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ABSTRACT

UAVs are becoming versatile and valuable platforms for vari-
ous applications. However, the main limitation is their flying
time. We present BEAVIS, a novel aerial robotic platform
striking an unparalleled trade-off between the maneuverabil-
ity of drones and the long-lasting capacity of blimps. BEAVIS
scores highly in applications where drones enjoy uncon-
strained mobility yet suffer from limited lifetime. A nonlinear
flight controller exploiting novel, unexplored, aerodynamic
phenomena to regulate the ambient pressure and enable all
translational and yaw degrees of freedom is proposed with-
out direct actuation in the vertical direction. BEAVIS has
built-in rotor fault detection and tolerance. We explain the
design and the necessary background in detail. We verify
the dynamics of BEAVIS and demonstrate its distinct advan-
tages, such as agility, over existing platforms including the
degrees of freedom akin to a drone with 11.36X increased
lifetime. We exemplify the potential of BEAVIS to become
an invaluable platform for many applications.

CCS CONCEPTS

« Hardware — Sensor devices and platforms.

KEYWORDS

UAV, drones, blimps, aerial robots, aerial sensing

ACM Reference Format:

Suryansh Sharmav*, Ashutosh Simhav, R. Venkatesha Prasadv,
Shubham Deshmukh§, Kavin B. Saravanan§, Ravi Ramesh§, Luca
Mottola®. 2023. BEAVIS: Balloon Enabled Aerial Vehicle for IoT
and Sensing. In The 29th Annual International Conference on Mobile
Computing and Networking (ACM MobiCom ’23), October 2-6, 2023,
Madrid, Spain. ACM, New York, NY, USA, 15 pages. https://doi.org/
10.1145/3570361.3592498

This work is licensed under a Creative Commons Attribution International 4.0 License.

ACM MobiCom °23, October 2—6, 2023, Madrid, Spain
© 2023 Copyright held by the owner/author(s).
ACM ISBN 978-1-4503-9990-6/23/10.
https://doi.org/10.1145/3570361.3592498

488

(2) (b)

Figure 1: BEAVIS prototype: (a) while flying (b) rotor
orientation close up (video [6]).

1 INTRODUCTION

Aerial robots represent a new breed of mobile computing
platform [14] enabling applications such as aerial mapping
and sensing [13, 18, 26, 29, 36] search and rescue [31, 35], film-
making [7, 21, 37, 38], package delivery [15] and networking
[28]. In most cases, their efficient operation in the target
scenarios is determined by the combination of two factors:
maneuverability and lifetime. Thus, increasing the lifetime
of these vehicles without compromising on maneuverability
is a holy grail.

State of affairs. Multi-rotor drones arguably represent the
most widespread aerial robotic platform. Ever-decreasing
costs, combined with extreme agility — both indoors and out-
doors — make them a very useful and important tool to bring
sensing and networking where no other platform could reach,
for example, in disaster zones, remote and icy mountains,
and thick forests [9]. Besides regulatory and safety issues [3],
multi-rotor drones are also plagued by one major limitation,
i.e., the operational time. Because of the physical dynamics of
multi-rotor drones, their motors must produce ~50% more
thrust than the weight of the drone, which is independent
of the physical movement in space, if any. Lifetime is de-
pendent on the battery capacity and thus batteries, being
heavy, represent a major weight factor; increasing battery
capacity in turn requires higher thrust and high-thrust mo-
tors, adding more weight. Thus, the multi-rotor drones are
inherently limited by how long they can operate — reaching
hardly a few tens of minutes at best [3]. There are alter-
natives to multi-rotor drones, yet with limited applicability.
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Tethered multi-rotor drones [22] obtain energy from a static in-
frastructure; the necessary electrical connections limit their
maneuverability and range. Fixed-wing drones, much like reg-
ular aircraft, are extremely difficult to control in constrained
spaces, for example, due to their inability to retain a fixed
position over time and also because of sophisticated take-off
or launch requirements. They are typically employed only
in long-range outdoor missions. Blimps [17], on the other
hand, enjoy long operational times at the expense of limited
maneuverability, especially in a vertical motion.

BEAVIS. In a quest to combine the advantages of different
aerial robotic platforms, we design BEAVIS— Balloon Enabled
Aerial Vehicle for IoT and Sensing — a new platform that
combines the maneuverability of multi-rotor drones with
the long-lasting hovering capacity of blimps. Fig. 1 shows a
BEAVIS prototype. The structure includes a helium-inflated
balloon (or any lighter than air gas, similar to a blimp), at-
tached to a quadrotor structure at the bottom. Unlike a reg-
ular quadrotor, however, the motors are not aligned to the
vertical plane, but to the horizontal one, i.e., propeller blades
are vertical to the ground. With the balloon, lift becomes
effortless, the horizontal motion requires much less energy,
and not all rotors need to operate continuously.

