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Abstract—This work addresses the problem of producing
high quality media content for sports events using autonomous
Unmanned Aerial Vehicles (UAVs). The main goal is to de-
sign methods that are not only able to plan trajectories and
follow them while having the target in the images, but also
to consider cinematographic requirements such as performing
different shooting actions or placing the targets in predefined
positions in the image plane. The work is specially relevant
by the association with the European project MULTIDRONE
that aims to develop an innovative intelligent multi-drone team
platform for media production to cover outdoor sports events.
Firstly, the problem of planning a trajectory and controlling an
UAV to follow a target is addressed. The proposed method has a
trailer-like behavior with the possibility to describe many kinds
of cinematographic shooting actions. The controller to reach
the desired position is determined and tested within simulation
and in real scenarios.The second part addresses the problem
of controlling a 3 axis gimbal to have a target in a constant
position in the image, using GPS or Visual measurements.
System identification methods are used to tune the proposed
controller and stability is guaranteed for almost every case.
Cinematographic requirements are met with the possibility of
changing the point in image where the target should be, enabling
the usage of the rule of thirds. The various implementations of
the controller are tested in simulation, when possible, and in real
environments. Finally, the two parts are joined and tests with the
complete system are done in real scenarios that are similar to
sports events. Issues derived from flying are discovered and also
the differences from tracking with GPS to tracking with Visual
Detection are detached. The proposed system accomplishes the
desired goals despite having some aspects in which it can be
improved.

Index Terms—Aerial footage, Cinematography, UAV, Trajec-
tory planning, Trailer, Target tracking, Gimbal

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are, nowadays, a preva-
lent technology throughout many areas of society, being
commercialized for all kinds of users. Among the different
applications that find these vehicles useful, using drones in
photography and cinematography is one of the most common
applications that they have due to their agility and increasing
capacity of carrying powerful photographic sensors. Despite
being now common to have drones in many media productions
of sports events [1]–[3], they are normally manually piloted
which means that not only more people are involved, but also
the trajectories and images are not as target oriented as if they
were autonomous and based on the target movement. There-
fore, it is necessary to plan trajectories and control an UAV
and its camera, normally hold by a gimbal, to autonomously

follow a target, staisfying many cinematographic rquirements.
It follows the objectives of the MULTIDRONE project which
aims to develop an innovative, intelligent multi-drone team
platform for media production to cover outdoor sports events,
such as cycling or kayaking races.

A. Problem formulation

The goal of this work is to develop both drone trajectory
planning and control , together with the gimbal control,
in order to have a vehicle capable of generating pleasant
images according to cinematography principles. It comprises
the ability to do different kinds of shots that are common
in media production and also to provide a gimbal controller
that is capable of stabilizing the image and following moving
targets while keeping them at a desired position in the image.

B. Objectives

This work is divided into three main goals: (i) trajectory
planning and control of a Drone to provide canonical shooting
types while tracking a target, (ii) gimbal control for target
tracking using different sources of information about it, GPS
and Visual detection, and (iii) join both controllers in one
single system and test their performance while flying.

For the first part, the trajectory planning will be done
assuming a trailer-like behavior. After getting the desired
positions, a proper controller will be used to drive the vehicle
to them. As for the gimbal, a non-linear feedback controller
will be designed that can drive and maintain the image of the
target to the image center and also allows for changing the
desired target location in the image plane. The comparison
between two methods of determining the position of the target
will be made, having in mind the cinematographic purposes.
In the end, the two systems will be joined and used to get
actual footage from moving targets.

C. Outline

Firstly, in II a brief analysis of the related work is done.
After in III some theoretical background is introduced. In IV
a method for planning the trajectory with a trailer-like behavior
is proposed. The controller which drives the drone’s position to
the desired one is also presented. Section V shows a feedback
controller able to control a gimbal to have a target in a desired
point of the image, based on 2 different methods: GPS and
Visual detection. After, in VI real scenarios experiments are



2

analyzed and the system used for it described. Finally, in
VII, the conclusions of the work and some research lines are
presented.

II. STATE OF THE ART

Many research has been made pursuing autonomous flight
a viable alternative to piloted flight to do media production
with drones. In order to achieve this, the drone needs to
autonomously follow desired trajectories and also deliver
cinematographic quality footage. For sports events media
production with drones one uses the canonical shots in [4]–
[7]. Since the work is part of the MULTIDRONE project, the
used system and its architechture is the same [6]–[8]. The
solution proposed to do the trajectory planning is based on
[9], which presents an algorithm for the path planning for
many followers to have a trailer-like behavior while following
a formation leader. In the designed algorithm, the target is
considered to be the leader and the drone the follower. As for
the gimbal control, image or relative position measurements
can be considered, and with them, an error rotation matrix
is created. The work on [10], [11] provides almost global
stabilization on taking this error to 0. On the opposite side, on
[12], the error is defined directly in the image plane. In order to
have image measurements, visual detectors and trackers must
be used and they must be run onboard and [13] has a 2D visual
tracker applied to UAV cinematographic applications. It can
be concluded that the 2D Visual Tracking algorithms are fast
enough and not too complex for running on a drone.

