c) Comparison between the real/simulated velocity and the predicted velocity in global z-axis
direction.

Figure 26 Comparison between the real/simulated velocities and the velocities predicted by
the simplified model used in MPC method calculations.
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Figure 27 Comparison of resulting trajectories of the real/simulated quadrotor UAV and of
the simplified model used in MPC method calculations.
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7 Verification of the predictive control and
planning

The verification of the complete system of predictive control and planning enabling
complex maneuvers of formations of autonomous quadrocopters is provided in this
chapter. The verification is done by simulations in the V-REP (virtual robot experi-
mentation platform) simulation software. The overview of the simulation environment
is illustrated on Fig. 28. The scene with the quadrocopters, obstacles and the target is
created in the V-REP software. The software architecture was designed with focus on
easy use of the trajectory planning for real robots. Therefore, the predictive control and
trajectory planning described in this thesis was implemented as V-REP plug-in, using
the V-REP API to get information about the scene. On the start of the simulation, the
map is created based on the objects in the scene. Then, throughout the simulation, the
"measurements’ of the current objects’ and obstacles’ positions are done to simulate
the real measurements by the robots sensors. All the physics with objects’ dynamics,
collisions and airflow simulation is done by V-REP bullet physics engine.

Measurements
Model predictive control
trajectory planning <
(V-REP plug-in)

Q1TrajIQ2Traj] * o o [QnTraj

] L

Y Y \ 4

Velocity Velocity Velocny
Controller Controller Controller
Quadrocopter 1 Quadrocopter 2 Quadrocopter n
Obstacles
2
Simulation physics engine X >
|
ul 4
0

V-REP

Figure 28 Overview of the simulation environment.
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7 Verification of the predictive control and planning

7.1 Collision avoidance

First experiments are done on a simple environment just with one obstacle represented
by a sphere with radius r = 0.5 m. The obstacle is located between the start position
of the formation and the target region, therefore the formation has to fly around the
obstacle to get to the target. The same testing scenario is used first with the safety
radius from the obstacles r5ys = 1 m, which means also the effective radius of the
virtual structure is 1 m for the global trajectory planning. The trajectory leads in this
case further from the obstacles keeping the deformations of the formation’s shape on
low level, as shown on Fig. 29. The video from this experiment is on the attached DVD
in Videos/10bstLargeV s.avi.

c)t=28s d)t=15s

Figure 29 Screenshots from the simulation of the trajectory planning for the formation of
diamond shape with large safety radius around obstacles (r5vs = 1 m). Situations: a) the
formation is approaching to the obstacle - no deformation of the formation’s shape; b) the
formation flies around the obstacle - small deformation of the formation’s shape; ¢) recovery
of the formation’s shape behind the obstacle; d) arrival of the formation to the target region
(green sphere).

The second case with smaller safety radius around obstacles 7, 1,5 = 0.6 m is shown on
Fig. 30. The video from this experiment is on the attached DVD in Videos/10bstSmallV s.avi.
It can be seen, that the flexibility of the virtual structure is increased as the trajectory
of the virtual structure is passing by closer to the obstacles, causing the formation
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7.2 Dynamic obstacles

members temporarily leave the exact position in the formation to avoid the collision
with the obstacle. The desired shape of the formation is recovered in both cases, when
the distance from the obstacles is safe.

c)t="7s d)t=09s

Figure 30 Screenshots from the simulation of the trajectory planning for the formation of
diamond shape with small safety radius around obstacles (rs s = 0.6 m). Situations: a) the
formation is approaching to the obstacle - no deformation of the formation’s shape; b) the
formation flies around the obstacle - more evident deformation of the formation’s shape, the
quadrocopter @4 is avoiding the collision with the quadrocopter @2, which is avoiding the
obstacle; ¢) even more deformed shape of the formation; d) recovery of the desired shape of
the formation behind the obstacle.