Intuition. The horizontally oriented motors enable move-
ment in any horizontal direction using a single motor. How-
ever, the thrust generated by all four creates a high-pressure
region in between these rotors which, combined with the
dynamic buoyancy effect of the balloon, causes BEAVIS to
rise. When only two opposite rotors are switched on, then
BEAVIS gets lowered. Controlling the four propellers on
BEAVIS vyields previously unexplored aerodynamic effects,
which enable motion in three dimensions akin to a regular
quadrotor. Nonetheless, in the absence of external forces,
retaining a fixed position requires no propeller motion, as
BEAVIS relies on the lift naturally produced by the balloon. A
regular quadrotor needs to spin all propellers merely to hover
—consuming almost the same energy as when in motion-
whereas, BEAVIS consumes almost no energy.

This unique feature allows BEAVIS to greatly extend the
operational lifetime compared to regular multi-rotor drones
and represents an asset in all applications where the hovering
times of a regular multi-rotor drone would dominate, for
example, in surveillance and impromptu networking [18, 21,
28, 36, 38]. We illustrate the structural design and the flight
dynamics of BEAVIS in Sec. 3 and Sec. 4, respectively. The
structural design addresses the trade-off between size and
weight without requiring any more than four actuators to
limit size, complexity, and costs.

Since the flight dynamics of BEAVIS are not known and
we are the first to use an unexplored aerodynamic effect for
vertical motion, designing the flight control logic is highly
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Figure 2: BEAVIS platform comparison for en-
durance/maneuverability and endurance/agility.

challenging that was further complicated by highly nonlin-
ear flight dynamics and additional drag introduced by the
balloon. Our investigation of the flight controller for BEAVIS
is data-driven. We illustrate how a data-driven model-free
control logic can be used for autonomous flight (Sec. 5). We
also demonstrate how using our new algorithm, we can, not
only sense faults in the rotors but also provide an adaptation
of our controller to fly the platform despite rotor failure.
Contributions and results. @ We provide the unique sys-
tem design showing how BEAVIS is built and can be cus-
tomized as dictated by the applications (Sec. 3.1). @ We
provide a detailed characterization and explanation of the
novel aerodynamics of BEAVIS platform (Sec. 4). @ We de-
sign a new data-driven flight control algorithm specifically
for BEAVIS with a focus on fault detection and recovery
(Sec. 5). @ We put BEAVIS through its paces and provide
evidence of its performance along key application-level per-
formance metrics, such as tracking accuracy and response
time. We demonstrate this in two different application sce-
narios (Sec. 6.1). @ We complement this evaluation with the
evaluation of system performance using metrics - including
translation and rotational speed, and lifetime - to provide
grounds for a more general understanding of BEAVIS per-
formance (Sec. 6.2).

Our results indicate that we can achieve up to 1136.3%
increase in flight time with complete planar, vertical, and
yaw control possible (video:[6]). We can fly up to 2.45m/s
in the X-Y plane and can spin at 346°/s rotational speed. Our
algorithm can detect rotor faults within 5.5 s for 90% of the
time and successfully fly despite them. We also demonstrate
the application of people tracking with an 80% success rate
and that of rooftop thermal imaging where we can adapt to
varying heights of the roofs within 2.1 seconds (Sec. 6).

2 RELATED WORK

The popularity of UAVs is often diminished by their severely
limited flight time which is critical for wireless sensing ap-
plications. In recent literature, there have been multiple
workarounds proposed for this constraint of UAV platforms.
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Pushing the limits of UAVs. Research efforts exist which
optimize UAV flight time and data collection strategy. Gong
et al. [16] minimize a UAV’s total flight time (while cruising
or hovering) to collect data from sensors on the ground in
lesser time. Modulating the speed of the UAV to fairly col-
lect data in an Intelligent Transportation System (ITS) has
also been done [25]. Lee et al. [24] use a fixed-wing UAV
equipped with a free space optical communication (FSOC)
system to perform trajectory optimization for given data
rates. The common thread in these diverse research is that
they all push the utilization of the limited UAV battery to its
maximum for wireless sensing and communication applica-
tions. Despite their efficient use of the battery, they all are
bound by the same energy budget which a limited battery
provides. An attempt to increase flight time by using a staged
battery approach [20] has been proposed where a battery
stage is ejected in-flight after its depletion. While a promising
idea, dropping depleted batteries has practical implications
to consider. Other than optimizing the speed, trajectory, or
battery usage, some researchers also extend UAV lifetime
by proposing wireless battery charging methods [27]. There
is also work which studies the dynamics of laser-charged
UAVs using a low-power laser source to harvest energy [19].
These require elaborate ground station setup and thus, are
highly expensive and not feasible for remote locations.
Alternative platforms. Many alternative aerial platforms
like tethered drones, high-altitude weather balloons, and
blimps (or airships) have also been explored in place of con-
ventional multi-rotor or fixed-wing UAVs. Cellular base sta-
tions (BSs) carried by tethered drones were proposed to cir-
cumvent the limited energy and flight time of UAVs [22],
however traditional UAVs need to land for recharging, which
limits their performance. This, however, comes at the ex-
pense of reduced mobility [11] as these platforms have a
fixed range as well as a maximum altitude of operation. This
gives rise to a trade-off to be made between mobility and en-
durance. It is also worth noting that controlling and stabiliz-
ing tethered single and multi-UAV systems is non trivial [23]
due to the dynamics introduced by the tether.

