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Summary

In this research work, we consider the control issues related to the recording of a moving ob-
jectin a cinematographic environment using multiple quadrotors or Unmanned Aerial Vehicles
(UAV). First of all, we propose a model of a quadrotor with nonlinear dynamics which physically
represents the behaviour of this machine, to later linearize it in order to obtain a suitable con-
trol law. After that, we propose a Consensus-Based Cooperative Control so the quadrotors can
fly in formation around the moving object and record it from the desired angles. This control
technique uses a network structure that represents how the UAVs are connected to each other
sharing their information. With that, each quadrotor can be aware of the state of the others in or-
der to properly control the formation of the team. Then, various collision avoidance algorithms
are proposed in order to make the flights secure, so the quadrotors do not crash. Moreover, a
collision avoidance technique is proposed for the camera control so the UAVs do not get inside
the Field of View (FoV) of the other recording drones. That way, the shots taken are suitable
for cinematographic purposes. All the control algorithms are validated with simulation and,
finally, a real machine experiment using commercial quadrotors is proposed.
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1 Introduction

The Movie Industry has recently been using Unmanned Aerial Vehicles (UAVs) in order to pro-
duce stunning camera shots. This domain does not only receive great interest from industry,
but from end-user consumers. Professional camera teams can now use robots, that were de-
signed to be suitable for a consumer level, in order to create impressive visuals that not much
time ago required a helicopter or other expensive camera gear. However, manually controlling
this robots which is, for example, flying a quadrotor remains to be a very difficult task which
requires a lot of skill and experience. That is the reason why we want to propose a method
that automatically controls the quadrotors for shooting purposes, mainly for the recording of a
moving object like would happen in an action scene.

Several algorithms have been proposed to approach this problem, for example in [6] a feedback
control is used in order to develop predefined trajectories that are commonly used in the movie
industry, combining this with a path planning technique for the live capture of cinema scenes.
In [4] this approach is taken further and the trajectories are automatically adapted in real-time
while solving collision constraints with static and dynamic obstacles. Still, both of these works
only use one filming UAV, which means that only one camera shot is taken, which is not suitable
for expensive action scenes that can only be performed once, and more than one camera angles
are needed.

Even though [5] tries to solve this problem by jointly planning trajectories for more than one
UAV, and using Model Predictive Control (MPC) to make sure the quadrotors do not get inside
other’s Field of View (FoV), this technique is environment dependant and it is used to record
shots indoors, like in a studio set.

In this research work, we consider the control issues related to the recording of a moving object
in a cinematographic environment using multiple quadrotors in order to obtain multiple shots
of a single scene. The objective of this work is to model the dynamics of a quadrotor to use
them in order to prove, by simulation, that a real drone can be controlled in the way we desire
and, later, show this results implementing the control in a real machine. To do so we consider
the model of a quadrotor stated in [3] as well as its linearized model named as Model for control
design. For the proposed control, we are going to follow the work in [1] in order to develop the
network structure that defines the connections between UAVs, as well as for selecting the control
gains that make the closed-loop system polynomial have its roots in the negative plane. This
is done in [1] by using the generalized Routh stability criterion. After that, collision avoidance
control, based on potential fields, is applied to the system in order to avoid collisions between
UAVs and fix obstacles. The same technique is used to make sure the quadrotors do not get
inside other’s FoV, so the shots are suitable for the movie industry. All these algorithms are
validated through simulation using tools like Matlab and Simulink. Regarding hardware, the
Mambo drone produced by Parrot Drones is selected as a suitable quadrotor in order to conduct
the real machine experiments.
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2 Multirotors

A multirotor is a technological device capable of flying due to three or more propellers and
whose take off and landing can be done vertically. Their main advantage respect to the fixed
wing is the capability of hovering, staying above a fixed place, which have made them a very
useful tool, having from civil applications like surveillance systems to entertainment applica-
tions like photography. These flying devices work with electric motors, avoiding the pollution
produced by combustion motors, and are powered by high efficiency batteries.

Multirotors can be classified depending on the number of propellers they use. The more they
have the easiest will be to control their flight as they will be more stable. However, the most
commonly used multirotor is, due to its simplicity, energy consumption and size, the quad-
copter.

(a) Hexacopter Drone. (b) Octocopter Drone.

Figure 1: Two type of multirotors.

2.1 Quadrotor

Quadrotors or Quadcopters are multirotors that use two pair of identical propellers in order to
fly. Two of them spin clockwise and the other two counterclockwise. By changing the speed of
these propellers it is possible to control the movement of the drone. For example, we can specify
the desired Total Thrust so the quadcopter can move vertically, or we can generate a certain
moment around one of the drone’s axis so its pitch and roll makes it move on the horizontal
plane.

A quadcopter is a non-holonomic under-actuated system, as it can move freely in 6 degrees of
freedom but only has 4 control inputs, and pitch and roll can not be set to a certain configuration
without affecting the position of the drone. This means that position (3 degrees of freedom) and
yaw (1 degree of freedom) are the only controllable states.

Clockwise Blade

Counter-Clockwise Blade

Counter-Clockwise Blade Clockwise Blade

Figure 2: Quadcopter Propellers Turning Direction.
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3 Sensors

Multicopters use a great amount of sensors in order to function, however we are only going to
cover the ones needed to know the state of the machine and be able to control it. In order to do
so, most drones are equipped with an Inertial Measurement Unit (IMU) which is an electronic
device formed by the combination of 3-axis accelerometers, gyroscopes and magnetometers.

3.1 Accelerometer

Accelerometers are used to determine the position and orientation of the drone during the flight.
They are capable of reading the acceleration along their axis. By combining 3 accelerometers,
we can know the direction of movement or the orientation of the drone as accelerometers can
sense gravity.

Figure 3: Three axis Accelerometer board.

3.2 Gyroscope

A gyroscope is spinning device, a wheel mounted on a pivoted support which allows it to rotate
in asingle axis. When it is turning, the orientation of this axis is not affected by the rotation of the
support, called gimbal. By combining three of these in orthogonal orientations, the gyroscope
axis can remain in the initial orientation independent of the orientation of its support. Then by
attaching the gimbal to the drone we can determine its body frame’s orientation and angular
velocity.

Gyroscope
frame

Spin axis

Gimbal Rotor
N—’

Figure 4: Three axis Gyroscope.
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3.3 Magnetometer

A magnetometer is an electronic device capable of measuring the magnetic field around it, so
it can basically sense where the north is. By combining three magnetometers we can determine
the orientation in space of the drone’s body frame.

