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Abstract

In a robot team, one of the essential factors to achieve cooperation is its capacity to maintain any desired geometric
configuration, by using appropriate control techniques for the relative poses between teammates. Formation control methods
must be robust to several types of disturbances, so that the desired geometry is achieved. But, at the same time, it must
be flexible enough to change its geometry, so that the team can handle environment spacial constraints (e.g., moving from
an open area to a narrow corridor). Artificial potential fields control methods, based on harmonic functions were chosenas
the control method for formations of unmanned aerial vehicles (UAVs), specifically quadrotors.

The first part of this thesis presents the concept of a quadrotor vehicle, by defining its kinematics and its dynamics,
and also presents the study and development of several control methods. Both implemented in Simulink. The second part
firstly describes the panel method based on harmonic potential functions and lastly presents the formation control method
with UAVs. Finally, in the last part of this thesis the results of flight tests with a real quadrotor are presented.

Keywords: Unmanned Aerial Vehicles, Quadrotor, Artificial Potential Fields, Formation Control, Rigid Formations, Dynamic Formations.

1 INTRODUCTION

In recent years, the study of groups of multiple autonomous
robots, which exhibit cooperative behavior, has emerged and has
become a major area of research activities. The recent advances in
the miniaturization of sensors, actuators and technology in gen-
eral, enabled the creation of distributed networks of robots for
several applications, such as reconnaissance, surveillance, search
and rescue or cargo transportation in cooperation. Obviously,
these systems require more complex architectures in order to deal
with all the robots.

Different approaches can be classified according to different
criteria. According to [1], these approaches can be classified into
three groups: leader-following [2], behavioral [3],virtual structure
[4]. Another possible criterion takes into account the rigidity of
the formation geometry: some authors ([5]) specify the full geom-
etry and others [6] consider the formation as a dynamic geometry
structure.

In this work, there is particular interest in the leader-follower
approach with flexible geometries, ie, in the approach where there
is a leader which can be virtual, following a predefined path,
and that brings with it his followers according to a geometry
previously defined, but that at can be modified at any moment
to deal with changes in the environment.

Leonard and Fiorelli [7] introduced the concept of artificial po-
tential fields between vehicles in formation. The major draw-
back of this approach is the problem of local minima, which
may prevent the group from never reaching the desired forma-
tion. The harmonic potential functions were introduced by Kim
and Khosla [8]. These functions enable the creation of artificial
potential fields without local minima and with unique solution,
which makes them ideal for this work.

The remaining of this paper is organized as follows: in Section
2 is presented the quadrotor model, which defines its kinematics
and dynamics, and also presents the development of two control
methods. In Section 3 the panel method, based on harmonic

functions is described and in Section 4 presents the formations
control method with UAVs. Section 5 presents the results of the
first flight tests with a real quadrotor.

2 QUADROTOR MODEL
2.1 Definitions and Basic Concepts

For several reasons, it is usually necessary to use different coordi-
nate systems [9], when working with aerial vehicles like a quadro-
tor. To describe its movement and its attitude, a reference frame
called Inertial Frame {I}, centered on Of, is set on the ground
and points towards North (z'), West (y) and Up (27),as shown
in Figure 1(a). A second frame {B} is fixed on the quadrotor and
centered on OF, the center of mass of the quadrotor, thus called
Body-Fixed Frame, shown in Figure 1(b). Vectors expressed in
the inertial frame are marked with the superscript  and vectors
expressed in the body-fixed frame have the superscript .

z

OI

xT

(b) Body-Fixed Frame

(a) Inertial Frame
Figure 1: Reference Frames.

The inertial frame is used to define the position of the quadro-
tor, denoted I'f = (X,Y, Z}T, corresponding to the displacement
from Of e OF, and its attitude, that defines the rotation of
the body-fixed frame to the inertial frame. In aeronautic liter-

Henrique R. D. da Silva

April 2012



Formation Control for Unmanned Aerial Vehicles

ii

ature, Euler angles are used and the attitude is described by:
= [¢,0,%]T. The body-fixed frame is used to define the linear
velocity, VB = [u,v,w]”, the angular velocity, w? = [p,q,r]7,
the forces, usually named thrust, F? = [F,, F,, F.]”, and the
torques of the vehicle, 75 = [r,, 7, 72]7
Quadrotors have four identical rotors, each of them is respon-
sible for a certain amount of force and torque around its center of
rotation. As shown on Figure 1, the propellers are paired and each
pair rotates in a different direction. Motors (1) and (3) have a
counter-clockwise rotation when looked from above whilst motors
(2) and (4) have a clockwise rotation. Since the quadrotor is an
underactuated system, ie, although it is a system with 6 DOF!, it
only has 4 motors, so it is not possible to directly control all the
6 DOF, but only 4. However, due to the vehicle structure, it is
relatively simple to choose the variables to be controlled. These
variables correspond to the four basic movements which enable
the vehicle to reach a certain altitude and attitude (Figure 2).To
obtain this maneuvers the speed of each motor is adjusted. The
angular speeds of the motors are written Q = [Q1, Q2, Q3, Q4