A close derivative of High Altitude Platform Stations is
the class of aerial vehicles called blimps (or airships) which
are lighter-than-air high endurance platforms with 1-6 pro-
pellers that enable directed motion. Gonzalez-Alvarez et
al. [17] present the design of a lightweight, low-cost, open-
source airship along with an accurate altitude control system.
These and other similar platforms like Blimpduino [4] fare
very well in terms of endurance, but this comes at the cost
of limited agility and maneuverability. Further miniature au-
tonomous blimps experience swing oscillations due to their
often under-actuated design and aerodynamic shape. These
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Figure 3: Scaling of the volume of helium required and
the size of the balloon with increasing payload.

can be reduced to some extent with intelligent control sys-
tems design [32] but their range of motion remains small as
a result of their structural design. In particular, vertical and
omnidirectional motion is a challenge. In designs like X4-
blimp [33] and H-aero [1] vertical (rise and descent) motion
was made a little easier by the use of a four partial envelope
design of the balloon. To make such platforms more agile and
maneuverable, certain hybrid balloon-drone designs have
been tried in literature. Skye [10] is one such platform that
has a spherical blimp design with four tetrahedrally-arranged
motors. It is capable of omnidirectional motion with control
in six degrees of freedom similar to a drone. This was substan-
tially better than any traditional blimp design could achieve.
The key features of its design are safety, maneuverability, and
agility. Its extremely complex and large mechanical structure
and balloon design (2.7 m wide) however, makes it suitable
only for its intended application of entertainment robotics.
It makes it inaccessible to other domains where serious en-
gineering effort with complex control is required. Another
innovative hybrid design is ZeRONE [34], an indoor helium-
drone-hybrid drone that uses the wind generated by vibrat-
ing piezo elements for propulsion instead of using rotors.
The biggest takeaway is that this drone design would be
safer compared to the alternatives but this comes at the cost
of reduced speed, little to no resistance to wind flow, and
a very short control-able flight time. Our platform BEAVIS
in contrast achieves a trade-off between endurance, agility,
and maneuverability (Fig. 2). Maneuverability is the degrees
of freedom of an UAV that allow it to maneuver; agility is
the minimum space required when flying at the minimum
allowed speed to accomplish a maneuver [30].

3 PLATFORM DESIGN

The goal of BEAVIS is to offer a platform that can provide
both maneuverability (similar to a drone) and large flight
time by leveraging the lift produced by a helium-filled bal-
loon. This combined with its focus on sensing and various
IoT applications — both indoors and outdoors - requires
maximizing the carried payload. Thus the addition of any
redundant actuators to add agility will result in extra weight,
higher complexity, and an increase in the balloon size.
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Fig. 3 illustrates the balance between payload-to-lift and
helium required to achieve neutral buoyancy at 10 m from
the ground. We can see the balloon’s diameter scaling with
increasing payload for a regular latex balloon. The aim is
to keep BEAVIS as light as possible to maximize the carried
payload for a given balloon size. In this work, we made
a miniature indoor version of BEAVIS to demonstrate its
capability in a controlled environment. We are limited in
conducting experiments outdoors as a consequence of our
location’s proximity to a working airport. However, using
Fig. 3, one can scale up the design based on the requirements.

The design goals of BEAVIS can be summarized as follows:
@ Endurance. The platform must include an inflated he-
lium balloon which will provide lift and enable hovering at a
stable altitude with no additional used power. This removes
the requirement for powering any actuator for maintaining
its height at an equilibrium.
© Maneuverability. The platform must have the freedom
to move in all directions(omnidirectional) in the horizontal
plane when hovering at a stable height. Further, it must be
possible to correct its heading and altitude whenever needed.
There must be a provision to move in all degrees of freedom
as a traditional UAV.
© Optimized size/weight. The platform must weigh as
less as possible to maximize payload that can be carried for
a given balloon size.

O Resilience. The platform must function despite one or
more rotor failures with the capacity to sense the failure and
fly despite it. This adds safety and robustness to the system
by ensuring that the vehicle does not crash, can finish its
mission, and be recovered if a rotor fails.

@ Simple design. The platform should be accessible, easily
replicated, and beneficial to the sensing and wireless commu-
nity. This means no complex actuator or mechanical design.