Figure 5: Three axis Magnetometer board.

3.4 Pressure Sensor

Pressure sensors measure the air pressure around them. This is useful for multirotors as air
pressure is an indicator of altitude. Differences in air pressure through time can also help us
determine the drone’s vertical velocity.

Figure 6: Pressure Sensor.

3.5 Ultrasonic Sensor

These sensors are used to measure distance in a simple way. The sensor head emits an Ultrasonic
wave that will travel to the target and be reflected back. By measuring the time it takes for the
wave to come back and given the sonic speed, we can calculate the distance to target.
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Figure 7: Ultrasonic Sensor.

3.6 Motion Capture

One of the most important and difficult tasks when controlling a drone so it can be a UAV
(Unmanned Aerial Vehicle) is positioning it respect to a known frame. When outdoors, aerial
vehicles usually use GPS as positioning, but this technology doesn’t work indoors. In this case,
and in most of the experimental workplaces, Motion Capture (Mocap) is used. Mocap uses
optical data to know the 3D position of a special marker. By attaching one marker to a drone we
can know its position respect to the camera that is detecting the marker, being this camera a fixed
frame. Moreover, if we attach more than one marker to the drone in known positions, we can
also know its orientation in space. This is an accurate yet expensive technique for positioning
and orientation obtaining for indoors experiments.

Figure 8: Drone with Mocap Markers attached.
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4 Modeling of a Quadrotor

As it has been previously explained, a quadrotor is a device capable of moving freely in space,
which means that it is a system with 6 degrees of freedom (3 for position and 3 for orientation).
As any mechanical system, its dynamics can be explained with second order derivatives of these
variables. In conclusion, a quadrotor system can be mathematically modeled as a nonlinear sys-
tem of 12 states (3 for position, 3 for orientation, 3 for linear velocity and 3 for angular velocity).
Moreover, as its name explains, it has 4 propellers so the system has 4 inputs. From now on, we
are going to use the model of a quadrotor in [3] which we are now explaining. The following
tables show the symbols that are going to be used to represent the variables and constants of
the quadrotor system.

Symbol Definition

X,y [m] Horizontal position in world coordinate system.

z [m] Altitude in world coordinate system.

u, v, w [m/s] Linear Velocity (x, y, z) in body frame coordinate system.
¢, 0, [rad] Attitude angles (roll, pitch and yaw).

p,q, r[rad/s] Angular Velocities (roll, pitch and yaw).

My, Mg, M, [Nm] Moment Commands (roll, pitch and yaw).
Tiotar IN] Total Thrust Command.
T; € {1,2,3,4} [N] Thrust Command for each propeller.

Table 1: Definition of variables for the Quadrotor model.

Symbol Definition

I, I, I.[kgm?®] Inertia Moment (roll, pitch and yaw).

d [m] Distance between quadrotor geometric center and center of the propeller.
ry [m] Yawing moment coefficient.

m [kg] Quadrotor mass.

g [m/s] Gravity constant.

Table 2: Definition of constant parameters for the Quadrotor model.

The equations that explain the dynamics of the system’s position and linear velocities are the
following:

T coscosp  singsinfcosp — cospsing cospsinbcosp + singsing | | u
| = [cosOsinp singsinfsing + cospcosp cospsinfsing — singcosp| | v (1)
Z sinf —singcost —cos¢pcost w
ST
ETSEIB
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U rv — qw —sinf 0
v = |pw—ru| +g |cosfsing| + — 0 2)
w qu — pv cosfcosp mi_ Z?Zl T,

The equations that explain the dynamics of the system’s orientation and angular velocities are
the following:

gf) 1 tanfsing tanfcosp| |p
6| = |0 coso —sing q (3)
% 0 —singsecd cospsecd | |r

B Iy —IIZ)QT" My

z T
ql = = *Iiz)Tp + % 4)
7 (Uz—1Iy)pq M,
I I,

where,
M¢ = d(—T1 — Ty +1T5+ T4)
Mo =d(T) — T — T3 +T}) ()
M, =1 (T —To + T3 — Ty)

Equations (1-5) represent the dynamics of the quadrotor system with nonlinear functions. For
simplicity and to be able to develop the control algorithms that will stabilize the system we are
going to linearize it.

4.1 Linearization

The linearization is going to be done around the following equilibrium point:

[:E()a Yo, 20, U0, Vo, Wo, 907 ¢Ua %0, Po, 40, TO]T =0 (6)

[Mgo, Mgo, Mo, Trotaro)” = [0,0,0,mg]” (7)

Using the first order Taylor expansion as an approximation we obtain the following linearized
system:

T U
gyl =1|v (8)
z w

U -0 1 0

vl =gl | +— 1|0 )

. m

0 Tr
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Where T = Tiotal — Tiotaio-

ol |p
0| = |q (10)
% T
) M,
p T
g| = | Ao (11)
P M,

I

We can observe from the previous equations that the whole system can be separated into four
"subsystems" that can be independently controlled.

4.1.1 Horizontal Subsystem (X-Y Plane)

For simplicity we are going to embed the constants inside the variables in the following way:

0=—g0, q=—gq. My=—3-My (12)
Yy
- ~ o9
¢=9¢, P=gp, My= My (13)
Finally, the linearized system:
T To1 0000 0 0][z] fo o]
v 0010000 O] |uf |00
0 0001000 0|6 00|
gl |0 000O0O0O0O0||q 1 0| |M,
y_00000100y+00z\7¢ (14)
0 00000O0O0T10]|]v 0 0
é 0000000 1f|g 00
5 0000O0GO0O0O||p 01

4.1.2 Vertical Subsystem (Z Coordinate)

For simplicity we are going to embed the constants inside the variables in the following way:

- ~ T
w = —w, Ttotal = — (15)
m
Finally, the linearized system:
z 0 1|z 0 =
[7:[5] = [0 0] o + 1 Tiotal (16)
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4.1.3 Yaw Subsystem

For simplicity we are going to embed the constants inside the variables in the following way:

i, = Mo (17)
I
Finally, the linearized system:
ol 10 1] ||  [0] =
H - [0 0] | | Me (18)

4.2 Camera representation

Even though this is not part of the quarotor dynamics, for simulation purposes it is important to
define how we are going to represent the camera Field of View and it’s movement. The camera
is going to be attached at the center of every drone recording in the direction of its X-Axis body
frame. To be able to represent the camera Field of View we will need the following camera
specifications:

¢ Depth of View D, which represents the maximum distance the camera can clearly record.