ofrofecfocke

(a) Positive Thrust (e) Negative Pitch
(b) Negative Thrust (f) Positive Pitch
(c) Negative Roll (9) Negative Yaw
(d) Positive Roll (h) Positive Yaw

Figure 2: Basic Maneuvers [10].

e Thrust - U; [N] - This maneuver is obtained by equally
augmenting or diminishing the angular speed of all motors,
as shown on Figure 2(a) and (b).

e Roll - U, [N.m] - The roll motion corresponds to a rotation
of the quadrotor around the z® axis and is obtained when
Q, increases (or decreases) and €4 decreases (or increases).
This maneuver is shown on Figure 2(c) and (d).

e Pitch - Us [N.m] - The pitch motion corresponds to a ro-
tation of the quadrotor about the y? and is obtained when
Q1 increases (or decreases) and 3 decreases (or increases).
This maneuver is shown on Figure 2(e) and (f).

e Yaw - U4 [N.m] - The yaw motion corresponds to a rotation
of the quadrotor about the zZ and is obtained when the pair
Q1 - Q3 increases (or decreases) and Qs - Q4 decreases (or
increases). This maneuver is shown on Figure 2(g) and (h).

1Degrees Of Freedom

2.2 Kinematics & Dynamics

The kinematics and dynamics of the quadrotor can be summa-
rized in equations (1-4) in accordance to [9]:

I'' = RgV?B
61 = T@ wB

FB:m(VB—i—wBXVB)

B = 1oP + WP x (Iw?)

Equations (1) and (2) represent the kinematics of the vehicle
and relate state variables on different coordinate frames. Equa-
tion 1 defines the linear movement of the quadrotor as the deriva-
tive of the position and equation (2) defines the angular velocity
as derivative of attitude.

Equations (3) and (4) represent the dynamics of the vehicle.
Both equations were derived from Newton’s second law and relate
the forces and moments applied with state variables of the vehicle.
The relation between these forces and moments with the angular
velocity of the motors is shown in equations (5) - (7).

F 0 0
FP=|F, | =| R} 0 +1 0 (5)
F —mg U
Te U,

=7 |=| Us (6)
Tz U,
U, b(F + Q3 + Q3 + QF)
U, b1(Q2 —Q3)
Us - b1(Q3 — Q) @
U, d(Q3 + Q3 + Q7 + Q3)

In these equations Re is the rotation matrix and Te is the
transformation matrix, which are defined as:

[ cpco  cuSaSe — SypCsy  SySe + CpSecy
Ro = | syco cycy + S¢50S¢ S4S6Ch — CySe
! —54¢ coSe coCe (®)
1 sgto coto
To=| 0 Co —S8¢
L 0 s¢/co cg/co
where ¢ = cos k, sy = sin k e tx = tan k. The inertia ma-

trix I[N.m.s%] is diagonal due to the symmetry of the quadrotor,
m[Kg] is the mass of the quadrotor, g[m.s™?] is the gravitational
acceleration {[m] is the distance between the center of the quadro-
tor and the center of a propeller, b[N .52} is the thrust coefficient
and d[N.m.s?] is the moment coefficient.
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2.3 Control

In this subsection two methods to control the quadrotor are pre-
sented. The first one uses a classical approach (PID) assuming a
simplified dynamics and the second one uses a modern technique
(LQR), based on a more complete model.

2.3.1 PID Controllers

Figure 3 shows the architecture of PID control.
" z,

. PR S
' Q0
Outer Loop Inner Loop =

Controller Controller [— Quadrotor Model
Y, —| O QU

R
o 0 v Z Y X

Figure 3: Architecture of PID Control.

It can be seen in the figure there are two controllers: Inner Loop
Controller and Outer Loop Controller. The first one controls the
attitude (¢, 6,1) and altitude (Z), and the second one controls
the horizontal position (X,Y’). These controllers are derived by
linearizing the equations of kinematics and dynamics (egs. 1-4) at
an operating point that corresponds to the nominal hover state,
where the roll and pitch angles are too small (cy &~ 1,c9 & 1,54 =
¢ and sg =~ 0).