3.1 System Design

We consider the fundamental design choices and constraints
mentioned above while designing BEAVIS. It consists of three
basic system blocks: sensors, computation units, and actu-
ators as shown in Fig. 4. Apart from building the BEAVIS
platform, we have also mounted some payloads to demon-
strate applications. The platform uses three sensors to get an
estimate of its attitude, altitude, and heading. It uses an Iner-
tial Measurement Unit (IMU) to infer its accelerations as well
as angular velocities. We used a BMI088 which is a 6-axis
inertial sensor with a highly accurate 16-bit digital, triaxial
accelerometer and a 16-bit digital, triaxial gyroscope. To ac-
curately measure its altitude we used a downward-facing
Time of Flight (ToF) sensor mounted on the bottom of the
platform which can sense the height at which the platform is
hovering from the object below (usually the ground). Specif-
ically, we used VL53L1x which is an infrared laser-ranging
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sensor with accurate ranging up to 4m, and fast ranging
frequency of up to 50 Hz. For estimating the translational
velocity of the platform a PMW3901 optic flow sensor was
used. The PMW3901 sensor uses a low-resolution in-built
camera to detect the motion of surfaces to sense x-y motion.

The STM32F405 microcontroller is the main processing
unit for controlling the drone autonomously and giving the
desired motor commands using the sensors. We programmed
the microcontroller for the realtime execution of our algo-
rithm for autonomous flight. To communicate with the plat-
form, for logging as well as for over-the-air firmware flashing,
a low-power, long-range radio was used. We used a 2.4 GHz
nRF51822 SoC for this purpose. The radio was communicat-
ing with a ground station connected to the PC.

The main actuators for achieving all the motion of BEAVIS
are four core-less DC motors equipped with propellers. In
our prototype we used 7 x 16 mm DC motors with a maxi-
mum measured rotation speed of 26000 RPM and a maximum
thrust generated by a single motor is 15.7 g. This can be seen
in Fig. 5 which shows characterization obtained through ex-
periments. The motors were rated for 1 A of current, and
the whole electronic system was powered by a 300 mAh
4.2V LiPo battery. Two motors spun clockwise and two spun
anticlockwise.

3.2 Structural Design

The mechanical mounting structure of BEAVIS is described
here. To generate the lift required to lift the platform (and
any attached payload) we use a large latex balloon of size



BEAVIS: Balloon Enabled Aerial Vehicle for loT and Sensing

Figure 6: Balloon mount (left) and detachable ballast
(right) to adjust balloon buoyancy.

90 cm. The balloon is filled with helium based on the total
lift-off weight of the platform and payload. This resulted in
the platform having neutral buoyancy at a desired predeter-
mined height. Since the process of inflating a helium balloon
without the use of a gas pressure gauge is not extremely
precise, we designed a detachable ballast to fine-tune the
buoyancy of the platform. The ballast shown in Fig. 6 is at-
tached to the platform via four neodymium N45 magnets
and has empty slotted spaces for adjusting the weight of the
platform to match the lift generated by the helium in the
balloon. The role of the slotted chambers is to adjust if re-
quired, the centre of mass of the whole structure to account
for any misalignment in weight distribution caused by the
addition of payload. The helium-filled balloon is attached
directly above the PCB using four 15 mm long 3D printed
flaps angled at 15° from the horizontal plane. The balloon
is mounted at a height of 20 mm from the PCB leaving this
space for interaction of the incoming flows from the four mo-
tors which are extremely essential to the design of BEAVIS.
The balloon mount is shown in Fig. 6.

The four motors are placed horizontally in a plane with
all of the propellers facing outwards. The motors are capa-
ble of steering BEAVIS in any direction in the horizontal
plane, unlike a traditional blimp. This means that at any
instant BEAVIS can move in any horizontal direction. This
arrangement of motors was done to give an omnidirectional
capability to the platform. Further, this arrangement also
enables vertical motion, as explained below.

When motors are spun they pull the air inside towards
the center of the PCB. We observe two very interesting nat-
ural phenomena depending on the configuration: (1)When
all four motors are spun there will be a high-pressure re-
gion created in the center between the PCB and the balloon.
This causes the whole system to rise, increasing its altitude.
(2)When two diagonally opposite motors are activated there
will be a low-pressure region created instead which will move
the platform down, decreasing its altitude. We exploit this
flow interaction from the motors to add a degree of motion
to the system without the use of any extra actuators facing in
the up-down direction. This results in BEAVIS being able to
translate in a horizontal plane as well as control its altitude.
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d separation

Figure 7: Novel motor arrangement for BEAVIS to en-
able horizontal, vertical and yaw control.

Table 1: Weights of system components of BEAVIS as
used in our prototype including example payload

Part Overview Number Weight(g)
Balloon 90 cm latex ballooon 1 259g
Flight controller PCB  Computation unit PCB with IMU 1 7g
Height control PCB  Time of flight and optic flow sensor 1 23g
Battery 4.2V LiPo 300 mAh 1 9.7g
Motors DC motors with propellers 4 119g
3D Printed frame PLA plastic with 15%infill 1 12.0g

Total platform weight 68.8¢
Payload Ballast simulating payload 1 574g
Total take-off weight 126.2¢g
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Figure 8: BEAVIS design with all components and de-
grees of freedom possible.