There are also other proposed solutions for doing media
production with UAVs. In [14] a technique for creating static
shots of two subjects in a large outdoor environment that
follows cinematographic rules is presented but having just
static shots is a big limitation. The work in [15] mentions a
system that uses drones to film action scenes. The ojective is,
while detecting skeletons, have the maximum body junctions
in the picture. The results show that the algorithm performs
better than a commercial drone but it may not be the best
solution for cinematographic purposes, since the wanted view
is not always the one with more junctions. The authors in [16]
propose a trajectory planning technique to follow a target in
Unknown Unstructured Outdoor Scenes full of obstacles. The
tracking is only based on the image and shows good results
since the drone is able to follow the target and avoid all the
obstacles that come in the way. However, the algorithm doesn’t
include the possibility of having custom trajectories and works
very close to the target. Finally, in [17] a method for optimal
trajectory planning for target tracking with applications to
cinematography is designed. Gimbal limitations are considered
and it also takes into account collision avoidance and camera
angle driven objective functions to ensure smooth trajectories
and, therefore, generating pleasant images. The algorithm
was tested in a real platform following a GPS target but,
despite having promising results, only one shot type was tested
needing to be used in different and more complex shots in
order to better evaluate its performance.

III. BACKGROUND THEORY

A. Coordinate Systems

In robotics problems, it is usual to find coordinates ex-
pressed in many different frames. This problem is no exception
and, therefore, one needs to define every coordinate frame
and to be able to transform coordinates from one frame
to the others which can have many representations. As the
translation of coordinate frames is fairly straightforward, the
attention is focused in the rotations between coordinate frames
which can be represented by rotation matrices, Euler angles
or quaternions.

• Rotation Matrix (

r11 r12 r13
r21 r22 r23
r31 r32 r33

) - It has no ambi-

guities or singularities and the manipulation is simple.
However, since it is constituted by 9 variables, storing it
in memory may be inefficient.

• Euler Angles (φ, θ, and ψ) - They are the ones who
need less memory by just being three and the easiest to
visualize. However, there are many singularities because
of the discontinuities of all the angles.

• Quaternions (qw, qx, qy and qz) - Being 4 variables
the memory needed for them is not much. They do not
have singularities, but there are ambiguities. Besides, it
is complicated to visualize the quaternions without the
computations.

Since the problem in hands does not have many memory
restrictions, the chosen method is using Rotation Matrices
because there are no ambiguities or singularities.

B. Rotational Velocity

After having one way to represent rotation, it is necessary to
represent its kinematics to identify rotating systems correctly.
From the exponential form of the rotation matrices, one has

R(θ, l) = eS(l)θ ⇔ Ṙ = S(θ̇l)eS(l)θ = S(ω)R. (1)

where l is the axis of rotation and θ the angle units of rotation

and S(a) =

 0 −a3 a2
a3 0 −a1
−a2 a1 0

 is a skew-symmetric matrix.

Assume there are two frames A and B, and consider a given
point, respectively described in those two frames by pA ∈ R3

and pB ∈ R3. A is called the spatial coordinate frame, and B
the body coordinate frame. Therefore,

pA = A
BRpB ⇔ ˙pA =

A

BṘpB =
A

BṘ
A
BR
−1A

BRpB (2)

and knowing that ṘR−1 and R−1Ṙ are skew-symmetric, then
one can determine two possible derivatives

A

BṘ = S(ωs)ABR
A

BṘ = A
BRS(ωb)

(3)

where ωs is the angular velocity from frame B to frame A
and ωB =B

A Rωs is the same velocity but as seen from B. In
this work, one will mostly use the second way.
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IV. TRAJECTORY PLANNING AND DRONE CONTROL FOR
TARGET TRACKING

The first part of the problem is to implement a trajectory
planner and controller that can make an UAV follow a target
while performing different types of trajectories. The positions
of the target are known, and the goal is to control the Drone
to have a Trailer-like behavior maintaining a certain distance
from that target. An additional requirement is to allow the
way the drone follows the target to be changed. From the
hardware point of view, a Drone with an autopilot and GPS
module is used, configured in such a way that the UAV accepts
commands in linear and angular velocity, where an autopilot
inner-loop takes care of the low level control in terms of motor
velocities.

A. Trailer

The objective of the trailer is to maintain a distance d
from the target which is assumed to be moving in a plane.
Additionally, a trailer vehicle, in the most simple case, can
only move along the axis that connects to the target. The axis
of motion is the trailer’s first axis the drone’s desired behavior,
when the target describes a straight line trajectory, is shown
in Figure 1.

Fig. 1: Expected trailer behavior

The frames {T, V, I} ∈ SE(2). {V }, the target’s frame, is
defined by the pair (pV ,

I
VR) and {T}, the trailer’s frame, is

defined by the pair (pT ,
I
TR). The kinematics that represent the

target and trailer are, having in mind that the axis of motion
is e1,

˙pF = vF = ‖vF ‖ IFRe1 = VF
I
FRe1

I

F Ṙ = I
FRS(ωF )

(4)
where S(x) is a skew-symmetric matrix that in the two
dimensional case is defined by S(x) = x

[
e2 −e1

]
and pF ,

vF , ωF = ψ̇F and I
FR are the linear position and velocity,

the angular velocity which is a yaw rate, and rotation matrix.
{F} can be {V } or {T}.