¢ Camera Angle ©, which explains the angle in which the camera lens is able to record.

Figure 9: Camera’s Depth of View and Angles.

For simulation purposes we are going to use © = 25 and D = 2m.

With this, we are going to represent the camera field of view as a triangle with points at [0, 0], [D, Dtan®]

and [D, —Dtan@] in the drone’s body frame. The field of view is going to be rotated around the
drone’s Z-Axis body frame about its Yaw Angle.

Keio University
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Figure 10: Representation of three camera Fields of View.
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5 Modeling of a Multi-Unmanned Aerial Vehicle System

At this stage, when the drone dynamics are already modeled, we need to model the multi-
UAV system as a group of drones, which will be called agents, and a leader that can exchange
information creating a network. To do so, we are going to use graph theory. The graph G = (v, ¢)

contains nodes v = {vl, Vo, ..U N} and edges € = {em}. Each node represent an agent and the

edges are the connections between them. Being A € RV*V the adjacency matrix, D € RV*V the
degree matrix and L € RN?Y the Laplacian matrix, we can assign the values of the adjacency

matrix as:
o 1 if €ij €€
dij = {0 else (19)

And we can define the degree matrix as:
D = diag(deg(v1), ...deg(vn)) (20)

being deg(v;) the number of edges leaving the node v;. With this, we can define the laplacian
matrix as:
L=D-A (21)

The laplacian matrix has the following interesting property: If it has a single eigenvalue at zero
and all nonzero eigenvalues have a positive real part, the network contains a directed spanning
tree. This means that one of the agents, which we will call the leader, is directly or indirectly
connected to all the other agents.
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6 Proposed Control

6.1 Control Objective

The objective of the control algorithm is to make N quadrotors fly maintaining a desired for-
mation around a leader (agent N+1). The leader is a moving object, which means that each
quadrotor has to converge to a time varying desired position that depends on the leader posi-
tion and the chosen formation around it. To achieve that, we need to make sure that the graph
that represents the network that connects the N+1 agents contains a directed spanning tree with
the root at the leader.

6.2 Consensus Algorithm

The proposed control in order to achieve the explained objective is Consensus Algorithm. One
of the advantages of this approach is that the drones do not need to be directly connected to the
leader. The position of each drone is going to converge to the desired one if they are connected
to their neighbors and the network contains a spanning tree with the root at the leader. As we
have seen in Section 4, each drone’s system can be separated into four subsystems which can be
independently controlled. Given that fact, we are going to propose a different control law for
each subsystem.

6.2.1 X-Y Plane

The control law we are going to feed to the quadrotor i in order to maintain formation in the
horizontal plane is:

+

J\Z:—Z ai; Zﬂk( — 7 ) z’e{l,?,...,N} 22)

?j(.’“):rj(’“)—dﬁ’;) jefr2. . N+1} kefo,2,3) (23)

where,
¢ The subscript N+1 denotes the leader.

* (i are the positive control gains, which are going to be chosen adequately taking into
account the conditions stated in [1].

. dgf) is the desired position of the agent j relative to the leader frame.

* a;j are the terms of the adjacency matrix. Note that this will make each agent only obtain
information from the other directly connected quadrotors.

It is also important to remark that M = [Mg, ]\74 as:

~ T
R R L T A [ A (24)
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6.2.2 Z Coordinate

The control law for the vertical movement looks very similar to the previous one:

k

_ N—+1 1 ~k) ~)
Tootal, = — ; aij |:z;)’yk (hi _ )] i {1,2,...,N} (25)

e je{l,2,...,N+1} ke{o,l} (26)

where 1, are the positive control gains, which are going to be chosen adequately taking into
account the conditions stated in [1]. Note that in this case there are only two control gains
instead of four, as the vertical subsystem is a second order system. Itis also important to remark
that:

RO =2 p =g (27)

6.2.3 Yaw Angle

The yaw angle subsystem is also a second order system, which makes its control law exactly the
same as the one proposed for the vertical subsystem:

N+1 1
My=-Yay |3 e (ﬂ’“) - f](’“)) ie {1,2,...,N} (28)
=1 k=0
PP =l e {1,2,...,N+ 1} ke {0,1} (29)
where,
fO=p, fU=r (30)

6.3 Yaw Setpoint Update

Usually the desired formation around the leader is going to be fixed, however, given that we
want that all the agents, which are equipped with cameras, to be recording the leader, the de-
sired yaw angle for each of them is going to change depending on its relative position to the
leader. To be able to do so, we are going to need to update the desired relative yaw we are feed-
ing the controller at each time step. Being W and L the world and leader frames, respectively,
the desired yaw is calculated with the following formulas:

cpl?i/ = arctan (yL_yZ> (31)

L — T4

0
ok =dY) =l — ol (32)
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6.4 Consensus Algorithm: Simulation Results

In order to prove that the proposed control fulfills its objectives we are going to simulate the
system with Matlab/Simulink. The Simulink model used can be seen in figure (Fig.11).

Quad-Rotor Linear Controlled Sysiern
Quad-Rotor Linear System with Yaw Formation Rectifier (with Yaw)

e
x=Ax+ Bu
[Input] pa— [State] 4 Fom [Form]
y=Cx+Du formation_rectifier
[State_mod] state
Linear UAVs
Formation Yaw Rectifier
Consensus Algorithm Leader Trajectory Generation
[State] state
[State_mod] state
4 modified_state »- [State_mod]
i [input] ﬁme\eadeL state_modification
[ O -
Leader Generator
Consensus_Algorithm Visualization
=
x »
YawSetpoint |——p-—] x
[Form] Form ¥
v
: [State_mod]  >—#state 4
Consensus Control 2 Z o

(0000

A

Coordinates Extraction

i
B

Figure 11: Consensus Algorithm Simulink System.

The mission of each block is:

* Quadrotor Linear System: Simulates N+1 quadrotors with 12 states each using the equa-
tions explained in Section 4, being 12(V + 1) the total number of states of the system.

¢ Formation Rectifier: Computes the necessary rotation, given the leader’s yaw, so the for-
mation is correctly in the leader’s frame.

* Leader Trajectory Generation: Generates a trajectory for the leader. This is only for sim-
ulation purposes, in a real world situation, the leader would be a moving object.

¢ Consensus Algorithm: Calculates the control inputs for the N agents using Consensus
Algorithm.