Inner Loop Controller Substituting equations (5-7) in
equations (1-4), leads to the following result:

U:
Z— (au— pv) —
(qu — pv) — gegey +

T Iyy - Izz U2
=L UL
Izz - Imc U3
— p?"—l— -2
Iyy

The dynamic model presented above contains both the
gyroscopic and Coriolis effects, but in order to make it possible
to design PID controllers for this system , one can neglect these
effects. Equation (9) then becomes:

. U
Z=—9+@M@;§

. U

b=1"

j_Us o
Iyy

- Uy

1/] N [ZZ

According to [9], it is then possible to write the four inner
loop controllers in the Laplace domain:

U, = {(sz—i——) ez(s)—sKp, Z} +9g coco
UQ: (Kp¢+7¢)e¢(5)—8KD¢¢:| [acx
- (11)
Us = (er + —) eo(s) — s Kp, 9] I,
r K
U= (pr + %) ew(s) — sKp, w] 1.

where ez, e4, €9, ey are the difference between the value of state
variables and the reference values for these same state variables.

Outer Loop Controller In this controller the pitch and roll
angles are used to control position in the z! and y’ planes. Thus,
as shown in the Figure 3, this controller has as input the reference
values X, and Y, ie the desired position for the vehicle, and has
as output the reference values of roll (¢,) and pitch (6,), that
subsequently enter on the inner loop controller. Thereby, and
according to [11], by linearizing equation (1):

X = 97-01/, + (]%-Sw
.. A
Y = OTsw — ¢TC¢

It is then possible to write the two outer loop controllers in the

Laplace domain:

X = (KPX + Kix

¢7» = XSw — ch,
. . (12)
0, = Xcy +Ysy

)ex(s) —sKp, X

(13)
. K
Y = (KPY —+ Iy

)ey(s) —-sKp, Y

where ex,ey are the difference between the value of state vari-
ables and the reference values for these same state variables.

2.3.2 LQR Controller

The state space formulation described in Subsection 2.2 so far is
nonlinear. LQR controller is based on a linear model, therefore a
linearization must be performed. In this case, the linearization is
made around hovering point (6 ~ 0° and ¢ = 0°) and it consists
in approximating the nonlinear state space system by a linear
formulation:

& = Az + Bu (14)

where x is the state space vector and u is the input vector of the
system.
Figure 4 shows the architecture of LQR control.

0

U [
| ;| Modelo do Quadrotor
Q Q
VELPLELLT
XYZobdOYpuvwpqr
[72) J P E—

XY, Zy Gy O ot 00y D1 G T

Figure 4: Architecture of LQR Control.
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2.4 Results

In order to test, not only the kinematics and dynamics of the
quadrotor, but also also the presented control methods, a simula-
tor in Simulink™~ has been implemented using Embedded Func-
tions, because it reduces the computation time, which makes sim-
ulation faster.

The tests have been divided into two sections which concern
two different types of reference inputs. The first set of tests deals
with step inputs. Step tests were performed in order to excite the
position (X,Y,Z) and yaw (v), individually. For all four mea-
surements, rise time (tgr), settling time (ts) and overshoot (.S)
are evaluated. The values are determined using stepinfo func-
tion from MATLAB® and are presented in Table (1) for PID
controller and in Table (2) for LQR controller. Both controllers
present a steady state error equal to zero.

| [ X [ Y [Z ]9 ]

tr[s] || 248 [ 250 | 1.15 | 2.11
ts[s] || 8.6 | 8.66 | 3.67 | 4.82
S[% [[6.99 [ 7.06 | 228 | 0

Table 1: Rise time, settling time and overshoot for the PID controllers.

| [ X[ Y [ Z ] |

tr[s] || 159 | 1.59 | 1.77 | 0.95
ts[s] || 5.14 | 5.14 | 558 | 3.70
S[%) |[3.84 [ 384 | 3.08 | 4.34

Table 2: Rise time, settling time and overshoot for the LQR controller.

Through the figures and tables presented above it can be seen
that, with both controllers, the system can follow the reference
without any problem. However, it is noted that the LQR con-
troller has a better performance compared to the PID controller,
with respect to the state variables X and Y. With respect to Z, it
appears that the PID controller provides better results with a set-
tling time approximately 2 seconds inferior than the one achieved
by the LQR controller. It is noted that both controllers are highly
dependent on the input gains, so that by adjusting these, it is still
possible to achieve better results. However, in general, it appears
that both controllers are well dimensioned and have a very satis-
factory performance.