The trailer’s objective is to maintain a certain distance from
the target, so, their positions are related by

pT = pV − d I
TRe1. (5)

Taking the derivitative of (5)

˙pV = ṗT + d I
TRS(ωT )e1

= VT
I
TRe1 + d I

TRωT e2 = I
TR

[
VT
dωT

]
(6)

and from this, both vT and ωT can be determined by

VT = e′1
T
I RvV ωT =

e′2
T
I RvV
d

(7)

Since the drone is controlled in linear velocity and yaw rate,
the commands sent to the autopilot can be given as references
of VT and ωT . However, the positions and velocities only
guarantee that the distance to the target will be d not allowing
to define a custom trajectory. This can be solved by defining
a new desired position for the trailer P oT by

poT = pT + I
TRr (8)

where r =

[
rx
ry

]
represents the offset the trailer should have

in its own frame. Taking its derivative

˙poT = ṗT + I
TRS(ωT )r + I

TRṙ

= I
TR(VT e1 + S(ωT )r + ṙ)

(9)

the new trailer’s velocity is determined. It enables the trailer to
describe different trajectories while following the target. For
all the shooting actions to be done, r is defined as

r = r0 + ṙt. (10)

Therefore, for each shooting action, r0 and ṙ need to be
defined in order to have the desired behavior.

B. Controller

As introduced before, the autopilot receives velocity com-
mands, the linear velocity in both x, y and z axis of {I}, and
the angular velocity around the z axis. Once again, one should
consider that the altitude is constant, and therefore the linear
velocity through z is 0.

The velocities determined in (9) and (7) work as a feedfor-
ward term. However, they are not enough to properly control
the vehicle because no disturbances are taken into account,
and constant r’s have no effect in the trajectory. Therefore, it
is necessary to implement a feedback controller that drives the
current linear position of the drone to the one determined by
(8). The angular position should also be driven to desired one
that is represented by

ψT (t+ ∆t) = ψT (t) + ωT (t)∆t. (11)

In the end, with both control signals, the control law is

uL = ˙poT +KL(poT − pD)

uA = ψ̇T +KA(ψT − ψD)
(12)

where uL and uA are the control laws for the linear and
angular velocities and KL and KA the respective gains. pD
and ψD are the actual linear and angular positions of the drone.
It is expected that the controller can take disturbances into
account, can lead the drone to follow custom trajectories and
is fast enough to drive the position to the desired one.
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C. Simulation Results

In order to verify that the presented algorithm perform
well, the system is tested in Gazebo with the same autopilot
software. To validate the trailer behavior the orbit shooting
action is chosen.
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Fig. 2: Orbit shooting action with complete controller

Figure 2 shows the trailer performing an orbit shooting
action with radius 6m and angular velocity of 0.3 rad/s. The
drone can follow the target while performing orbits around it
meaning that the objectives proposed for the trailer are reached
and the controller has a good performance.

V. GIMBAL CONTROL FOR TARGET TRACKING

The second part of the tracking problem is to implement a
gimbal controller that can track a static or moving target. Since
the gimbal is modeled into the Rigid Body Motion and evolves
in SO(3), only rotation movement is possible. The proposed
controller is based on [10]. The available measurements are
the attitude of the gimbal with respect to the Inertial Frame,
given by an IMU, an the coordinates of the target in an image
or relative to the Inertial Frame given by GPS. The hardware
to be used is a three-axis Gimbal and a camera attached to it.
In the case of GPS tracking, both target and gimbal must be
equipped with a GPS sensor. As for the visual tracking, one
needs a visual detector. The optical axis is z.

A. Attitude Controller in SO(3)

Based on [10], one controller that drives the reference frame
of the camera, {C}, to the desired one, {C∗}, is implemented.
The attitude motion of a rigid body and its desired motion can
be modeled by

Ṙ = RS(ω)

Ṙ∗ = R∗S(ω∗)
(13)

where S(a) =

 0 −a3 a2
a3 0 −a1
−a2 a1 0

 is the skew-symmetric

matrix, a =
[
a1 a2 a3

]
∈ R3, R = I

CR, R∗ = I
C∗R and ω

and ω∗ the Camera and desired angular velocities.
The Error Rotation matrix, defined by

Re = RTR∗ (14)

is used to represent the rotational error between {C} and
{C∗}. With (13) its dynamics are defined by

Ṙe = Ṙ′R∗ +R′Ṙ∗ (15)

Moreover, one should define a Lyapunov function that can
drive the Error Rotation Matrix to the Identity, represented by
{I}. When this happens, the matrix R is equal to R∗ and,
therefore, the desired and camera frames are equal, and the
control objective is achieved.