6.4.1 Fix Leader

For the first simulation of the system we are going to assume:

* Fix Leader, the leader will remain in place [0,0,-5].
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¢ Formation = 0, all the agents have to converge to the leader’s position.
* N+1 =4, a total of 3 follower agents and 1 leader.

¢ Laplacian:

-1 -1 -1 3

3 -1 -1 -1
I— -1 3 -1 -1
0 0 0 O

4,
S
\/

Figure 12: Drone connections for the first simulation.

¢ Control Gains:

Gains k=0 k=1 k=2 k=3
Bk 6 15 15 5.5
o 1 18 - -

Qg 10 25 - -

Table 3: Control Gains for the first simulation.

As we can see, all the follower drones are connected to each other and also receiving information
from the leader. The desired formation has been set to 0 so all of them will have to converge
into the leader’s position, which is going to remain still. The following figure (Fig. 13), shows
the results of the simulation:
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Figure 13: Simulation results with a fixed leader (N=4).

6.4.2 Moving Leader

Being the first simulation’s results satisfactory, we can say that the control method is working.
However, we have to make sure that the UAVs are able to maintain the formation when the
leader is moving and spinning. To do so we are going to conduct a simulation with the following

characteristics:

* Moving Leader, the leader will be moving following an arbitrary trajectory.

¢ Formation:

N d, d, d.
1 -05 00 00
2 00 -05 00
3 00 05 00

Table 4: Desired positions relative to the leader’s frame.
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Desired Formation

T I
l
08 |
|
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|
04 |
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02t !
_ |
£
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O
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06}
08T
-1 .
= 05 0 0.5 1
x [m]

Figure 14: Desired formation for the moving leader (blue dot) simulation.

* N+1 =4, a total of 3 follower agents and 1 leader.

¢ Laplacian:

3 -1 -1 -1
-1 3 -1 -1
-1 -1 -1 3
0 0 0 O

L:

¢ Control Gains, we are going to use the same ones that were established in Table 3.

The results of this simulation can be seen in the following figure (Fig. 15) and in the provided
videos (moving_leader_2D.avi and moving_leader_3D.avi).
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Simulation with a moving Leader (N=4)

0.5

y [m]

x [m]

Figure 15: Moving formation, being the blue dot the leader.

6.5 Collision Avoidance: Potential Field

For safety reasons it is important to make sure that none of the drones will collide with each
other or with an external object. The approach we are going to follow in order to make that sure
is adding a collision avoidance term to the control inputs calculated with consensus algorithm.
Specifically we are going to use the potential field technique.

6.5.1 Obstacle Avoidance: Fix obstacle to UAV

The following figure (Fig. 16) shows the required variables to calculate the collision avoidance
term that is going to be applied to each agent.
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Figure 16: Obstacle collision avoidance variables.

Each quadrotor and fixed obstacles have a safety zone of radius R,gen: and Ry respectively.
We are going to build a potential field such that the fixed obstacle can not be inside the agents’
safety zone. We represent with d the distance vector between the agent and the fix obstacle.

2
o _ d
Ufz;v 2 <d - Ragent Robs) ’ € (33)

From which we get the collision avoidance terms:

1 1 d .
—Ky (m - T) [P if d < Ragent + Robs

£, £ = (34)
0, else
]/\Zg = Mg + fgbs, M¢ = Md) + ;bs (35)

To prove the effectiveness of the implemented method we are going to simulate the system with
a fixed obstacle in the way. The simulation parameters are going to be the same that were used
in Section 6.4.2, with a change in the formation:

N d. d, d.
1 70 404 00
2 70 -404 00
3 00 -800 00

The results of this simulation can be seen in the following figure (Fig. 17) and in the provided
videos (fix_obstacle_2D.avi and fix_obstacle_3D.avi).
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-30 : : : : : : :
10 5 0 5 10 15 20 25
x [m]

Figure 17: Obstacle avoiding trajectories, being the blue dot the leader.

6.5.2 Obstacle Avoidance: UAV to UAV

The approach used to make sure that the quadrotors do not collide among them is very similar to
the one used in the previous section. In this case, we define d;; as the distance vector between
agent i and j. We are going to build a potential field such that each agent can not get inside

others agents’ safety region.

2
K, 1 1
Uij:—2< — ) , dij€R2

dij - Ragenti Ragentj

From which we get the collision avoidance terms:

1 1 dij .
_Ka 1 . Zf dij < Ragenti + Ragent-
|d’Lj | Ragentj J

5,4 = " Ry ) Ja
0, else
Jj=N+1 N =N+l
My=My+ > fi, My=Ms+ Y. ff
J=Li#j J=Li#j

(36)

(37)

(38)
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6.5.3 Field of View Avoidance

The main purpose of the Field of View Avoidance is to make sure that none of the agents gets
in one of the other agent’s field of view so the camera shots are useful in a cinematographic
environment. To do so, we are going to build another potential field which is going to affect the
yaw control input. The variables needed to formulate it can be seen in the following figure (Fig.
18).

08—

{
0.6 [~ | \ { 1

0.4 —

v} {Fov}

02—

y[m]

0.2 —

04

08—

Figure 18: Field of View collision avoidance variables.

As it can be seen, we will need the perpendicular distance between the field of view and the
other agents d, the camera angle O, the viewer agent frame V' and the field of view frame FoV'.
Moreover, we are going to define two safety regions for each drone R; and R». The potential
field is going to start acting when the field of view crosses the first region and has to make sure
that it doesn’t cross the second one. This is achieved with the following field:

2
K 1 1
U,=--2 — di € R 39
v <dj—R1 RQ—R1> A (39)
Being P, = [P,y , Pyl and P; = [P}), P}}'] the positions of the viewer agent and agent j in the

world frame respectively and ¢, the yaw angle of the viewer angle. In order to obtain d, which
is equivalent to the value of the y-coordinate of the agent j position in the FoV frame PjF Vv we
are going to do:
v w w
P} =rot(py) (P} — P,") (40)
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PjFOV = rot(®sign(P;,)) P}, dj = PJZOV (41)
From which we get the collision avoidance term:
1 1 1
fi = K (m_ﬁ) @ ifdj <R 42)
v 0, else

o =N

My=M,+ Y f] (43)

j=1,ij

To prove the effectiveness of the implemented method we are going to simulate the system
turning on the field of view collision avoidance. The simulation parameters are going to be the

same that were used in Section 6.4.2, with a change in the formation:

N d. d, d.
1 075 0545 0.0
2 -1.00 -0575 0.0
3 000 -0500 0.0

The results of this simulation can be seen in the following figure (Fig. 19) and in the provided

videos (fov_avoidance_2D.avi).