7.2 Dynamic obstacles

In this section, the experiment showing the capability of collision avoidance with the
dynamic obstacles is provided. The collision avoidance for the dynamic obstacles is
included in the trajectory planning as described in section 4.2.3. It can be seen from
the screenshots shown on Fig. 31, that the formation members avoid the collision with
the moving spherical obstacle, by predicting the movement for MPC method. From the
side view to the trajectory on Fig. 32, it can be seen that the trajectory leads above
the obstacles to avoid the collision. The video from this experiment is on the attached
DVD in Videos/10bst DynSmallV s.avi.
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7 Verification of the predictive control and planning

a)t=28s b)t=9s

c)t=10s d)t=11s

Figure 31 Screenshots from the simulation of the trajectory planning for the formation of
diamond shape with small safety radius around obstacles (75 g = 0.6 m) and moving ob-
stacle. Situations: a) the formation is approaching to the moving obstacle; b) the formation
flies around the obstacle - the quadrocopter @), is flying above the moving obstacle to avoid
collision; c) the formation flies around the obstacle - the quadrocopter Q3 is flying above the
moving obstacle to avoid collision; d) recovery of the desired shape of the formation after
passing by the moving obstacle.

7.3 Air flow effects

The effect of the airflow is shown on simple experiment, where two quadrocopters, ()1
and @4, are flying under the quadrocopter, that is creating the airflow. The effect of the
airflow can be seen on the Fig. 33 a), where the vertical position is slightly decreasing
for about 2 ¢m, but then the desired position is recovered by the trajectory planning
algorithm, as expected. It can be said, that the effect of the airflow is compensated by
the repeatedly running trajectory optimization.

7.4 Complex maneuvers
Last experiments are done to prove the capability of the complex maneuvers requiring

the sudden changes of the velocity of the formation and its members in the proposed
and implemented system. Simple scenario with right angle turn is used in combination
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7.4 Complex maneuvers

Figure 32 The view from the side to the trajectories of the formation members avoiding the
collision with one static and one moving obstacle.

with the change of the formation shape from a diamond shape to a line formation.
The result trajectories of the quadrocopters in formation are presented on Fig. 34 by
screenshots from the simulation in different times. The video from the simulation is
on the attached DVD in Videos/maneuverTransform.avi and the turn without the
formation change is in Videos/maneuver.avi.

It can be seen from the Fig. 34, that the proposed approach enables the complex
maneuvers, that are needed for quick changes of the formation shape or to perform fast
on-spot change of movement direction.
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a) The trajectories in XZ-plane of the quadrocopters @1 and Q4 that are flying under the
quadrocopter creating the airflow.

b) The setup of the experiment for the airflow effects.

Figure 33 The trajectories from side view (XZ-plane) and the experiment setup in V-REP
with illustrated trajectories.
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7.4 Complex maneuvers

a)t==6s

c)t=28s d)t=10s

Figure 34 Screenshots from the simulation of the trajectory planning for the formation of
quadrocopters performing the right angle turn and changing the shape of the formation on
the fly. Situations: a) the formation in diamond shape is arriving to the first waypoint; b)
the formation in diamond shape has just performed the right angle turn; c¢) the formation is
changing the shape to a line and still following the global trajectory; d) the change of the
formation’s shape is completed, continue to target area.
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8 Conclusion

The main goal of this thesis was to extend the existing system designed for stabilization
of formations of Micro Aerial Vehicles (MAV), presented in [1], specifically designed for
the quadrotor Unmanned Aerial Vehicles (UAV), to enable complex maneuvers that
require sudden changes of velocity of the group. This goal was accomplished by using
the virtual structure approach for the formation representation and trajectory planning,
described in chapter 3. Moreover, to enable passing through the narrow entrances or
corridors, the flexible virtual structure is used. The majority of the existing trajec-
tory planning system for the formation of UAVs using the model predictive control was
utilized with necessary modifications to adapt the flexible virtual structure approach.
Next step to allow the complex maneuvers in the formation was done in the trajectory
representation by the elements with constant velocity vector, therefore enabling the
quadrocopters to move instantly in any direction. In conjunction with the changed rep-
resentation of the trajectory, the velocity controller for the quadrocopters was designed
on the base of the position tracking controller presented in [26].