V = Tr(I −Re) ≥ 0 (16)

is the Lyapunov function that is chosen to solve this problem
being always positive except when Re = I , when it is 0.
Taking its time derivative,

V̇ = −Tr(Ṙe) =

= −Tr(Ṙ′R∗ +R′Ṙ∗) =

= −Tr((RS(ω))′R∗ +R′R∗S(ω∗)) =

= −(ω − ω∗)′S−1(Re −R′e)

(17)

where properties of the Trace and Skew-Symmetric Matrix are

used and S−1(

 0 −a3 a2
a3 0 −a1
−a2 a1 0

) =

a1a2
a3

 . By using fun-

damental results of the Lyapunov theory, the derivative of the
candidate function, in (17), should always be negative except
on the equilibrium point, where it should be 0. Choosing the
control law

ω − ω∗ = kS−1(Re −R′e)⇔ ω = ω∗ + kS−1(Re −R′e)
(18)

where k is a positive constant and ω∗ is obtained from (13)
and replacing this it into (17) yields that the derivative of the
Lyapunov function is negative except when Re is symmetric,
being 0. That is the case when Re = I and when Re defines a
rotation of angle π around an axis of rotation. The undefined
possibilities are the reason for it to be just almost stable since
they create a nowhere dense set of measure 0, and it can be
shown that for all initial conditions outside the set, the system
converges to Re = I [10]. In a first approach, the desired
attitude represented by R∗ is assumed to be constant yielding
Ṙ∗ = 0 and consequently ω∗ = 0.

The final control law obtained is, in the most simple way.

ω = kS−1(Re −RTe )⇔ ω = kωe (19)

where k is a positive gain that needs to be tuned and
represents the proportional gain of the controller.

Since the gimbal receives commands in Euler angle rate,
one must transform ωe. It is done byφ̇θ̇

ψ̇

 =

 cos θ 0 sin θ
sin θ sinφ

cosφ 1 − cos θ sinφ
cosφ

− sin θ
cosφ 0 cos θ

cosφ

ω. (20)
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(a) Vertically aligned (b) Horizontally aligned

Fig. 3: Difference between vertically and horizontally aligned cam-
era

Fig. 4: Difference between the current and desired heading vectors
of the camera

B. Desired Orinetation

To solve the problem in question and to implement the
introduced controller, one needs to define the Error Rotation
Matrix. In order to define that one, one concept must be
introduced - the desired orientation. Towards this end, one
introduces a new coordinate frame {C∗}, that represents the
attitude that the gimbal should take in order to point to the
target. In order to define this orientation, there are two main
goals: (i) the desired attitude should have the optical axis
pointing to the target as in Figure 4 and (ii) having the camera
horizontally aligned as in Figure 3b and not as Figure 3a which
means that the roll angle of the gimbal should be 0.

The first requirement the gimbal should follow is to point
the optical axis of the camera to the target. The rotation
matrix to obtain is defined as

R∗ =
[
r∗1 r∗2 r∗3

]
(21)

where r∗1 , r∗2 and r∗3 represent how x, y and z axis of {C∗}
are represented in {I}. The optical axis of the camera is the
z axis, which is represented by r∗3 . It should have the same
direction as the vector that goes from the camera to the target
which is defined using the positions of both drone and target
in the Inertial frame given, for example, by GPS. This vector
is

IpT −I pC . (22)

and since the rotation matrices are defined in SO(3) all the
columns should be normalized making

r∗3 =
IpT −I pC
‖IpT −I pC‖

. (23)

After having the optical axis defined, it is necessary to
guarantee that the camera is aligned with the horizontal
plane. This means that the y axis of the camera frame, r∗2 ,

should be in the horizontal plane, or, equivalently, the roll
angle should be 0. In order to do that, a vector with the
direction of the gravity in the inertial frame, −e3 is used and
knowing that r∗2 should be orthogonal to r∗3 , it is given by:

r∗2 =
r∗3 ×−e3
‖r∗3 ×−e3‖

(24)

Finally, r∗1 needs to be orthogonal to both r∗2 and r∗3 that
are normalized, being obtained by

r∗1 = r∗2 × r∗3 (25)

C. Vision Based controller

In this part, a a camera streaming its image to a detector
and tracker is used. This one is responsible for finding in the
images the target to follow giving that information the control
algorithm, which will be responsible for controlling the gimbal
to have the target in the center of the image. The tracker gives
as an output the deviation in pixels from the target position
to the center of the image represented by ve =

[
ve1 ve2

]′ ∈
R2. Using this information the image coordinates in pixels
represented by y =

[
y1 y2

]′ ∈ R2 correspond to the point
with 3-D coordinates q =

[
q1 q2 q3

]′ ∈ R3 expressed in
{C} can be obtained by

y =

[
w
2 + ve1
h
2 + ve2

]
(26)

From the pixel coordinates, q can be determined by[
y
1

]
= A

1

q3
q ⇔ q = q3A

−1
[
y
1

]
(27)

where A ∈ R3×3 is the matrix of camera intrinsic parameters,

in this case A =

609.219 0 320
0 821.601 240
0 0 1

. However, there

is no information about q3 since the camera used for this
purpose has no depth information, and only

q

q3
= A−1

[
y
1

]
(28)

can be determined, which is no problem since the only thing
needed is that the camera points in the direction of the target
and q

q3
is colinear with q as represented in figure 5a.

The control objective is to drive the image of the target to
the center and can be represented by[

y
1

]
→
[
y∗

1

]
= A

0
0
1

⇔ q →

 0
0
‖q‖

 , (29)

where y∗ =

[
h
2
w
2

]
represents the center of the image in pixel

coordinates that is the same of having ve =

[
0
0

]
. Essentially,

the objective is to act upon the gimbal to transform the
situation represented in figure 5a into the situation in figure
5b. It is seen as an attitude tracking problem and, therefore,
can be solved using the algorithm before.
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(a) Initial situation (b) Desired situation

Fig. 5: Representation of the initial and desired situations for the
visual controller

Fig. 6: Block diagram of the controlled system

In order to do that, the Error Rotation Matrix needs to be
defined. Since the position of the target comes with respect
to {C}, there is no need to compute R∗, one can start by Re
which represents each axis of {C∗} in {C}. Starting by the
optical axis that should point to the target, like in figure 4.