Simulation with FoV collision avoidance (N=4)
25T

Figure 19: Yaw control avoiding other agents, being the blue dot the leader.
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It can be observed how the agents” yaw are not directly pointing to the leader in order to avoid
having one of the other agents inside their field of view.

6.6 Simulation Results: Full System

At this point we can already have the consensus algorithm working together with all the col-
lision avoidance techniques. To prove the effectiveness of the all the implemented method we
are going to simulate the system turning on all the collision avoidance and adding two fixed
obstacles. The simulation parameters are going to be the same that were used in the previous
subsection. The results of this simulation can be seen in the following figure (Fig. 20) and in the
provided videos (all_avoidance_2D.avi and all_avoidance_3D.avi).

Simulation with FoV and Obstacle collision avoidance (N=4)

-1 -0.5 0 0.5 1 1.5 2 25 3 3.5 4
x [m]

Figure 20: All control techniques together simulation, being the blue dot the leader.
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7 Mambo Drone

We have been able to show how all the implemented control techniques are working for the
linearized system. However, it is important to prove that these would also work on a nonlinear
system, with dynamics as close as possible to the real one, in order to move to the next step,
which is implementing it into a real machine. To achieve that we are going to use the Mambo
Drone created by Parrot Drones company. This drone does not only have a lot of useful sensors
for controlling it, but is also provided with plenty of support in Matlab/Simulink, which is a
tool we have been using previously. Parrot Drones developed a Simulink Package that simulates
the Mambo Drone being controlled by a PID Controller. We are going to use this model and
modify it accordingly to have a simulation of the drone controlled by the techniques we have
previously designed.

Q Flight Sii ion Model - Mambo
Signal Editor
AC Gmd . P Commands
Gommand
il Tightc
Command N

S —
Acuators |8 Nonlinear Airframe. >

‘Sensors (Dynamics)

—{states Visualization

Sensors ——{Actuators

Stop
le Simulation
Sensors Fcs

‘ age iage Data

> Environment

nstant) )

Aiframe

Environment

Copyright 2013-2018 The MathWorks, Inc.

Figure 22: Vanilla Simulink Model (by Parrot

Figure 21: Mambo Parrot Drone.
Drones).

Quadcopter Flight Simulation Model - Mambo
Copyright 2013-2018 The MathWorks, Inc.

Actuators T
Commands

Actuators Nonlinear Airframe
flightControlSystem
e | Actuators Outside the Loop - Video Visualization
e
. Y
Ref|(Leader) ™ N\ o]
= = VirtualStaf Flag 1 / Y-vref|
p o 201
Simulation
VIRTUAL DRONES (Leader + 2 Followers) o Outside the Loop - Scope Visualization States
PLANT Lyl
CONTROLLER — et
dlndiidibibi x Outt
The Inputs for the Virtual Drones = Formation Error
are calculated inside the CONTROLLER data
SENSORS
s_data 2

Model modified by Marc Pujol
Namerikawa Laboratory
Keio University

Figure 23: Modified Simulink Mambo Model (with Consensus Algorithm Controller).
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7.1 Sensors

7.1.1 Hardware

Each Mambo drone is provided with various sensors to make sure that it can be stabilized and
controlled. Specifically it has:

¢ Inertial Measurement Unit (IMU), which is formed by a 3-axis accelerometer and a 3-axis
gyroscope. With these two devices we can know the velocities and the orientation of the
quadcopter.

¢ Ultrasound Sensor and Pressure Sensor: these two are used to assure a good stabilization
in the vertical axis. The ultrasound sensor is facing the floor so it can know the distance
to it.

e Camera: the camera is also facing the floor and is used to have a better hovering stability.
The difference between camera frames is used to estimate the movement of the drone in
the horizontal plane.

7.1.2 Software

The sensors signals are treated before being used by the controllers in order to get the correct
information. The sensor preprocessing for the Accelerometer and Gyroscope consists in:

e Bias Substraction.
¢ Frame Change from the IMU Frame to the quadrotor Body Frame.
* Low Pass Filter to eliminate high frequency noise.

For the Ultrasounds Sensor, the only preprocessing needed is a Bias Substraction.

After the sensor preprocessing is completed, some filters are applied to the signals in order to
obtain the states of the quadrotor that can not be measured and to enhance the precision of the
measurements.

¢ A Kalman Filter is used to obtain the position and the linear velocities of the drone. This
filter uses the measurements from the Gyroscope and Accelerometer together with the
linearized Mambo system.

¢ A Complementary Filter is used to obtain a more precise measurement of the orientation
using the data provided by the Gyroscope and the Accelerometer.

7.2 Control Inputs Calculation

As it can be seen, with the information gathered by the sensors and the sensor fusion, we are
able to obtain all the states of the system. The data coming from the sensors (gyroscope and ac-
celerometer) combined with the Complementary Filter and Kalman Filter are going to provide
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us with the linear and angular velocities (u, v, w, g, p, ) as well as the position and orientation
(x,y, 2, ¢,0, ). However, given that the consensus algorithm is using the linearized system to
calculate the control inputs, we can not feed the controller directly with the output of the sen-
sors, but the modified states, which are the ones stated in 12, 13 and 15. By using these variables
we are going to obtain a consensus algorithm control input suitable for the linearized system,
but in this case we are using the nonlinear Mambo model, which will need the nonlinear inputs
that can be calculated with the following formulas:

I, — I, ~ —~ -
M9 = _EyM% Md) = ;CCM@ M(p = Ich,m Tiotal = m(g - Ttotal) (44)

Control
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Figure 24: Controller Block of the Modified Simulink Mambo Model.
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8 Mambo Simulation

8.1 Static Leader Simulation (Position State Estimation)

For the first simulation of the system we are going to assume:
* Fix Leader, the leader will remain in place [0,0,-5].
¢ Formation = 0, all the agents have to converge to the leader’s position.

* N+1=4, atotal of 3 follower agents and 1 leader. However, in this case, one of the followers
is going to be a Mambo Drone, which means that we have:

— 1 Leader (moving object).
— 2 "Virtual" Followers, which have linearized dynamics.
- 1 Mambo Parrot (with non linear dynamics).