In addition to moving horizontally and vertically, we de-
sign the motor mounts such that we can also control the yaw
rotation of the platform. This is particularly useful while
using a downward-facing camera or a directional antenna
as a payload. In these scenarios, the platform must be able
to control (and hold) its heading or yaw angle. We add yaw
control by adding a distance dgeparation between the two pairs
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of motors. The motors themselves are mounted at an angle
a. In Fig. 7, we see the difference in our design compared to
the default approach of placing the motors in the shape of
an ’X’. By separating the motor at a separation of distance
dseparation, We can calculate the maximum angular moment
using,

M; = Tidseparation SiIl(O!/Z), (1)
where M; is the moment due to thrust T; for Motor i, « is the
angle between two adjacent motor arms, and dseparation is the
distance between the motors. While the resultant moment
can be increased by increasing «, the lateral force compo-
nent decreases. Therefore, one needs to find an optimal value
based on the requirement of turning torque (affects yaw) and
lateral force (affects translation). In our prototype, the value
of dseparation Was set to 80 mm and a was set to 90°. When
combined, the overall design of BEAVIS enables the move-
ment of the platform as depicted in Fig. 8. The components
and their weight as well as the possible payload using a
helium balloon, inflated to 55 cm, is given in Table 1.

4 COMPUTATIONAL FLOW SIMULATION
AND ANALYSIS

We conduct a computational fluid dynamics (CFD) study to
understand and characterize the unique flow interaction that
happens in BEAVIS by visualizing the movement of air fluid
around each propeller. We provide a brief note on this to
confirm and prove that our design can be generalized. The
flow analysis is carried out using a hybrid mesh in Ansys Flu-
ent [5]. The CFD simulations include the complete geometry
of the platform (including the balloon) as a model, along with
fluid domains for air and helium (inside the balloon) to take
into account the changes in buoyancy due to the changes
in the local flow conditions. A structured mesh is created to
resolve the boundary layer over the propellers, while the rest
of the domain is populated with unstructured mesh to dis-
cretize the rest of the flow domain with approximately 5 M
cells. Propeller rotation is modeled using a rotating frame of
reference for all 4 propellers. Airflow is allowed to evolve
for a total duration of 10 s, by which the solution reaches a
statistically steady state. A time step of 0.005 s (total steps
10/0.005 = 2000) is used for the transient simulation, with
10 iterations per time step to achieve the required level of
convergence. The solution is monitored using flow residuals
and forces on different parts of the system. The solution is
assumed to be converged when the lift on the quadrotor and
balloon system reaches a statistically steady state and the
flow residuals are below 5¢~° for all time steps. The resulting
solution files are then post-processed in Ansys CFD-Post to
visualize the flow contours and velocity vectors. The results
from this analysis are presented in Fig. 9. Four cases are
considered: single, two adjacent, two opposite, and all four
propellers running.
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Figure 9: Pressure contours (left) and flow visualization
(right) around BEAVIS with the varying number of
motors running at full thrust.

Single propeller. It is seen that there are clear low-pressure
regions formed both upstream and downstream around the
rotating blade. The low-pressure region is formed upstream
of the blade due to the formation of the wake (the region
behind the body around which the fluid flows), while the
one downstream is formed because of the air it displaces.
There are also small, high-pressure pockets present near the
balloon. These occur when the surrounding air is pushed
into the mechanical structure. As a result of the low-pressure
regions, there is a tendency for the platform to be pushed
downwards. However, the presence of regions of compara-
tively high pressure around the wake causes this effect to
be quite small. Dynamic buoyancy effects also influence the
total upward force acting on the system and therefore, as a
whole, this has a negligible effect on its motion.

Two adjacent propellers. There is mixing between the
wakes which causes an increase in the local flow velocity near
the rotating propeller blades. This effect of wake interaction
causes a downward movement of the system. But in this
case, the effect of dynamic buoyancy does not counteract
the effect of the wake. There is a significant impact on the
higher-pressure regions created by restricted air that try to
push the system upwards. Therefore, it is observed that the
entire system only moves downwards weakly.
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Two opposite propellers. As expected, the interaction of
the two wakes is non-existent, with the wakes from each pro-
peller being restricted to around the periphery of the rotating
blades. However, two very interesting flow phenomena oc-
cur here: (a) the two opposite wakes create a circulation
that, on one side, generates extremely high-pressure regions
(near the body of the platform and balloon); (b) on the other
side only low-pressure pockets create (near the motor and
propeller). These pockets have high velocities at the tips of
the rotating propellers, and above and below them as well.
This implies that when there are no wake interactions be-
tween adjacent propellers, the impact of buoyancy seems
to be lowered. Thus the higher-pressure regions and the dy-
namic buoyancy effect have a lesser impact compared to the
low-pressure wake regions. Therefore, the entire platform is
pushed downwards.

