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Abstract—This work presents a gyroscopic test bench for
under or over-actuated UAVs. In this way, it is possible to perform
stability tests and several control loop structures without taking
the risk of damages present in field tests, or even accidents
with personal injuries. Moreover, the vehicle continues with its
respective degrees of freedom for angular stability dynamics
(rolling, pitching and yawing), without (or almost no) interference
from the test bench, as it does not influence the UAV moments of
inertia. It also can be used for didactic purposes, where, through
the results presented in graphics and videos, it proved to be easy
to build and handled, meeting the minimum safety requirements
proposed.

Keywords—UAYV, Didactic System, Test Bench Platform.

I. INTRODUCTION

Nowadays, Unmanned Aerial Vehicles (UAV) have
widespread over the world, being considered in several com-
mercial tasks such as surveillance, ground mapping, agricul-
tural and environmental preservation practices, fire detection,
transmission power line infra-red supervision, among others

(11, [2].

There are several UAV topologies, classified as fixed-
wings (planes), rotary wings (helicopters and multicopters) and
other hybrid categories (balloons and airships). Each of these
airframe configurations has advantages and disadvantages de-
pending on the design specifications and applications.

After concluding a UAV project, it is indispensable to
perform tests and evaluate its controlled response, such as
auditing its control loops to check if it reached the project
requirements.

One possible way to do that is considering test bench
platforms. Researches on the Internet depict some choices,
sometimes not practical or safe. Then, it reaffirms the necessity
of creating a safe and reliable test bench system.
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Taking quadcopter topologies into account, this work aims
to present the development of a gyroscopic test bench platform
for some UAV topologies (respecting its dimension require-
ments). Through this apparatus, it is possible to analyze UAV
angular stability in 3 degrees of freedom (rolling, pitching
and yawing), enabling to validate tests with different control
algorithms, signal estimation techniques, such as other prelim-
inaries and previous attempts. It can also be perfectly used as
an educational environment for academic purposes.

This paper is organized as follows: Section II presents the
aircraft features, used as a tool in this work; Section III shows
some related works where were presented didactic test benches
for UAV angular stability validation; Section IV depicts the
gyroscopic platform created and performed in this work, with
all its constructive characteristics; Section V describes the full
kinematics and dynamics modeling of the quadcopter UAV;
Section VI presents the simulation results obtained in this
work; Section VII concludes this purpose, such as some notes;
Section VIII lectures about future works enabled to develop
after the conclusion of this gyroscope test bench platform.

II. AIRCRAFT DEVELOPED

Initiating the description of the components by the propul-
sion system, 4 brushless motors of Scorpion M-2205-2350KV
type, 4 King-Kong 5x4P propellers and 4 Electronic Speed
Controllers (ESC) (Q-Brain 4 x 25A SBEC) were used.

Thus, given the propulsion system chosen and the total
aircraft weight (1K g), the projected payload is estimated to
be approximately 0.55K g according to the experimental bench
tests performed.

About power supply, it was used a LiPO (Lithium-
Polymer) battery with 3 cells, 11.1V, 4000mAh, 25C, with
the commitment of low weight, high payload and immediate
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current discharge (if necessary). This battery allows the UAV
an autonomy between 20 and 25 minutes of flight.

Concerning about programming language, it was chosen
C++, implemented in a microcontroller type 168 MHz 32 Bits
Arm Cortex M4F, embedded in a specific platform created for
UAVs, named by Pixhawk.

To filter the noises, it was developed Low-Pass Filters
with their respective cut-off frequencies of each control loop,
embedded in the UAV control board.

The UAV inertia matrix (Icg € R3*3) is expressed below:

Ix _Ixy _Iacz
Icg = l _Izy Iy _Iyz ‘|
_Ixz _Iyz Iz
4456688.30 18.23 —451.92
= 18.23 6827331.63  21814.62 ](1)
—451.92 21814.62  3393152.46

where Icg € R3¥3 is the UAV inertia matrix, expressed in

g.mm?.

Fig. 1 depicts the aircraft used in this work to validate the
gyroscopic test bench, proposed here.

Figure 1. Aircraft used in this work to validate the gyroscopic test bench.

III. RELATED PLATFORMS

A quick research on the Internet can show some platforms
for testing UAV angular stability, even in rudimentary forms.
It is also possible to observe how vital these test benches are
for the whole UAV project, due to its preliminary tests before
outdoors field experiments.