¢ Laplacian:

3 -1 -1 -1
-1 3 -1 -1
-1 -1 -1 3
0 0 0 O

The obtained results can be observed in the following figure (Fig. 25), which shows a
steady state error in position. This problem has its origin in the state estimation of the
position, which accumulates error over time when the drone is moving.

Mambo States (Static Leader)

T I

T

Figure 25: Mambo Drone states simulation with a fixed leader.
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8.2 Static Leader Simulation (Motion Capture Position)

In order to solve the problem observed in the last simulation we need to assume that we
have a Motion Capture system which gives the controller an accurate and precise reading
of the position and attitude (z, vy, 2, ¢, 0, ¢).

fightController

Control

Input

N
d

CONTROLLER

D)
Virtualiputs

= )

Linear Velocities

[
1% - Attitude
B || )
ReferenceValueServerCmds . St a t e J—
Sensors
= t-Estimation

Derived from the work by Sertac
Karaman and Fabian Riether

B
<ol
Estimated States
<picns ] Evler
<yan

'STATE_ESTIMATOR
In this block, the motorCmds are only used to say

e the

data.

Angular Velocities

D

Flag

Figure 26: Controller Block of the Modified Simulink Mambo Model with MOCAP System.

For this second simulation we are going to use the same parameters used in 8.1. It can
be observed in the next figure (Fig. 27) how there is no longer a steady state error as the

Motion Capture system can provide accurate readings of the position.

Mambo States (Static Leader)

xim)

yim
I

0
Time

Figure 27: Mambo Drone states simulation with a fixed leader and MOCAP System.

8.3 Moving Leader Simulation (Motion Capture Position)

Lastly, we are going to simulate the system when the leader is a moving object. To do
so we are going to assume the same simulation parameters we choose in 8.1 but with a
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different formation which looks like:

N d; dy d,

1 -075 -0.545 0.0
2 0.00 0500 00
3 -1.00 0575 0.0

The results of this simulation can be seen in the following figure (Fig. 29) and in the
provided videos (Mambo_2D.avi and Mambo_3D.avi).

Mambo (Orange) Simulation with FoV Avoidance
5 =

X [m]

Figure 28: Multi quadrotor simulation with a Mambo Drone (Orange).
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9 Mambo Real Machine Implementation (Future Work)

For future work we would like to prove the work that has been done by implementing it in
a real world’s machine. To do so, we have to be able to gather all the information from the
drone’s sensors and the Motion Capture system in a single controller. With this data, we
can calculate the necessary control inputs using the proposed algorithms and then they
need to be sent to the quadcopters. These are the tools we are provided:

- Parrot Minidrones Support from Simulink. By connecting the Mambo Drone to
the computer via Bluetooth, we can deploy a Simulink model to it. With that, we
can compile a controller on the Mambo board, or any other model with the desired
behaviour.

This package also has Communications Protocol support, which means we can eas-
ily set up UDP or TCP/IP communications.

- OptiTrack Hardware and Motive Software. With this Motion Capture System we
can recognize the real-time position and attitude of the drones. A Visual Studio
solution is used to turn on the drones and switch from manual to automatic control.

The solution we propose is the following:

- Deploy a Simulink Model to the Parrot Mambo board which creates an UDP com-
munication that:

* Sends the gyroscope and accelerometer sensor data.
* Receives the Motor Thrust commands.

— Use the OptiTrack system to obtain the real-time positioning data from the drone
in Visual Studio. In the same solution, set up an UDP communication to send the
position and attitude readings.

— Use a simulink model that:

* Sets up the UDP clients to receive data from the Mambo sensors and Visual
Studio.

* Using the received data calculates the necessary control inputs using the pro-
posed algorithms.

* Sets up the UDP communication to send the inputs (Motor Thrust Commands)
to the Mambo Drone.
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Figure 29: Mambo Real Machine Implementation Example.
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10 Conclusions

We have demonstrated how to implement a Consensus-Based Cooperative Control for a
group of quadrotors in order to make them maintain a formation around a moving ob-
ject. Moreover, we have extended this algorithm to control the yaw angles of the UAVs so
they are continuously recording the moving object. It has also been proven by simulation
that both position and yaw control can be further enhanced by collision avoidance tech-
niques without losing much of the performance provided by the consensus algorithm. It
is important to note for this research work that having the quadrotors connected through
a network enables the possibility of Field of View collision avoidance, which is very im-
portant for the shot recording feature. It has also been proven that all the techniques are
suitable for a real machine such as the Mambo drone by using the proposed control in the
drone model, provided by the machine developers, in a simulation environment. How-
ever, due to lack of time and hardware problems, the real machine experiments have yet
not been conducted. For future work we propose implementing the system stated in 9,
which is an intuitive solution for real drones experiments. Moreover, future work can be
done in order to make this system more suitable for the end-user by, for example, enhanc-
ing the behaviour of the camera like they do in [7], where a tracking system is proposed
for the gimbal camera attached to the drone in order to behave regarding on high-end
commands.
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Annex I - Mambo Simulink KnowHow

In this document we would like to transfer all the knowledge about the Simulink Support
Package for Parrot Minidrones that has been gathered during the confection of the Master’s
Thesis Multi Shot Recording using Consensus-Based Cooperative Control for a Multiquadrotor
System.

The Simulink Package is provided by the company Parrot Drones which manufactures dif-
ferent kind of drones. We found this package very useful as it contains an accurate model
of one of their drones, the Mambo Drone, which makes the simulations as close to reality
as possible. Moreover, this model is suitable for any future work as, in case that we want to
change the control law, the only piece of that needs to be modified is the controller block,
leaving the system’s model untouched.

This document is going to go through all the necessary points to be able to understand
the characteristics of the Simulink Package, as well as the parts of the code that are impor-
tant when facing a control problem. Moreover, we are going to provide some modified
versions of the Vanilla Model which will help in the development of different control tech-
niques, for example, consensus algorithm.

— The Mambo Model: Sensors and Dynamics

The Mambo Project

Mambo Vanilla Control: PID

First Modified Model: PID

Second Modified Model: Consensus Algorithm

Third Modified Model: Consensus Algorithm with FoV Avoidance

The Mambo Model: Sensors and Dynamics
Model Dynamics

The model that simulates the dynamics of the Mambo drone is formed by 12 states:
— Position and Orientation: z,y, z and 6, ¢, ¢.
- Linear and Angular velocities: u, v, w and p, g, r.

The model also has 14 inputs, but only 4 of them are control inputs. The other 10 are
Environment Paremeters that we can consider constant if working in the laboratory:

- Air Temperature: 283 [K].
— Air Pressure: 1 [atm].