One of the particular objectives of this thesis was to implement a proper representa-
tion of the MAV formation by a convex hull and to design an algorithm that enables
a movement of a virtual leader of the formation along the hull. The idea of using the
existing leader-follower approach with the convex hull for the formation and design an
algorithm that enables a movement of virtual leader along the hull was studied, but
during the work on the thesis, the flexible virtual structure based approach was chosen
to enable the complex maneuvers of the formation. This decision was made due to the
advantages mentioned in section 2.1.3, shortly, it was due to the preserving the low
count of the trajectory parameters to optimize and due to easier use of the relative
visual localization used for autonomous robots [18].

The next particular objective was to adapt the existing system of motion planning for
the new approach enabling the complex maneuvers with changes of formation velocity.
As already mentioned, the flexible virtual structure is used instead of the leader-follower
approach, therefore the system of motion planning for the formation of the quadrotor
UAVs was adapted for use of the virtual structure for the formation control instead
of the algorithm enabling the virtual leader migration along the convex hull of the
formation.

The presented system using the flexible virtual structure for formation was then in-
tegrated into the V-REP (virtual robot experimentation platform) simulation software.
The plug-in for V-REP, containing the trajectory planning system for the formation,
represented by the flexible virtual structure, and using the MPC method for trajectory
planning, was implemented in C++, based on the existing system for leader-follower
approach and using the CFSQP library [17] for solving the optimization of the tra-
jectory vector in MPC method. To integrate the system into the V-REP software,
the velocity controller, described in chapter 6, was implemented in V-REP using the
embedded script of the quadrocopter model. The existing quadrocopter model, made
by Eric Rohmer, with the propellers enabling the air flow simulation, made by Lyall
Randell, was used for the simulations in V-REP.

Last particular objective was to verify the implemented method in the V-REP simu-
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lation engine and to study the influence of mutual interactions between the UAVs in the
formation, caused by the air flow from their propellers. This objective was accomplished
and the results of several experiments simulated in V-REP, including the experiments
to study the effects of the propellers’ air flow on the other quadrocopters are presented
in chapter 7.

The drawback of the proposed approach is the time spent by the calculations for
the trajectory planning, increasing with the complexity of the environment. In the
experiments simulated in this thesis, the trajectory was optimized by the MPC method
every 0.2 s, but the optimization itself took about 1 minute, depending on the testing
scenario (on Intel Core-i7-3610QM 4x2.3 Ghz). To enable the on-board use of the
trajectory planning, software optimization and parameters tuning, e.g. the number of
elements in the trajectory, number of samples for the trajectory, has to be done to
enable the real-time operation of the system.

To summarize the work done in this thesis, all of the given objectives and the main
goal of this thesis were fulfilled. The contribution of this work is mainly in the novel
approach combining the MPC-based trajectory planning with the flexible virtual struc-
ture defining the formation. As it can be seen from the experiments shown in the
chapter 7, the proposed extension to the existing system for stabilization of formations
of quadrotor UAVs, that enables complex maneuvers with sudden changes of velocity of
the group and even the immediate changes of the velocity of the individual formation
members in case of collision avoidance. Moreover, it is shown in the experiments in the
chapter 7, that the proposed system is able to overcome disturbances caused by the air
flow from the quadrocopters’ propellers.
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Appendix A
Content of enclosed DVD

The DVD attached to the printed version of this thesis contains the electronic version
of this thesis in PDF format, the IATEX source code of the thesis, the source code of
the implemented plug-in to V-REP software with scenes and models used in V-REP
for the thesis and video outputs from the experiments done in V-REP.

Directory /File Description

MasterThesis The ITEX source code of this thesis.

Videos Videos from the experiments exported from V-REP.
V-REP scenes The scenes for V-REP used for the experiments.
V-REP models The models used in simulations in V-REP.

jicha_ MasterThesis.pdf Electronic version of this thesis.

Table 1 Content on the attached DVD.
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