In the second test the state references are designed to excite
all the states and dynamics of the system, it comprises X, Y,
Z translations but also 1 rotations; some translations are per-
formed while the quadrotor is rotated. Figures 5 and 6 present
the response of the system and the states references.

Once again, as can be seen in the figures, both controllers
shown to be able to follow a given reference. However, it appears
that in both cases and between seconds 15 and 40, the vehicle was
not able to follow the reference X and Y due to the frequency
of the reference. In any case, as already stated in step response,
both controllers are able to control the system, keeping it in the
desired state reference values.

L L L L L L
g 10 s 2 3 EY 3 ©
Time 5]

Figure 5: Full-State Response for PID controllers.

L
g 10 s 2 EY ©

B3
Tempo s]

Figure 6: Full-State Response for LQR controller.

3 FORMATION CONTROL

At the level of fomation control, this thesis aims to develop a
method that, in a decentralized way, keeps all vehicles according
to a previously defined geometry. Thus, from the point of view
of decentralization it is considered that each vehicle has as main
objective to make a path planning, ie, on an environment free of
structural obstacles, each vehicle must reach a certain position
(goal point), and, at the same time, bypass the other vehicles of
the group, which, from the viewpoint of the vehicle are moving
obstacles. As mentioned in Section 1, there are numerous meth-
ods of path planning, however this work is based on the use of
Artificial Potential Fields generated by Harmonics Functions.

3.1 Harmonic Functions Theory

As proposed in [12], the harmonic functions are solutions of
Laplace’s equation in the following way:
Vi =0 (15)
where V2 = V.V is the Laplacian operator, V denote de velocity
field and ¢ is a scalar velocity potential.
These harmonic functions enjoy three fundamental properties
that make them ideal for this work. These three properties are:

e Superposition Property: Any linear combination of two
harmonic functions is also a harmonic function and a solution
of Laplace equation.

e The Maximum Principle: The maximum of a noncon-
stant harmonic function occurs on singular boundaries where
the potential tends to infinity.
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e The Minimum Principle: The minimum of a nonconstant
harmonic function also occurs on singular boundaries where
the potential tends to infinity.

The properties of the harmonic functions described above are
very useful for the construction of artificial potential fields be-
cause they eliminate completely the existence of local minima.

3.2 Panel Method
3.2.1 Single Panel

In a 2D space, any object can be approximated by a set of line
segments, called panels. Thus, as the vehicles are intended to by-
pass the obstacles, it is necessary to define the repulsive potential
of each panel. On Figure 7 an example of a single panel (Red) is
illustrated.

(wi,9:) -L

Figure 7: Single Panel [12].

Based on [12], the repulsive potential in any arbitrary point
(i, y:) induced by the panel, is given by:

L
(i, yi) = ﬁ [Lln (mf + (yi — l)2) dl.

where ) is the strength per unit of the panel and L is its length.
Differentiating the equation (16), with respect to z and y, it is
noted that the limiting value of normal velocity along x is \/2
on the left face of the panel and —\/2 on the right face of the
panel, when —L < y; < L. This shows that a source panel with
a strength per unit length A creates a uniform normal outward
velocity of magnitude A\/2 at the surface.

Another harmonic function useful for building artificial poten-
tials is the uniform flow potential, which varies linearly along the
direction of the uniform flow it represents. In a 2D space, when
the fluid flows in a direction that makes an angle o with the
z-axis, the potential function for this uniform flow is:

(16)

(17)

¢(z,y) = =U(z.cosa + y.sin ),

where U is called the strength of uniform flow.

Adding a uniform flow, of strength U that flows in the direction
of positive z-axis (o = 0), with the panel presented on Figure 7,
it can be seen that the total x direction velocity component at
the left face of panel is:

A

w07, p) = U+ 3, (18)

If U equals —\/2, then u, (0™, y;) becomes zero. For the obsta-
cle avoidance problem it is necessary to ensure that the normal
velocity of a panel (V) must be greater than or equal to zero:

V. = _Uz(oivyi) > 0.
3.2.2 Multiple Panel

Figure 8 represents, in general, the problem that this method
alms to solve, ie, in a 2D space there is an obstacle and a goal

pOint (xga yg)

(19)

Panel 1

Goal Point
L]
(29, Yq)

x Panel j

Figure 8: Panel Method (Modified from [12]).

The obstacle is approximated by a set of panels. Figure 9 shows
the details of the panel geometry.

(-"?n; s L‘/n;)

Panel j

(z0i,0i)  Panel i

Figure 9: Panel Geometry (Modified from [12]).