— Air Desnity: 1.184 [% .
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- Speed of Sound: 340 []
— Gravity: [0,0,9.81] [%5]
- Magnetic Field: [0, 0, 0] [T]

The 4 Control Inputs are the four Motor Commands M, My, M3, M.

However, the output signals of the controller are the Moment Commands: T}q1, M, Mg, My.
To get the desired inputs out of the outputs of the controller we need to do some transfor-
mations. First of all, the manufacturer gives use the following parameters related to the
motors and the airframe geometry:

— d = 0.0441 [m]

— 7y, = 0.0024 [m]

— Ky =1530.7 [ 4]

rad
S

With these, we can first go from the Moment Commands to Thrust Commands. We need
to define the Thrust to Moment Matrix (Ts2Q):

Tiotal 1 1 1 1 T
My, | |re —Tp 1y —Tul| T2
My | |-d —-d d d T3
M, —d d d —d| |4
With that we can get:
T Tiotal
| . M,
7| = inv(T's2Q) M,
Ty M¢

Finally, to obtain the Motor Commands:

M T
My =Ty
M| Km T3
My —Ty

This Motor Commands absolute value are saturated to € [10, 500].

Sensors

In order to obtain all the data related to the state of the drone, it is provided with several
Sensors:

— Inertial Measurement Unit (IMU), which is formed by a 3-axis accelerometer and
a 3-axis gyroscope. With these two devices we can know the velocities and the ori-
entation of the quadcopter.
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- Ultrasound Sensor and Pressure Sensor: these two are used to assure a good stabi-
lization in the vertical axis. The ultrasound sensor is facing the floor so it can know
the distance to it.

— Camera: the camera is also facing the floor and is used to have a better hovering
stability. The difference between camera frames is used to estimate the movement
of the drone in the horizontal plane.

The sensors signals are treated before being used by the controllers in order to get the cor-
rect information. The sensor preprocessing for the Accelerometer and Gyroscope consists
in:

— Bias Substraction.
— Frame Change from the IMU Frame to the quadrotor Body Frame.
— Low Pass Filter to eliminate high frequency noise.

For the Ultrasounds Sensor, the only preprocessing needed is a Bias Substraction.

After the sensor preprocessing is completed, some filters are applied to the signals in order
to obtain the states of the quadrotor that can not be measured and to enhance the precision
of the measurements.

- A Kalman Filter is used to obtain the position and the linear velocities of the drone.
This filter uses the measurements from the Gyroscope and Accelerometer together
with the linearized Mambo model.

- A Complementary Filter is used to obtain a more precise measurement of the ori-
entation using the data provided by the Gyroscope and the Accelerometer.
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The Mambo Project

In this section we are going to explain the most important parts of the Mambo project in
order to understand how it works so we can modify it later as we please. In order to create
and open the Mambo project in Matlab we need to introduce asbQuadcopterStart in the
Command Window. This will open a Simulink Model, as well as the project. In this section
we are only going to refer to the project.

Simulink Project - Quadcopter ® x |[# Editor - startVars.m
Views All| Project (91) PV Layout: | Tree v &~
Name Status. Classification
TH§ Dependency Analysis @ || controller vig None
@ | | libraries vig None
lincarAirframe v None
mainModels = None
# | nonlinearAirframe v None
E | support vid MNone
& || tasks v MNone
@ | | tests viF None
@ || utilities v None

Project window in Matlab.

When we open the project, it automatically runs the initializer script which is startVars.m
located inside utilities.

Simulink Project - Quadcopter ) A Editor - startVars.m

Views Al| Project (91) AT Layout: Tree v| @~
Name Status Classification
B Dependency Analysis | controller vig None
@ | | libraries g None
B | linearhirframe vt None
@ | | mainModels vig None
@ | | nonlinearfirframe g None
@ | suppert s None
@ | | tasks vis None
B tests vig None
utilities vig None
7] generateFlightCode.m vz Code Generation
) isParratSupportPhglnstalled.s v Convenience
) startVars.m B8 Convenience

StartVars.m in the project window.

This script is in charge of things like:

Variants Conditions initialization, which sets whether we want to work with the
linear or nonlinear system, with noise in the sensors, or how we want to visualize
the results.

Runs the bus initializer scripts.

Defines the sampling time.

Sets the initial conditions for the drone states.

Runs the other features’ initializers (sensors, controller, estimator...).

StartVars.m runs other necessary scripts for the model to work. These are located inside
the tasks folder:
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Simulink Praject - Quadcopter ® x |[# Editor - sensorsVars.m
Views All| Project (91) 2T Layout: | Tree v | @~
Name Status Classification
B Dependency Analysis controller v Nane -
libraries vF None
linearAirframe g None
mainModels vig None
nonlinearAirframe v None
support viF None
tasks S None

@ private , None
#2) asbBusDefinitionCommand.m
£) asbBusDefinitionEnviranment.m
/=) asbBusDefinitienSensors.m
) asbBusDefinitionStates.m
#) asbEnumDefinition.m

Convenience
Convenience
Convenience
Convenience
Convenience
Trajectory Generation
Trajectory Generation
Convenience
Convenience
Convenience
Convenience

v
v
v
v
v
) asbTrajectoryTool fig v
#4) ashTrajectoryToel.m v
v
v
v
v
v

B

#] asbVariantDefinition.m
) commandVars.m
) controllerVars.m
%) estimatorVars.m

) sensorsVars.m Convenience

£ setGRTCodeGen.m v (2] Code Generation
2] setMamboModel.m v Convenience
2] setPARROTCodeGen.m vl Code Generation
74 setRollingSpiderModel.m v Convenience
) vehicleVars.m v Convenience
%) visualizationFlightGearVars.m v Convenience
@ | tests v None
Labels A |B [ uilties VE None 5

Tasks folder in the project window.

The ones that have importance for us are:

— asbBusDefinition_ .m: These functions define the sizes of the buses and the names
of each signal. If we want to modify the buses in the model we need to refer to these
functions and change them.

— __ Vars.m: These scripts initialize the parameters of the controller, the vehicle, sen-
sors... In case we want to conduct a physical study of the drone, refer to Vehicle-
Vars.m where all the variables of the real airframe are stored.

The rest of the folders contain the libraries that form the model.