Some rudimentary devices for aircraft control experimental
tests can also be easily found. About test bench structures of
UAVs, it is most of the time composed of only one rope/elastic
object, preventing it from touching the ground, i.e., limiting
space of reach if an unexpected behaviour happens.

Sometimes, others have rigid, articulated and single-axis
supports, enabling only one degree of freedom for the vehicle.
Moreover, the articulated support for only one axis has the

limitation of not being able to analyze the responses of the
controllers together, much less when this action interferes in
another degree of freedom.

Approaching the structure with a rope that fixes/limits the
UAV space of work, there is a whole risk for the rotors to
get tangled in the support, being able to cause an accident.
Moreover, if the complete loss of the UAV stability is ob-
served, it can generate accelerations due to the rope limits, also
causing damage to the aircraft or injuries to people. Another
disadvantage of this method is the insertion of the ground
effect caused by the elasticity of the rope, even if it is not
extensible. Then, it inserts into the system behaviour that is
not characteristic of UAVs.

Some related works which concern to test bench platform
can be mentioned. Works [3] and [4] proposed a system for
testing light vertical UAVs take-off and landing, named by
them as “DronesBench”. This system aims to detect fault
related to the RPAS components by measuring the thrust force
control action, the power consumption, and the attitude stabil-
ity. They showed some preliminary results using a quadcopter
vehicle. Regarding the conclusions, they considered it was
satisfactory and consistent with platforms found nowadays. It
is important to highlight the considerable size of the proposed
platform, as well as some particularities necessary to conduct
tests in 3 degrees of freedom.

The authors in work [5] developed a low-cost quadcopter
prototype intended as a research platform to study control
algorithms for autonomous flights. They created two test bench
systems, where the first one was done to observe the quad-
copter behaviour in 3 degrees of freedom (rolling, pitching
and yawing). It consists of a series of concentric bases with
bearings which allows the vehicle rotates freely. With concerns
to the second test bench, the aircraft was coupled with ropes to
the roof and the ground inside a closed place. They considered
the results satisfactory saying that the test benches did not
interfere in UAV dynamics controlled responses. However, it
can be highlighted that the presence of ropes can add elastic
effects to the system through Hooke’s law.

Another notable work is developed by the authors in [6].
They built a low-cost quadcopter to identify and analyze its
dynamics modelling through 2 test bench systems. The first
one has 3 degrees of freedom that allows the aircraft to rotate
while retaining translation movements. The second one has
only 1 degree of freedom, which indeed allows it to obtain the
UAV center of gravity. At last, the test benches were used to
identify the actuator parameters and the UAV inertia moments.
They mentioned the success of its implementation, advising
some possible future improvements in their project.

IV. TEST BENCH PLATFORM

For the accomplishment of the experimental tests for 3
degrees of freedom, a gyroscopic test bench was developed
serving as a safe environment for aircraft experiments and
simulation.

With this structure, angular stability tests and various
control structures can be analyzed without taking the risk of
damages present in the field tests, or even accidents with

784



personal injuries. Moreover, the vehicle maintains with its
respective degrees of freedom for angular stability dynamics
(rolling, pitching, and yawing), without (or almost no) inter-
ference from the gyroscopic platform, proposed here also for
educational purposes.

The platform is composed of gyroscopic support articulated
in three axes of rotation, where the vehicle is coupled. The
support consists of a base where a ring-shaped structure is
fastened employing shafts and bearings (with almost zero
friction), and finally attached to a pivotal coupling, serving
as the basis for the UAV placement.

The gyroscopic platform dimensions were designed to
allow the vehicle to rotate in all directions without colliding
with another piece of it, operating freely. The central support
(a part that is inside the ring of the support) has a slightly
lowered recess, which allows placing the UAV gravity center
at a height lower than the gyroscopic base rotation axis.

It leads the system to be stable, making it function as a
simple pendulum, returning to its resting position. However, it
is possible to regulate this height by adjusting and moving
the location of the system gravity center entirely. It also
allows to create a marginally stable condition (center of gravity
position coinciding with the rotation axis) or unstable (center
of gravity above the system rotation axis, operating as an
inverted pendulum). This possibility permits users to observe
and manipulate the behavior of these three types of under or
over-actuated UAVs in unfavorable conditions, exemplifying
an unstable vehicle.