All four propellers. We can observe very high pressure
due to the interaction of all the wakes with the platform
and balloon individually as well as due to their combined
effect. We can also see recirculating regions in between the
platform and the balloon, as well as the presence of the
additional regions above and below the propellers that have
the highest velocity. This is similar to what is observed when
two opposite propellers are turned on. The impact of the
mixing of adjacent wakes reduces the overall effect of the low-
pressure wake region. This is caused by the presence of two
such wake regions (instead of one) and the presence of a mass
of air that is essentially “trapped” in between the rotors and
the platform. Therefore, the combined effect of this trapped
mass of air along with the dynamic buoyancy causes the
overall acceleration of the platform to be upwards. This is
a very interesting phenomenon because while all the other
cases make the overall system move downwards, the four-
propeller case makes it moves upwards. This intermixing of
flows is precisely what we utilize to move BEAVIS vertically.

5 FLIGHT CONTROLLER

The objective of the flight control system is two-fold: (a)
mainly to maintain a desired altitude and yaw (heading)
angle and (b) to steer the drone in the lateral plane.

5.1 Nonlinear flight dynamics model

The flight control dynamics of BEAVIS can be derived in
the earth-fixed inertial frame as shown in 7 via the Euler-
Lagrange equations of motion as,

X =0y, Y=0y, Z=10,,

Ox = ax = (M + My — My — M) /m — Cquy,

Oy = ay = (Mz + My — My — My)/m — Cgoy, )
0; = a; = Co(q192 — (q1 — 42)*) — Cauzr,

¥ =0, &, =1, =Cy(q: - q2),
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Figure 10: 3D plot showing the relationship q;q; — (g1 —
q2)? between ¢, q; and a, of the system.

where x, y, z, 0y, vy, v, denote the position and velocity and
Y, w, denote the yaw angle and yaw angular rate. M; de-
notes the i motor thrust, q; = M; + Ms, q; = My + M,
and Cy, Cy, C; denote the aerodynamic coefficients, and m
denotes the mass. X is the time derivative of x. Note that
the pitch and roll dynamics are ignored due to their natural
stability. The coupling between lateral and angular accel-
erations and control thrusts is derived based on the CFD
analysis. As it was shown that when all four motors are ac-
tive, there is a positive lift and when only one pair of opposite
motors are active there is a negative lift. The v, equation is
derived based on this relation. The nonlinear relation has
been derived based on CFD (Fig. 9) and flight data (Fig. 10).
We can see that the equations are nonlinear and therefore
traditional control design may not be effective in stabilizing
or steering BEAVIS.

5.2 Nonlinear control design

The relation between the angular and lateral accelerations
and control inputs can be written as,

(@x, ay, az, ) == F(My, Mz, M3, My), 3)
where F is derived from the right-hand side of Eq. (2). One
approach to controlling BEAVIS is to invert this relation
based on the requirement of accelerations. However, this
may be computationally ineffective, moreover, the control
bandwidth required for altitude and yaw is higher than that
of lateral steering, and the sensing modalities and conse-
quently sensing rate and error are different as well. There-
fore, a hierarchical approach is taken (see Fig. 11) as below.

STEP 1: First, a controller is designed for only altitude and
yaw. Denote (a, 7,) = F1(q1, q2), where F; is obtained from
Eq. (2). Let z; and y; denote the desired values. Then, g1, g2
are assigned as follows,

a; =Ky(z —zq) — Kq(v; — 2q) - K; /(z — zg)dt,

. = Kp (¥ — Y) — Ka(w; — yu),
(q1.q2) = F; ' (az, 1),

4)
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Figure 11: Block diagram of the model-free controller.

Algorithm 1: Rotor fault detection algorithm
Result: Determine FAILED,,;, Vi € [1,4]

1 Set l//desirecb szs Kaz

Measure Yzrue, Otrue, Az;rye> Oxtrues YYerue

from Equation (2)

X

w

Estimate wzeyp» Azexp> Uxexpr Vyexp

lﬁtrue - Wdesired
Calculate ey, = Wz, — Ozexps €az = Azprye ~ Azexp>

'S

Calculate ey,

=

€ox = Uxppye — Z)xexp’ evy = Dytrue - Dyexp
if | ey |> 0then
if | e, |> Ko, and | eq, |> Kg, then
if w; < 0 then
if 0y, # Vyexp and vy, > 0 then
| FAILED,; = True
else if Yytrue * vyexp and YYtrue < 0 then
| FAILEDp; = True
else
| FAILED,; = False, i € [1,2]

15 else

16 if YYtrue # Uyexp and Yytrue > 0 then
| FAILEDpnq = True

else if Yytrue # vyexp and YYtrue < 0 then
| FAILEDp3 = True

else

| FAILED,,; = False, Vi € [3,4]

17
18
19
20
21

else

FAILED,,; = False, Vi € [1,4]

22

23

24 else

25 end

where F; ! is obtained via standard methods (Newton-Raphson
iterative inversion). The terms K, denote control gains. The
control law so far assumes that M; = Mz, My = M,.