Keio University
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Mambo Vanilla Control: PID

The Simulink Model provided can be seen in the following figure:

Quadcopter Flight Simulation Model - Mambo

AC Cmd 9 | Commands
Command
() =
flightControlSystem
Command e cmgd Y Actuators
Actuators | States
Actuator:
—{ States Sensors or Visualization
Sensors —| Actuators
Environment Image Data Image Data
Stop States
&) Simulation States
Sensors FCs
Sl Envi
u]
Airframe
Environment

— Environment States [«

Set
Pace

(fu

Environment

Copyright 2013-2018 The MathWorks, Inc.

Vanilla Simulink Model for the Mambo Drone.

The three main blocks that form this model are:

- Sensors: Which simulate the readings of the sensors, feeding them to the fligt con-
troller.

— fightControlSystem: Which contains the state estimation that uses the sensors read-
ings and the flight controller. In this case, it is a PID Controller.

— Airframe: Which contains the drone dynamics to simulate its behaviour.

If we look inside the fightControlSystem block we will observe that the control has the
following characteristics:

— Alitude Control. It uses the Z position coming from the state estimation. Then
calculates the error as Error = Z.o — Z,.y with the reference point given. The
control technique is a PD in this case.

— Horizontal Control. It is based on two different closed-loops:

* Outer Loop. It uses the X and Y position coming from the state estimation.
Then calculates the error as Erroror, = X, Yes — X, Yoy with the reference
point given. The control technique is a PD in this case. Moreover it has a satu-
ration of € [—3, 3].

* Inner Loop. The result from the output Loop is fed into the inner loop uses 6
and ¢ coming from the state the state estimation. Then calculates the error as
Errorcr, =0, ¢est — Erroror. The control technique is a PID in this case.
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In order to make this model more intuitive we are going to make some changes which are
going to help us further modify the system in the future, if needed.

Keio University
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First Modified Model: PID

This model can be found in the folder V1.0 Modified Mambo PID.

Quadcopter Flight Simulation Model - Mambo
Copyright 2013-2018 The MathWarks, Inc.

flightControlSystem
[AC emd Quiside the Loop - Video Visualization
Actuators : Actuators

aiors

pos_ref i XeHref —
States States
States Yvref

S o N i I
eference Seipoints Creator Stop Environment sy

<Euler> W

CONTROLLER & Outside the Loop - Scope Visualization States

SENSORS

First Modified Simulink Model for the Mambo Drone.

The modifications that have been done are the following;:

- Remove Image data in the controller. This block is only used for precision landing,
thing that we don’t need.
asbQuadcopter/flightControlSystem.

— Remove Orientation Control in the controller and reorganize the blocks. We are

only going to use the position control.
asbQuadcopter/flightControl System/FlightController.

- Modify PID Gains. The PID provided by the manufacturers was not correctly tuned.

* Kpy =0.013 and Kpg = 0.002. The original values were causing oscilations.
asbQuadcopter/flightControl System/FlightController/XY-to-reference-orientation.

* Kpg, = 0.12. The original value created a huge overshot.
asbQuadcopter/flightControlSystem/FlightController/Attitude.

— Reference Setpoints Modification. Changed the setpoints to step signals, that can
be tuned before running the simulation.
asbQuadcopter/flightControlSystem/SetpointCreation.

- Signal Editor Modification. Changed so it sets automatically the control mode to
position. This block is no longer in charge of the reference trajectory points creation.
asbQuadcopter/Outside the Loop - Video Visualization/Command/Signal Editor.
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Second Modified Model: Consensus Algorithm
This model can be found in the folder V2.1 Modified Mambo Consensus.
Quadcopter Flight Simulation Model - Mambo
] osies BN . @
V‘RTWM&E) = Outside the Loop - Scope Visualization tes

Model modified by Marc Pujol
Namerikawa Laboratory

Keio University

Second Modified Simulink Model for the Mambo Drone.

The modifications that have been done are the following:

Added Virtual Drones. As now we want to work with Consensus Algorithm we
need to simulate more drones. Inside this new block three new drones are created
using the linearized model (2 Followers and 1 Leader). The states are then fed into
the Mambo controller which will calculate the control inputs for all the drones.
asbQuadcopter/VIRTUAL DRONES (Leader + 2 Followers).

Consensus Algorithm Control. The control input calculation has been changed to
the desired consensus algorithm control.
asbQuadcopter/flightControlSystem/FlightController.

startConsensus.m added to the Project. This script defines the linearized system of
the drones, the desired formation and the initial conditions of the team. It is auto-
matically run when the Project is opened (via startVars.m). utilities/startConsensus.m.

Assume Motion Capture System. As we have proven that the state estimation for
the position is not precise enough, we assume we are using a MOCAP System. To
do so, we feed the real states of the Mambo directly to the controller. Further simu-
lations should be done adding noise to this measurement.
asbQuadcopter/flightControlSystem/FlightController.
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Third Modified Model: Consensus Algorithm with FoV Avoid-
ance

This model can be found in the folder V4.0 Modified Mambo Consensus with FoV. The mod-
ifications that have been done are the following:

— Added FoV Collision Avoidance. This new block is in charge of the Field of View
Collision Avoidance. Its output is added to the consensus algorithm outputs.
asbQuadcopter/flightControlSystem/FlightController.

Shy
WO
ETSEIB



	Introduction
	Multirotors
	Quadrotor

	Sensors
	Accelerometer
	Gyroscope
	Magnetometer
	Pressure Sensor
	Ultrasonic Sensor
	Motion Capture

	Modeling of a Quadrotor
	Linearization
	Horizontal Subsystem (X-Y Plane)
	Vertical Subsystem (Z Coordinate)
	Yaw Subsystem

	Camera representation

	Modeling of a Multi-Unmanned Aerial Vehicle System
	Proposed Control
	Control Objective
	Consensus Algorithm
	X-Y Plane
	Z Coordinate
	Yaw Angle

	Yaw Setpoint Update
	Consensus Algorithm: Simulation Results
	Fix Leader
	Moving Leader

	Collision Avoidance: Potential Field
	Obstacle Avoidance: Fix obstacle to UAV
	Obstacle Avoidance: UAV to UAV
	Field of View Avoidance

	Simulation Results: Full System

	Mambo Drone
	Sensors
	Hardware
	Software

	Control Inputs Calculation

	Mambo Simulation
	Static Leader Simulation (Position State Estimation)
	Static Leader Simulation (Motion Capture Position)
	Moving Leader Simulation (Motion Capture Position)

	Mambo Real Machine Implementation (Future Work)
	Conclusions
	References
	Annex I