Some illustrations of the developed platform are shown in
Figure 2.

The indices of Fig. 2c are: 1-Base; 2-Axis between the base
and the ring of the gyroscope; 3-Axis between the gyroscope
ring and the rotation bar; 4-Rotation bar; 5-Bearings; 6-Fixing
ring; 7-Axis between the rotation bar and the base of UAV
fixation; 8-Base of vehicle fixation; 9-Gyroscopic ring.

As for the structure weight, its total mass was of
0.994K g, being made with low-density wood, occupying
548950.7379mm3. Further illustrations of the developed plat-
form are shown in Fig. 3, where some size information are
quoted.

V. AIRCRAFT KINEMATICS AND DYNAMICS MODELING

Prior to present the full aircraft modeling, it is necessary to
describe the state variables. The vector [p,,, p., h]? represents
the inertial North, East and Altitude (facing down) positions
along the (i%,7%, —k') axes representing the inertial frame
(FT); the vector [¢,6,1]" represents the roll, pitch and yaw
angles considering the vehicle frame (1, j¥, —k). The vectors
[u,v,w]T and [p, q,7]T represent the three dimensional speeds
and angular velocities over the axes (%, ", —k®) of the body
frame (F°) [7], [8].

The UAV position n € RS is the generalized position
with vector ; € R? between origins of F! and F°, while
12 € R3 is defined with the orientation of F° with the respect
to the F’. The orientation is defined with three consecutive

(b) Illustrative picture of the gyro-
scopic test bench system after its
assembly with a quadrotor UAV.

() (0

(a) Ilustrative picture of the gyro-
scopic test bench system on soft-
ware SolidWorks®.

(c) Exploded view of the gyroscopic test bench on software
SolidW orks®.

Figure 2. Illustrative picture of the developed platform.

rotations around the F! coordinate axes, roll-pitch-yaw order.
According to [9], (2) presents the default nomenclature.

m = [n DPe h]T
ne = [¢p 0 ¢]"
n = [m n2" )

Regarding to velocities, (3) presents them:

I — [vb] =[u v w)”
o= W=l g "
v = [1n Vz]T 3)

where v € RS is the generalized velocity vector, v; € R?
is the linear velocity vector, v € R? is the angular velocity
vector, both in F?.

The 6 Degrees of Freedom (DOFs) rigid body kinematics
and dynamics model is expressed in Equation 4.
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(a) Gyroscope plaftorm top view on
software SolidW orks®.

(b) Gyroscope plaftorm lateral view
on software SolidW orks®.

B 700 | iFl -

(c) [Gyroscope plaftorm front view (d) Gyroscope platform front view,
on software SolidW orks®. leveled to the UAV vehicle on soft-
ware SolidW orks®.

Figure 3. Main views fo the gyroscopic test bench developed.

n=Jv “

where 17 € R is the generalized velocity vector in 7/ and J €
R6%6 is the generalized rotation and transformation matrix,
presented below:

J1 Osxs

J = | Osxs  J2 ] )
[ cOc)p  spsbcy) — clsyp  copsOcp + spsy

J, = s spshsip + copc)y  cohsOsy — spey |(6)
| —s6 spch cpcl
1 sotd  cotd

Jy = 0 cp —s0¢ @)
L 0 s¢ch  coch

where cf £ cosf, s £ sin6, t6 £ tan, J; € R**3 is the
rotation matrix to relate linear velocity vector and Jo € R3%3
is the rotation matrix to relate angular velocity vector, both
from F? to FI.

Differential equations describe UAV dynamics from the
Newton-Euler method. The 6 DOFs rigid body takes into

consideration the mass m and the inertia of the body Icg,
as shown in (8).

Mbl) —|— Cb(l/)lj =T (8)

where:

Mb:{mI

Os3x3
03x3 } ®)

Ice

_ mS(vz) O3x3
Co(v) = [ O3 —S<Iccu2)} 10
T = 1P 479 (11)

where M, € R6%6 is the system inertia matrix, Cp(v) €
R6%6 is the Coriolis-centripetal matrix, at the body-fixed frame
Fb, S(vg) € R3*3 is the skew-symmetrical matrix of vector
va, T € RO is resultant vector compound by Gravitational
79 € RS and Propulsion 7P € R® forces and torques, both in
the body-fixed frame F°. Note that I € R3*3 is the identity
matrix, different from Icq.