Having Re =
[
re1 re2 re3

]
the matrix can be determined

from from a similar process as R∗. Knowing that re3 repre-
sents the z-axis of {C∗} (or optical axis) expressed in {C},
it follows that, to have the camera pointing at the target

re3 =
q

‖q‖
=

q
q3

‖ qq3 ‖
(30)

In order to compute re2 , the cross product between re3 and
the gravity direction vector, −e3, represented in the {C} is
done, taking the form

re2 =
S(re3)R′(−e3)

||S(re3)R′(−e3)||
=
−R′S(r∗3)(e3)

|| −R′S(r∗3)(e3)||
(31)

This expression specifies the desired direction for the y-axis
of the camera, which needs to be in the horizontal plane for
the camera to be horizontally alligned. After having re3 and
re2 , obtaining re1 is

re1 = re2 × re3 (32)

While determining r∗2 and re2 one problem may occur if the
drone is on top of the target because r∗3 × e3 = re3 × e3 = 0.
However, this is a situation that is not going to happen for not
being safe to have drones flying above the targets.

D. Controller tuning

To have a good controller performance, one must tune the
proportional gain and evaluate the necessity of having an
integral part. As said before, the gimbal has an inner-loop
controller. In order to properly tune the controller, one must
identify the system which has the block diagram in Figure 6.

After getting the system’s response for different gains, the
open loop response of the controlled system with a propor-
tional gain is approximated by

G(s) =
kb

s2 + (a+ b)s
=

26.87

s(s+ 13.37)
(33)

with that a = −13.5 and b = 26.87. In closed-loop

H(s) =
kb

s2 + (a+ b)s+ kb
=

26.87

(s+ 2.464)(s+ 10.91)
(34)

when k = 1. Using the root locus in Figure 7a, one gets the
predicted step responses in Figure 7b
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Fig. 7: Root locus and step responses for different k

and one can conclude that k = 1.5 is the best that was
tested since it is faster than with k = 1 and does not have
an oscillatory behavior like with k = 1.75. However, these
were step responses and the usual target movements to track
are more similar to linear movements. For those one has the
answer in Figure 8.
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Fig. 8: Reponse of the system to a linear input

The controller is not able to correctly follow the linear
movement. Even if the gain is increased very much , there
will always be a slight delay and the real system does not
react well to gains bigger than 2.5. Therefore, since ω∗ is not
available, an integrator in necessary.The control law needs to
be changed for

ω = KPωe +KI

k∑
i=1

ωe(ti)∆t, (35)

where KP is the proportional gain and KI the integral gain
and should be tuned to achieve good performance. The new
open-loop transfer function is given by
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G(s) =
KP (s+ KI

KP
)b

s2(s+ a+ b)
, (36)

which means that a zero in − KI

KP
and a pole in 0 is added.

The resulting closed-loop transfer function is

H(s) =
KP (s+ KI

KP
)b

s3 + (a+ b)s2 +KP (s+ KI

KP
)b
, (37)

Using it, one can analyze the root locus to understand the
influence of the gains. Two of the results are shown in Figure
9 where KI

KP
is different. In both cases the controller output

reaches the reference but in the first case it is slower. The
second is faster and keeps its behavior until it stops where it
has some overshoot.
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Fig. 9: System’s response to a variable input for diferrent gains
combination

E. Controller cinematographic changes - Offset

It’s important in cinematography to have the target in an
arbitrary position in the image which enables the usage of the
rule of thirds. In other words, instead of having the camera
pointing to the target, it should point to another place, to have
the target in the desired position in the image.

The solution that is going to be presented is based in the
fact that the controller can drive Ree3 = R′

Iq
‖Iq‖ = q

‖q‖ to
e3. Ree3 should be changed to have the offset in mind. The
control objective is to make

q

q3
→ e3 + o. (38)

1) Visual based controller: In order to change the equilib-
rium point to which the controller drives the target, an offset
is added to the coordinates given by the detector. Essentially
a yo ∈ R2 is defined and is related with y by

yo = y − oi (39)

where oi ∈ R2 is the the target’s new desired position.
Consequently, a qo ∈ R3 is defined and stands for the the
vector that goes from the camera until the position to have in
the center of the image. It yields that

qo
qo3

= A−1
[
yo

1

]
=

q

q3
−A−1

[
oi

0

]
. (40)

If qo
‖qo‖ = Ree3, then qo

‖qo‖ → e3 ⇔ qo
qo3
→ e3 which means

qo
qo3
→ e3 ⇔

q

q3
−A−1

[
oi

0

]
→ e3 ⇔

⇔ q

q3
→ e3 +A−1

[
oi

0

]
= e3 + o,

(41)

which is exactly what the objective is (38). Therefore,

Ree3 =
qo
‖qo‖

=

qo
qo3

‖ qoqo3 ‖
=

A−1
[
yo

1

]
‖A−1

[
yo

1

]
‖
. (42)

The remaining components of Re are computed as before, but
using this new re3 .