The desired outward normal velocity generated by each line
obstacle at its center point is considered as an input variable.
Let m be the number of panels and A1, Ao, ..., A\, represent the
strength per unit length of these panels. The velocity potential
at any point (z,y) in space caused by panel j is:

A

where

Rj=/(x—2;)* + (y — y5)* (21)

Since it is assumed that the vehicle should reach a goal point,

an attractive potential is needed at this goal, where the potential

has only one global minimum. This attractive goal can be rep-

resented by another harmonic function called sink. It is assumed
that the goal sink have a strength of A\;. Then its potential is:

g = ﬁ In(Ry),

o (22)
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where Ry = \/(z —24)2 + (y — y4)2. It also adds to the total
potential field a uniform flow, so that this is most effective:

(23)

where « is the angle between the direction of the uniform
flow and the z axis. Thus, the total potential field due to the
obstacles, goal, and uniform flow is:

G(x,y) = Pu + b9 + > b
j=1
If the strength of the uniform flow U and the strength of
the goal sink A\, are specified, the main objective is to derive
the strengths of the m panels. If the outward normal velocities
generated at the center of the m panels are also specified, then
m equations can be derived using equation (19). The resulting
m equations are:
ainl¢ (mci, ycz) =
Applying equation (24) to the center panel ¢ and developing
the various terms, yields:

¢ = —U(xzcosa + ysina),

(24)

-Vi  i=1,2,.. (25)

,m

D (Xeiy Yei) = —U(Tei cOs atye; sin oz)+/\— In RngrZ /ln R;j;dl;,

(26)
where Ry; is the distance between (z4,vg) and (Zei,yei). By

substitution of equation (26) into equation (25), results:

PYENRAN
s =
2 +Z oY

J#i

0
Vz+U8

Ii]' = /ln Ri]’ dl.
J

Integrating equation (28):

1 LI +2L;A Lj+A A
Lj=-cCin{1+ 21— | — larctan  —L—— ] — arctan [ = | | cos(6; — 6;)
2 B E E

(29)

(@i cos a+ye; sin o) —

A

QJ n ln Rgi
(27)

where

(28)

for E # 0 and

7 Li+A L; 1 1
= (m|Bpt - ) e (- h5) @

for E = 0, where

A = —(zei — x05) €080 — (Yei — Yo;) sin b;

With all terms in the equation (27) specified, is then possible
to synthesize it as follows:

PA =q, (34)
where
Y
P;; = I S (35)
5 LA
=-V,+U_— 9 (2ei cos a + Yei sin a) 9 (36)
anz ci Yei 271' a gi
and
A=A, Aoy A (37)

With all this, and solving the equation (34) as a function of A,
we obtain all the strength of all panels for desired U and V;.

Once these are obtained, the following velocity equations to
derive a trajectory for real time control are used.

_9¢ _ X0k J/Q dl;

uz(z,y) = o =Ucosa o aa:l 5 3 n Rij; dl;
__9 _Li Ny 7]/ 9 in Ry dl
uy(z,y) = ay—Usma o 212 ay In R;j dl;
(38)

3.2.3 Robust Harmonic Potential Field

In the previous section, for generating an artficial potential field,
the velocity field at the center point of each panel had to be spec-
ified to be able to solve a path planning problem. The value of
this velocity must be selected such that the total obstacle repul-
sive strength becomes less than the goal attractive strength [13]:

—Ag <A <0, (39)

where .
= Z AL (40)

i=1

Inequation (39) is called the convergence condition because it
indicates that the summation of obstacle repulsive strengths is
less than the goal attractive strength. If the convergence con-
dition is true, it is guaranteed that the robot does not miss the
goal and the goal is the global minimum of the potential. But,

B = (zes — 207)? + (i — oy)®
= Fei — 05 Yei — Yoy whether or not this condition is true, it highly depends on how
C =sin(6; — 0;) (31) the m normal outward velocities V; on each panel are specified.
) In the case of fixed obstacles, it may be enough to specify them
D = —(zci — woj = sin6i + (Yei — yo;) cos s once with trial and error and the potential field could be useful.
E = (2ei — 20;) sin0; — (yei — yo;) cos 0; However, in the case of moving obstacles, a n}ethod .is neede.d
to compute them automatically such that the inequality (39) is
Other terms of equation (27) are as follow: satisfied.
5 Equation (34) is rewritten as:
U%(:cm- cosa + yei sina) = Usin(a — 6;), (32) m
and ’ S PN =-Vi+ W,  i=12,..,m, (41)
j=1
Ag O —(Tei — xg) sinb; + (Yei — yg) cos b;
29 l P = .
2m om0 (e~ 20 + (ves — 1)’ %) where
Henrique R. D. da Silva April 2012
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3 i=j
Pij = I . o (42)
s L7
and
W, = Uaim- (Zci cOS ¢ + Yei sin ) — ;—;’_ 6ii In Ry (43)
By defining J = P!, of equation (41), results:
Xi=> Ji(-Vi+W;)  i=1,2,..,m. (44)
j=1
Substituting equation (44) into (40) and (39) results in:
DSTLD IV <A+ > Ly I W, (45)
i=1 Jj=1 i=1 =1