STEP 2: Given desired lateral position x4, y4, (M3 — M;) and
(My — My) are varied while maintaining g, g2 as derived in
STEP 1 as follows,

ax = K (x — x4) — Ka(ox — %) —K,«/(x—

ay = Kp(y - yd) - Kd(vy - yd) - Kl/(y — yd)dt, (5)
M = (q1 — ax +ay)/2, M3 = (q1 + ax +ay) /2,

M; = (g2 —ax —ay)/2, My = (q2 +ax — ay)/2,
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5.3 Fault tolerant control

To make the controller robust, we design an algorithm to
detect rotor failure and isolate the failed rotor. Having done
so, the control system is reconfigured to steer the drone to
the desired location after descending. A fault is detected
whenever the difference in expected and actual behaviour
exceeds a threshold, set to prevent misdiagnosis caused by
external disturbances. This is a function of the operating
environment. We set this to 1-1.5s in our trials.

STEP 1: Fault detection and isolation As a first step,
the signals from the IMU are analyzed along with the com-
manded thrust inputs, and a deviation from the expected
behaviour (based on the model Eq. (2)) is used as an indica-
tor of fault. To distinguish from external disturbances such as
wind gusts, the signals are analyzed over a sufficient duration
and compared against set thresholds K,,_, K,,. Over several
flight observations, we notice that a rotor failure results in
anomalous spin due to an imbalance in the yaw moment.
Further, there is also a resulting loss in altitude. The direction
of spin indicates which pair of motors (i.e. in g; or ¢;) are
faulty. Next, the direction of lateral displacement indicates
the particular motor in the pair which is to be isolated as
shown in Algorithm 1.

STEP 2: Control switching In case a failed rotor has been
identified, then the control objective is modified to descend
and steer the drone toward a point of recovery. To achieve
this, the rotor adjacent to the failed one which is farther is
also switched off, and the drone is controlled in the lateral
plane using only two adjacent rotors (like a typical blimp
configuration). However, the unique feature of BEAVIS as
shown in Fig.9 is that it descends when only two adjacent
rotors are active. Therefore, the Z-axis control objective is
automatically achieved while steering in the lateral plane.
However, since the control is under-actuated, the desired
lateral acceleration is determined and the desired yaw angle
is derived from it, and not independently controlled as in
normal operation, which is,

Vg = arctan(ay, ay),

M; = (||lax + ay” +1)/2,

M, = (|lax + ay” -1)/2,
where (ay, a,, ;) are derived from (5). Assume without loss

of generality that M; has failed, in which case M, is also
turned off.

6 EVALUATION

We now provide a detailed experimental evaluation of the
BEAVIS prototype (Video [6]). We use a reference payload
ranging from 55 g - 60 g (almost half of the total weight of
BEAVIS) in our experiments to simulate a sensor or a ra-
dio payload. Proximity to an airport and regulations (due
to inherent risks) for experimental UAVs (including helium

(6)
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Figure 13: CDF of tracking error percentage (lateral and
height) for target tracking with a front facing camera.

balloons) deterred us from experimenting outside. All the
experiments are carried out indoors and the prototype is fab-
ricated keeping this limitation in mind. We tried to maintain
diversity in our testing environment by spanning it across
multiple locations as seen in our video [6].

In total, we conducted 10 separate flight tests using dis-
tinct similarly sized balloons each time. The balloons are
filled with commercially available helium gas and neutral
buoyancy is achieved by adding weight to the ballast. We log
all of the flight data to a ground station using the wireless
radio link present on BEAVIS. This resulted in over 30 flight
logs with sensed parameters like acceleration, velocities, and
altitude being recorded along with the battery voltage. This
data was also used in the development of our nonlinear data-
driven autonomous controller. We verify all the degrees of
freedom that we could achieve as well as characterize the
system performance metrics as discussed in 6.2. We imple-
ment two applications that showcase the potential utility of
our platform in real-world sensing use cases.

6.1 Application Scenarios

People and object tracking. People and object tracking
application is a combination of high endurance and high mo-
bility of the BEAVIS platform. Using Himax HM01B0-ANA
front-facing color camera capable of capturing video at 60
frames per second (QVGA) with a 324x324 pixel resolution,
we tracked a single person to showcase the agile flight control
the platform has. We implemented a machine learning-based
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Figure 14: BEAVIS response while flying at a stable
height with a thermal camera (a), the sensed height is
halved (b) and the platform corrects it (c). The thermal
image without height adjustment (d) and after correct-
ing it (e) using our altitude control [6].

people tracking algorithm [12] where BEAVIS tries to main-
tain the largest detected person in the center of the frame.
Based on this input the platform calculates the new heading
(see Fig. 12) as well as the lateral (X) and height (Y) error.
The four frames show the quadrotor detecting a person in
the frame and adjusting itself. With a bigger quadrotor, one
can monitor the crowd on the ground. Fig. 13 shows the
cumulative distribution of the tracking error while follow-
ing a moving ground target. The tracking error is measured
from the centre of the frame to the centre of the detected
human for both X and Y. The ground target moved at an
average speed of 100 cm/s. The platform tracked the target
for 2000 cm. The results show that BEAVIS could maintain
its lateral (horizontal) tracking error under 12.5% with 90%
probability and its height (vertical) tracking error under 21%
with 90% probability.