2) GPS based controller: In the GPS application of the
controller, the position of the target in the image is not known.
Instead, one knows its position in the inertial frame and the
matrix to determine is not Re but R∗. Assuming that the
objective is the one in (38) and, when the system is stabilized,
Re3 = R∗e3, using the same approach as before,

q

q3
→ e3 + o⇔ q

‖q‖
→ o+ e3
‖o+ e3‖

⇔

⇔R′Iq

‖Iq‖
‖e3 + o‖ → o+ e3 ⇔

⇔Re3 →
Iq
‖Iq‖‖e3 + o‖ −Ro

‖ Iq
‖Iq‖‖e3 + o‖ −Ro‖

= R∗e3.

(43)

R∗ depends on R and assuming Ṙ∗ = 0 may lead to
instability. After trying to compute the Lyapunov function
differently, no conclusion is reached but the controller can
be tested in the real hardware to see if any problem occurs.

3) Offset oriented controller: In order to overcome the
problem stated before, a new controller, offset oriented, is
proposed. Once again, the two main objectives of the controller
are stated: stabilize the position of the target in the desired
position of the image possibly different and have the camera
horizontally aligned. The first objective is based in (38) and
from it

q

‖q‖
→ e3 + o

‖e3 + o‖
= R∗T

Iq

‖Iq‖
. (44)

Assuming a
‖a‖ = R′e3, the accomplishment of the second goal

is translated into

e′2
a

‖a‖
→ 0, (45)

because it represents the z coordinate of r2. If it is 0, it will
be a vector in the horizontal plane, which is the objective.

Having the two goals defined, the Lyapunov function is
given by

V =
1

2
‖ q

‖q‖
− e3 + o

‖e3 + o‖
‖2 +

1

2
(e′2

a

‖a‖
)2 ≥ 0 (46)

The function is 0 only when q
‖q‖ = e3+o

‖e3+o‖ and e′2
a
‖a‖ → 0.

After, assuming once again that Ṙ∗ = 0⇔ ˙Iq = 0, one has
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d

dt
(
q

‖q‖
) = −S(ω)

q

‖q‖
,
d

dt
(
a

‖a‖
) = −S(ω)

a

‖a‖ (47)

and taking its time derivative,

V̇ = (
e3 + o

‖e3 + o‖
′
S(

q

‖q‖
)′ − (e′2

a

‖a‖
)e′2S(

a

‖a‖
)′)ω ≤ 0⇔

ω = −Ko(S(
q

‖q‖
)
e3 + o

‖e3 + o‖
− (e′2

a

‖a‖
)S(

a

‖a‖
)e2)

(48)
represents the time derivative of the Lyapunov function V .
Using the determined ω, it will always be lower or equal to 0.
One of the cases in which it is 0 is when the two goals of the
controller are achieved. The other cases happen when q

‖q‖ =

− e3+o
‖e3+o‖ which is the same of needing to do a 180◦ rotation

and when the z coordinate of r2 is 1, or in other words, when
r2 is coincident with e3 in the Inertial frame which means a
roll of 90◦ and the camera vertically aligned. However, if the
gimbal reaches these points, which is very unlikely, a small
disturbance would make teh controller do the desired attitude.
Therefore, the controller is almost asymptotically stable.

F. Simulation and Experimental results

All the functionalities of the system are tested in real
scenario experiment whose results will be analyzed in the
next section, except for the GPS controllers with offset, which
means that in this section experiments will be done using them.
To test them, the simulation in gazebo is used to have the
gimbal and target positions. The target does abrupt changes
of its position ans some offset is given and taken to evaluate
the system’s performance.
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(b) Offset oriented controller

Fig. 10: Trajectory of the target in the image

Figure 10a comes from using the original controller and
Figure 10b from the new offset oriented one. They show the
trajectory of the target in the image, distinguishing the moment
when the target moves from the ones when the gimbal moves
to follow it. Both cases are very similar, being able to stabilize
the position of the target. Firstly an offset of −100 pixels in x
and after 100 in y and taking it back to no offset by the inverse
order. Therefore, the controller is able to properly follow the
target having it in any position of the image. Even the one
used first which was not guaranteed to be stable.

VI. OVERALL SETUP AND RESULTS

The structure of the system used for testing, which is the
same used in the MULTIDRONE project, comprises both
drones, ground station, and the communications between them
is needs to be presented. After, some tests are done to the
overall system with the objective of having both drone and
target controlled to achieve the goals of the desired shooting
actions. The tests comprise different shooting actions and
shooting modes (GPS or Visual). Besides being necessary to
prove that the proposed controllers work well in real scenarios,
the results are useful to compare the methods used, regarding
cinematographic aspects.
A. Setup

In order to have the system working, drones should carry,
besides the needed things to fly, a computer where the algo-
rithms are run (NUC i5 or i7), an autopilot, GPS module and
a gimbal with a mounted camera. For the following tests, the
two drones in figure 11 are used.