If it is assumed that the outward normal velocity of a panel is
proportional to its length, that is, V; = aLj, then equation (45)
is reduced to:

(46)

a < Qmax,
where ™ ™
a o Ag+ 200 L Zj:l Jij W (47)
e 2?;1 L; Z;n:l Ji;L;

Since all the parameters on the right hand side of equation (47)
are known, one can simply calculate amaq. and choose a value for
a that satisfies the inequality (46). The parameter a is called the
safety parameter. Larger a’s result in larger V;’s, which in turn
result in a safer, but less economical (longer) trajectory far from
the obstacle.

The safety ratio is defined as:

a

0<re <l (48)

Te =
Amax
This ratio has a value defined a priori and make possible
the calculation of the a. With the value of a known, it is then
possible to calculate the strength of each panel by the equation
(49). m
)\7; = ZJij(—aLj + Wj)

j=1

i=1,2,. (49)

., M.

4 FORMATION CONTROL WITH QUADRO-
TORS

This section is intended to provide a control method for geometric
formations to aircrafts, specifically, quadrotors, and for that it will
be used the concepts presented in Section 2 and 3.

4.1 Definition of Geometric Formations

The purpose of formations control is related to the fact that it
is intended that a particular group of vehicles to move according
to a certain trajectory while maintaining a specific geometric dis-
tribution. Therefore, the approach taken to define the geometry
of the group is called the leader-follower approach [14]. As its
name indicates, this approach assumes the existence of a leader.
However, this leader does not need to be a vehicle, can be one
point (virtual leader). The purpose of the existence of a leader is
be able to define, through him, the geometry to be achieved with

Follower 1

Follower 2

Follower 3

Figure 10: Example of Geometric Formation.

the group of vehicles. Figure 10 shows an example of a possible
formation, consisting of three vehicles and a virtual leader.

This geometry is defined based on the position and orientation
of the leader. Thus, the vehicle ¢ is aware of what should be its
distance from the leader (I;) and its bearing (53;).

4.2 Formation Control

As mentioned in the previous subsection, each vehicle has knowl-
edge of what should be its position in the inertial frame. By
analogy with the panel method presented in Section 3, this lo-
cation corresponds to the goal point. Obviously, if the leader is
moving, it is necessary to calculate, for all instants of time, which
is the corresponding goal point.

Since the goal is defined it is necessary to introduce obstacles
which, as already mentioned, correspond to the vehicles, ie each
vehicle considers his neighbors as moving obstacles. This ensures
that there are no collisions between them. Figure 11 how a
quadrotor is modeled based on panels.

Figure 11: Model of Quadrotor based on Panels.

As it can be seen in the figure, each vehicle is approximated
by four panels (Red), each one with the respective normal vec-
tor (n;). Accordingly, since each vehicle has knowledge of the
position of the other vehicles in the group, it can calculate the
artificial potential field that allows to reach its own goal point
avoiding collisions. The strongest advantage of this implementa-
tion is that, at any instant of time, the group is able to change
its geometry, because each vehicle will, autonomously, find a new
safe path that leads to its new position.
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4.3 Results

In order to test the reliability of the developed method, this
subsection presents the obtained results using the simulator
developed on Section 2. The first test is a formation with four
quadrotors on a triangular geometry, following a leader which
makes a U-turn trajectory. In Figure 12 the result obtained for
U =1, \;j =30, 7o = 0.5 and using PID controllers is shown.

= Leader
Vehicle 1 |
— Vehicle 2
Vehicle 3
Vehicle 4

y[m]
b
T

x[m]

Figure 12: Formation Control with four Quadrotors.

As it can be seen in the figure, in blue is represented the trajec-
tory of the leader and in red, black, green and pink the trajectories
of the four vehicles. The dashed blue depicts the virtual connec-
tions between vehicles and the leader. It is noteworthy that the
performance, of the panel method applied to formation control,
is quite satisfactory. It also appears that there are no collisions
between vehicles and the safety ratio is preserved.