More details about the modelling and control loops con-
sidered in this work can be found in [10], [11]. Details of the
UAV features are presented in the works [2], [12]-[14], where
the same aircraft and methodology was considered.

VI. EXPERIMENTAL RESULTS

The experimental results presented in this work are divided
into 4 different scenarios, each one representing at least one
aircraft degree of freedom with different SetPoint (SP) signals.

It is important to highlight that the aircraft was not pro-
jected in the current work, it was only used as a tool to validate
the gyroscopic test bench.

The experimental tests were performed in a quiet and
calm environment, where it is possible to eliminate wind
disturbances.

Concerning the vehicle battery voltage, it was always kept
charged up to at least 75%, avoiding electrical system low
efficiency.

Before presenting these scenarios, a video was made and
uploaded on YouTube showing random maneuvers from the pi-
lot radio controller, in all 3 quadrotor UAV dynamics (rolling,
pitching, and yawing). The video is available on YouTube
through the link https://youtu.be/AbV90z-rbY8.

A. Scenario 1

The first scenario was created to show maneuvers in 2
dynamics at the same time, roll and yaw angular positions.
The controlled response in the developed test bench can be
seen in Fig. 4

As it is possible to see from the previous figure, the
rolling and yawing SPs were requested at the same time in
2 situations, 2 positive SPs and, in the end, 2 negative ones.
The UAV performed the SPs satisfactorily, evaluating the test
bench system. To exemplify the results presented here, a video
was uploaded on YouTube: https://youtu.be/2f8zut51uBO.

B. Scenario 2

The second scenario is also presented to show 2 maneuvers
in 2 dynamics at the same time, but now for pitch and yaw
angular attitudes. Figure 5 depicts the controlled responses.
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Figure 5. Angular attitude controlled responses performed in Scenario 2.

Here again, an UAV stable behaviour is observed where
2 SPs were requested at the same time, showing that
the proposed platform worked reasonably. A second video
was made for this scenario, also available on YouTube:
https://youtu.be/EqX50AQtpWg.

C. Scenario 3

For this scenario, it is shown the UAV behavior when
3 SPs were done at the same time. It is a critical situation
when analyzing UAV angular stability, because experimental
field tests always demand firm control action, even from wind
disturbance or by autonomous missions.

Figure 6 presents the angular attitude controlled responses
for rolling, pitching and yawing.

This scenario was the hardest flight condition requested to
be done by the aircraft. As it is seen, the test bench platform
allowed the UAV to do the maneuvers freely. To illustrate this
scenario, it was uploaded on YouTube this experimental test:
https://youtu.be/L11CX3EBFVQ.

D. Scenario 4

This last scenario is important to show yaw velocity
stability, where the others 2 dynamics (rolling and pitching)
were maintained at O degrees during the whole experiment
test. Figure 7 illustrates the UAV controlled responses.

Pitch (deg)

Yaw (deg)

Pitch (deg)

Yaw (deg)

Angular attitude controlled responses performed in Scenario 4.

Figure 7.

It is noted in this experimental test that the developed test
bench platform also allows the UAV to perform yaw speed
SPs freely. This kind of maneuver is essential to observe
when considering experimental test field of image supervision
onboard UAV flights.

The last video was made and uploaded on YouTube,
showing its dynamics response for this scenario:
https://youtu.be/WNyMbHeEmxE.

VII. CONCLUSIONS

This paper presented a safe and reliable gyroscopic test
bench system to validate angular attitude of under/over actu-
ated aircraft (respecting its constructive dimensions).

The developed system showed to be efficient when basing
on experimental tests with quadrotor UAVs, avoiding possible
damages to materials or injuries to people around the test area.

It is also important to mention its necessity when taking
educational purposes, aiding professors to teach about this kind
of aircraft dynamics.

VIII. FUTURE WORKS

After concluding this work, future stages of this project can
be started, such as signal estimation, design of over-actuated
UAVs, development of new control loop topologies, among
others.
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As mentioned in Section I, signal estimation (on-line or off-
line) and new controller tuning technique through decoupling
can implemented using UAVs. The next step will be lead
through the papers [15]-[20].

Other important works about optimization techniques to be
followed are [21]-[23].
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