(a) ProSkytech BIG4 (b) Changed DJI M100

Fig. 11: Vehicles used in the project

LTE or WiFi does the communication between the drones
and ground stations. The drone in Figure 11b cannot carry
the LTE modules but, for the sake of this thesis, the WiFi
is enough. The system running in both drones and ground
station computers is Linux 16.04 with ROS. The UAVs have
an abstraction layer that receives commands and sends them
to the autopilot.
B. Real scenario results

Using the setup presented before, the system is tested in real
scenarios with boats as targets. The first situation simulates a
boat race. The take-off place is on the lake margin which is
separated from it by some trees. The proposed mission, in
this case, is having a Fly-through to approximate the lake and
being on it, an Elevator to change the altitude, and two Fly-
by’s. The last two shots have the gimbal working to track the
GPS target in a boat.

The results in figure Figure 12 and in video [18] show how
the drone behaved in the proposed mission. Since the Elevator
and Fly-through shooting actions do not need a trailer, because
the drone should follow a predefined trajectory, the main focus
will be with the Fly-bys, which happen around 125s and 175s.
The first one is responsible for first changing the yaw to point
towards the target, and one can see that the UAV needs to have
a movement opposed to the target’s velocity to maintain the
distance to it. The yaw rate is big when it starts but gets lower
when the target gets far away. The second Fly-by is similar to
the first, but in this case, the target is approaching the vehicle
resulting in the evolution of the yaw and position being the
opposite, since the vehicle’s desired position is behind the boat
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Fig. 12: Two fly-by shooting actions in a real scenario

due to the chosen xs and xe. It is very noticeable that the target
loses some positions during the mission, and it gets worse the
longer the distance.
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Fig. 13: Gimbal results during the 2 fly-bys

The gimbal control for target tracking starts when the first
fly-by begins. From figure 13, one can verify that the high-
frequency noise happens once again due to the flying. The
position in the image is stabilized close to the center as
intended. It is also possible to confirm that the gimbal rotates
to achieve the objective because its orientation changes. The
roll angle is once more always close to 0, which means that the
camera is well aligned. One noticeable thing is that the issue
related to losing target positions shows its influence. The yaw
angle has many jumps, being constant for a while and then
needing to change more than it should.

After, the visual based gimbal controller is also tested.
Firstly the controller is put into work with a manual flight
while the camera detects a randomly moving person, and the
gimbal controller is responsible for keeping it in-frame and in
the center of the image. The telemetry data for these results
was not saved in order to have plots, but a video was recorded
[19] and one can see that the detector fails occasionally. The
moments when the gimbal is not tracking the target correspond
to moments when the detector is failing to detect the target.
Furthermore, when it can detect, the gimbal has the expected
behavior without an integrator, not being able to have the target
in the center of the image while it is moving.

In order to test it in a better situation, a scenario with boats
is chosen again and a boat detector is used. The drone could
not fly for hardware problems, but it was grabbed and hold
in the air to simulate the flying. This time, the final controller
with and without the integrator, with offset is tested.
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Fig. 14: Visual controller detecting and tracking a boat

The gimbal follows the target with some offset, following
the results in Figure 14 and in video [20]. Since no integrator
was used in this first experiment and the target is moving, the
error in the image cannot stabilize in the desired values but
because the target is far from the drone (15m), the error is
not bigger than 20 pixels, approximately. When some offset
is given, abrupt changes are seen in14a which are responsible
for degrading the quality of the images.
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Fig. 15: Visual controller detecting and tracking a boat

In this case, with the integrator, the gimbal follows the target
very accurately, following the results in Figure 15 and in video
[21]. When it should, the error is very close to 0. The offset
is also tested. Close to the 80s, one an offset of 50 pixels
in x is given three times to one side and one time to the
other. It means that after it should stay with an offset off 100
pixels, and that is precisely what happens. Every time that
the offset is changed, an abrupt jump occurs in the error and
there is some overshoot, degrading the quality of the image.
The angles evolve as expected with some sudden changes in
yaw, which represent the changes of the offset.

C. Discussion

The trajectory planning and drone control algorithm per-
forms as desired when the objective is to follow a target while
describing custom trajectories characteristic of sports media
productions. The generated trajectories satisfy the needed
requirements for different target trajectories but it may be
necessary to change some parameters depending on the type of
trajectory desired. The proposed controller, with feedforward
and feedback control, is fast and accurate to drive the position
of the drone to the desired one determined by the planner.
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In terms of gimbal control, two variants were presented,
one using GPS measurements and the other using Visual
detection, and it can be concluded that both have a decent
performance. When the target is moving relatively to the
drone, it is important to have a controller with integral part
to have the target in the desired position compensating the
lack of ω∗. The controllers with offset were tested using GPS
measurements or Visual detection, and every one performed
as desired despite causing abrupt variations. The two variants
tested presented advantages and disadvantages when compared
to the other. The GPS variant depends on both drone and
target positions and there was some loss of the target’s one
due to the radio transmission, which leads to brusque motions
of the gimbal, degrading the images. This doesn’t happen with
visual detection, when the detector does not fail. Additionally,
the GPS variant depends on the IMU quality, changing the
position of the target in the image when there is drift in any
angle. It does not happen using visual detection because the
measures are taken from the position in the image and, if
there is drift, it changes. The controller will then act upon the
gimbal to compensate the drift. Finally, the visual detection is
influenced by lighting characteristics and will fail whenever
the target is not in the image, which is not verified with the
GPS variant.