The second test is designed to test the change in the geometry
of the formation. The trajectory of the leader is a linear
trajectory and the formation, consisting of four vehicles, will
move from a linear geometry to a triangular geometry. In Figure
13 the result obtained for U = 1, A\; = 30, r, = 0.5 and using
PID controllers is shown.

L
Leader |
Vehicle 1
Vehicle 2
Vehicle 3
Vehicle 4

y[m]

-101-

x[m]

Figure 13: Changing the geometry using four quadrotors (Video on [15]).

As can be seen in the figure, it is verified that the method
developed is capable to deal with changes in geometry in a very
smooth and effective way, preserving the safety ratio.

5 EXPERIMENTAL TEST PLATFORM

Thanks to the company UAVisi0n® [16] it was possible to start
implementing the developed methods in a real vehicle. This
company provided a vehicle called UX-4001 Mini (Figure 14).
This vehicle, in terms of hardware, was completely developed in
this company, on the other hand the firmware and software used
were adapted from a German company, MikroKopters [17].

Figure 14: Quadrotor UX-4001 Mini.

5.1 Quadrotor Characterization

This vehicle consists of 5 different parts: chassis, electronics, ac-
tuators and communication modules. The chassis is done in hy-
brid carbon, which makes it very resistant and light simultane-
ously. In terms of electronics, there are three sets of boards:
MKFlight_Ctrl, MKNavi_-Ctrl e MKBL_Ctrl. The board MK-
Flight_Ctrl is the main board of the vehicle. This board contains a
microcontroller Atmega 1284, where are implemented the attitude
(inner loop) contollers, Gyros, Accelerometers and a barometric
Sensor.

The board MKNavi_Ctrl is a board used for navigation, espe-
cially outdoors, and it contains a GPS and magnetometers.

The board MKBL_Ctrl corresponds to all four electronic speed
controllers (ESC).

In this vehicle there are two communication modules: a mod-
ule that enables communication with the vehicle through a PPM
signal, and a Bluetooth module that allows the vehicle to com-
municate with any computer.

It was also added to the quadrotor an Arduino and a Sonar.

5.2 Software and Hardware Architecture

As could be seen in the previous subsection, there is no sensor
with which it is possible make a reasonable estimate of the posi-
tion (X,Y) of the quadrotor. Thus, only the altitude controller
has been implemented. Although the quadrotor have a baromet-
ric sensor on board, this is unreliable on indoor environments,
due to the reduced pressure gradient. In this way, was added to
the system an Arduino and a sonar, which easily and effectively
can estimate the altitude of the vehicle.

The board MKFlight_Ctrl is responsible for conducting the in-
ner loop controller, ie, for controlling the attitude (¢,6,) of
the quadrotor. This control is executed by the firmware from
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MikroKopter and runs a PID controller for each attitude vari-
able. This board, besides controlling the attitude, still sends the
data, from all sensors, to the computer via Bluetooth.

On the computer, the altitude control is done using the data
sent by the Arduino and the board MKFlight_Ctrl. This controller
is a PID controller and it is implemented in ROS. The purpose of
this controller is to calculate the force that each motor needs to
do in order to maintain the vehicle at a given reference altitude.
This force value is sent back to the MKFlight_Ctrl board.

5.3 Results

This subsection presents the results of the first flight tests per-
formed. In order to test the developed controllers, this subsection
is divided into three distinct tests.

The first test aims to test the attitude controller of the vehicle.
For this, the quadrotor was suspended in the air, using cables,
and there was a disturbance in the attitude. The result is shown
in Figure 15.

7
Time [s]

Figure 15: Attitude Control Test.

As it can be seen in the figure, the quadrotor was placed ini-
tially at an angle of approximately 40°, and at 6 seconds, the
controller was activated. By analyzing the figure, it appears that,
despite an overshoot, this does not exceed 5°, the controller has
a rise time of about 0.5 seconds and a settling time of about 5
seconds to achieve the desired the attitude (¢ = 0°). From this
result it can be said that the inner loop controller is well dimen-
sioned providing a very satisfactory performance.

The second test consists in a hovering flight (¢ ~ 0° and 6 ~
0°), by keeping a certain altitude. For this the altitude controller
developed in ROS was used. Thus, Figure 16 shows the variation
of altitude of the vehicle as a function of time. It is noted that the
reference altitude was defined in 1.3 meters and that the control
of horizontal position (X and Y) was performed by a human
operator.

The test had a duration of about 35 seconds. Between 0 and 6
seconds, the quadrotor is close to the ground (Z = Om) starting
the acceleration of the four motors. Between 6 and 11 seconds,
the vehicle starts its vertical movement. Between 11 and 22 sec-
onds, the vehicle is in hovering flight. As it can be seen in the
figure, the vehicle is able to maintain a desired altitude quite well.
At 22 seconds the landing of the quadrotor is performed. This
movement is done manually by a human operator. In general, we
can say that this controller has good performance.

Mean Value = 1.3228m

Time (5]

Figure 16: Test the altitude controller (See photos and videos in [15]).

The last test is aimed at testing the altitude controller when it
is subject to disturbances. The reference altitude was defined to 1
meter, while the quadrotor flies over a set of two stairs.By making
the quadrotor fly over the stairs, his estimate of the altitude will
be amended and the controller will have to react to these changes.
The result is shown in Figure 17.

16

Aitude m]

Figure 17: Test the altitude controller flying over the stairs (See photos
and videos in [15]).

Between 2 and 6 seconds, the vehicle converges to its reference
altitude. At 6 seconds, comes the first step of the ladder. Since
the step height is 0.3 meters, the vehicle has the perception that is
at 0.7 meters. Thus, between 6 and 8.5 seconds the quadrotor at-
tempts to achieve its reference altitude. At 8.5 seconds, comes the
second step. Similarly, as in the first step, the vehicle estimates
that its altitude has decreased and therefore, it compensates to
achieve the reference altitude. At 11.5 seconds, the quadrotor
passed through all the steps and is, again, flying over the ground.
Being that it is above the reference altitude, the vehicle needs to
go down. Around 15 seconds the command of landing is given.
As can be seen once again, the altitude controller performance is
quite satisfactory and is well dimensioned.

6 CONCLUSIONS & FUTURE WORK
6.1 Conclusions

This thesis presented a new formation control method for un-
manned aerial vehicles (UAVs), specifically quadrotors. To this
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end, it was necessary to implement and develop both the dynam-
ics and kinematics of the vehicle, but also the control methods
necessary to control the many state variables. Two different con-
trol methods (PID and LQR) have been implemented in order to
compare their performance. Through the mathematical model it
was possible to create a simulator that will be the basis to imple-
ment all developed algorithms. The several tests show that both
developed controllers are both able to stabilize the quadrotor but
also to make it follow certain references.

With the quadrotor simulator implemented, followed the devel-
opment of the formations control method. To do this, the artificial
potential field theory based on harmonic functions, and how it fits,
together with the panel method,to the obstacle avoidance prob-
lem has been presented. Was also introduced a complement to the
traditional panel method to generate a more effective harmonic
potential field for obstacle avoidance, which rendered the tradi-
tional harmonic potential method more suitable for dynamically
changing environments, enabling the method to be applicable in
real time. In the second part, the theory presented in the forma-
tions control method was applied. This method is based on the
leader-follower approach. Thus, it was assumed that each vehicle
has knowledge of the position of other vehicles of the group. This
way, each quadrotor considers the other vehicles as moving ob-
stacles, allowing it to plan a path that keeps in formation. These
simulations show that the developed method is quite effective in
formation control and allows, in an elegant way, to change the
geometry, enabling the group to adapt to structural changes in
the environment.

In this work, it was also possible to begin the implementa-
tion of the developed control methods in a real quadrotor. The
provided quadrotor contains the inner loop controller (attitude)
implemented in the microcontroller. It was added to the vehicle a
sonar, allowing the implementation of the altitude controller. The
results of the tests were satisfactory and enabled the realization
of the first hovering flights.

6.2 Future Work

As future goals, a more accurate model of the quadrotor can
be studied to improve the simulator, in particular aerodynamic
considerations and sensors models. Together with this research,
the identification of the real platform physics must be done.

Extend the developed formations control method to three di-
mensions should be a future work. It will also be interesting
to investigate the behavior of this method in environments with
structural obstacles such as walls and corridors.

In terms of real quadrotor, there is much work to be developed.
It is necessary to balance the vehicle so that it has the minimum
drift possible, ie to not present random walk. In order to imple-
ment the formations control, it should begin up to implement a
ground thruth system, ie a system composed of cameras placed in
the environment, and that, at each instant of time, calculates the
position of all vehicles present in their field of view and broadcasts
this information to all quadrotors. At a later stage, more process-
ing power should be introduced on the vehicle to be able to, not
only do all the control on board, but also to add a laser range
finder or a camera that will allow to estimate the position of the
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