The real scenario tests showed results similar to the pre-
dicted ones when using the simulations and hardware in
the loop. From flying the drone, some high frequency noise
was introduced and could not be rejected by the gimbal.
The system could perform the desired shooting actions while
producing pleasant images. In summary, the proposed system
is capable of autonomously producing pleasant aerial footage
of moving targets, using cinematographic shot types and with
the possibility choosing any position in the image for the
target. VII. CONCLUSIONS

The goal of this dissertation was to to implement control
algorithms that could lead a system constituted by a drone and
gimbal to produce aerial footage of static or moving targets. It
was divided into 2 smaller problems, the trajectory planning
and control of the drone to perform desired shooting actions
and the control of the gimbal to have the target in a desired
position in the image. Both problems were successfuly tackled
using reviewed algorithms and by changing them in order
to achieve specific results and using different methods and
sensors. The trajectory planner algorithm is able to perform
the custom trajectories requeired for cinematographic purposes
and the controller is robust to drive the vehicle for the desired
position. The gimbal control algorithm allows the usage of
GPS measurements and Viusal detection and gives freedom to
the user to choose where the target should be. The designed
system proved to be robust and capable of being used in a
real sports media production, despite some necessary improve-
ments in the algorithms and hardware to produce better quality
images. It needs further testing with different shooting types
and scenarions to understand the limits for its usage.

REFERENCES

[1] Kevin Gallagher, “How Drones Powered Rio’s Olympic
Coverage,” 2016. [Online]. Available: https://www.simulyze.com/blog/
how-drones-powered-rios-olympic-coverage

[2] “So You’re Ready for a Drone, Eh? - World Surf League.”
[Online]. Available: https://www.worldsurfleague.com/posts/281613/
so-youre-ready-for-a-drone-eh

[3] “How drones are making rallying more exciting —
Top Gear.” [Online]. Available: https://www.topgear.com/car-news/
big-reads/how-drones-are-making-rallying-more-exciting

[4] I. Mademlis, V. Mygdalis, C. Raptopoulou, N. Nikolaidis, N. Heise,
T. Koch, J. Grunfeld, T. Wagner, A. Messina, F. Negro, S. Metta, and
I. Pitas, “Overview of drone cinematography for sports filming,” in
European Conference on Visual Media Production (CVMP)(short), 12
2017.

[5] I. Mademlis, V. Mygdalis, N. Nikolaidis, M. Montagnuolo, F. Negro,
A. Messina, and I. Pitas, “High-level multiple-uav cinematography
tools for covering outdoor events,” IEEE Transactions on Broadcasting,
vol. 65, no. 3, pp. 627–635, Sep. 2019.
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and I. Pitas, “A Multiple-UAV Software Architecture for Autonomous
Media Production,” EUSIPCO. Satellite Workshop on Signal Processing,
Computer Vision and Deep Learning for Autonomous Systems, 2019.

[9] P. O. Pereira, R. Cunha, D. Cabecinhas, C. Silvestre, and P. Oliveira,
“Leader following trajectory planning: A trailer-like approach,”
Automatica, vol. 75, pp. 77–87, January 2017. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0005109816303363

[10] R. Cunha, C. Silvestre, and J. Hespanha, “Output-feedback control for
stabilization on SE (3),” Systems and Control Letters, vol. 57, no. 12,
pp. 1013–1022, 2008. [Online]. Available: http://dx.doi.org/10.1016/j.
sysconle.2008.06.008

[11] N. A. Chaturvedi, A. K. Sanyal, and N. H. McClamroch, “Rigid-Body
Attitude Control,” IEEE Control Systems Magazine, vol. 31, no. 3, pp.
30–51, 2011.

[12] Z. Hurak and M. Rezac, “Image-Based Pointing and Tracking for
Inertially Stabilized Airborne Camera Platform,” IEEE Transactions on
Control Systems Technology, vol. 20, no. 5, pp. 1146–1159, 2012.

[13] O. Zachariadis, V. Mygdalis, I. Mademlis, N. Nikolaidis, I. Pitas,
I. Mademlis, O. Zachariadis, V. Mygdalis, and I. Pitas, “2D visual
tracking for sports UAV cinematography applications,” in 2017 IEEE
Global Conference on Signal and Information Processing, GlobalSIP
2017 - Proceedings. IEEE, November 2018, pp. 36–40. [Online].
Available: http://ieeexplore.ieee.org/document/8308599/

[14] N. Joubert, J. L. E, D. B. Goldman, F. Berthouzoz, M. Roberts, J. A.
Landay, and P. Hanrahan, “Towards a drone cinematographer: Guiding
quadrotor cameras using visual composition principles,” CoRR, vol.
abs/1610.01691, 2016. [Online]. Available: http://arxiv.org/abs/1610.
01691

[15] C. Huang, F. Gao, J. Pan, Z. Yang, W. Qiu, P. Chen, X. Yang, S. Shen,
and K. T. T. Cheng, “ACT: An Autonomous Drone Cinematography Sys-
tem for Action Scenes,” Proceedings - IEEE International Conference
on Robotics and Automation, pp. 7039–7046, 2018.

[16] Y. Liu, Q. Wang, H. Hu, and Y. He, “A Novel Real-Time Moving Target
Tracking and Path Planning System for a Quadrotor UAV in Unknown
Unstructured Outdoor Scenes,” IEEE Transactions on Systems, Man, and
Cybernetics: Systems, pp. 1–12, 2018.
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