City rooftop thermal imaging. Cities are gearing up to re-
duce energy in heating buildings. Estimating the heat escape
from the rooftops is an important indicator. This application
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Figure 15: The variation of height (z) and vertical veloc-
ity v, when sensed height is halved using acrylic sheet.

was requested by a local municipality that wanted to quan-
tify the wastage of heat by monitoring rooftops. To aid this,
we use a very low pixel thermal camera guaranteeing privacy.
BEAVIS can help since it can hover over buildings for a long
duration. However BEAVIS needs to automatically adjust its
hovering height depending on the height of the buildings to
avoid manual intervention. This is required to normalize the
area of the rooftop in the thermal image and estimate heat
escape. We demonstrate the application of capturing thermal
images by using a downward-facing thermal camera module,
MLX90640-D110. This is a 32 x 24 pixel, 110° FOV, IR array
thermal imaging camera which can measure temperature
with a resolution of +1°C. We move BEAVIS around in a
pre-determined trajectory and altitude is adjusted based on
the height of the ground (read as building here) below.

The platform adjusts itself using our altitude control al-
gorithm to maintain a constant separation from the objects
below. The time of flight sensor is used to estimate its altitude
from the ground. To demonstrate, a black acrylic sheet is
introduced in its FOV, the platform estimates that it is closer
to the ground than desired and adjusts itself. The thermal
image captured is also shown in Fig. 14.

Further to evaluate the response of the platform, we also
recorded the time it takes to adjust the height. This is crucial
because if the response time is low then more houses can
be covered in one flight. In our experiments, we introduce
an acrylic sheet suddenly to reduce the height (separation)
to less than half. In our trials, we set this height to 175 cm
which is reduced to 75 cm. Fig. 16 shows the response time
of BEAVIS in terms of height (z) and vertical velocity v,.
The height of the platform is reduced from 1.75 m before
t =0.5sto0 0.75m at t = 0.5s. The platform then responds
by readjusting itself to 1.75 m separation. We record the time
it takes to recover from this abrupt height change. Fig. 16
shows the cumulative distribution of the response time for
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Figure 16: CDF of the speed of response of the platform
with altitude control.
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Figure 17: BEAVIS translation (horizontal) velocities
during planar motion.

the platform to readjust its height after it detects itself to be
at a lower height than desired. The graph shows that BEAVIS
readjusts itself within 2.1s in 90% of the cases showcasing
the applicability of BEAVIS.

6.2 System Performance

We characterize the performance of the platform by using
mobility and endurance metrics. Setting a fair baseline for
BEAVIS is nontrivial. While blimps are less maneuverable,
the speed and angular velocity of quadrotors vary with their
size. To carry the same payload as our platform (60g), a
quadrotor will need to be significantly scaled in size and
rotor power to even lift off. In particular, we evaluate the
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Figure 18: Rotational velocity (in yaw) of BEAVIS when
yawing with maximum thrust.
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Figure 19: Flight time for BEAVIS for different flying
methods and motor duty cycling.

translational velocity to get an idea of the planar motion and
the rotational speed to indicate the turning capability. For
endurance, we find the total flight time of BEAVIS which we
compare against a traditional nano UAV. In our case, we use
a crazyflie 2.1 which weighs 29.1 g and has a similar form
factor as our platform (without including the helium balloon).
To keep the comparisons fair, both platforms use the same
300 mAh Lipo battery.
Translation speed. We measure the speed with which BEAVIS
can translate in a horizontal plane at a stable height. Fig. 17
shows the typical speed attained by the platform for all
the motion in the plane. We can see that, unlike traditional
blimps, our platform is capable of motion in the X-Y plane
depending on the desired direction. We achieve a velocity of
2.45m/s diagonally and 1.5m/s in the X and Y axes respec-
tively. In comparison, the horizontal speed varies between
0-2.1m/s for a Crazyflie 2.1, using similar rotors as our proto-
type, and between 0-8 m/s for the Hummingbird drone, with
similar dimensions as our prototype.
Rotational speed and lifetime. We also measure the ro-
tational velocity with which BEAVIS can turn in the yaw
axis. Fig. 18 shows that a maximum value of 346° /s rotational
speed with maximum applied thrust velocity was attained.
Lifetime is a pivotal metric of endurance. Fig. 19 shows the
maximum time a platform can operate before needing to land.
We measure this time for two configurations, translation
only, where the heading is not relevant and no yaw control

498

ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

u
=]
N w
[=] o
o o

[
o
o

Yaw rate (deg/s)
&
o o

Yaw rate (deg/s)

1 3 5 7 9
Time (s)

”W\wtﬂm 0 =

11 13 1 5 9 13 17
Time(s)

11 13 1 5 9 13 17
Time (s)

Tlme(s)

Figure 20: Stability of the platform when disturbances
are introduced in the yaw axis while hovering. The two
rates of induced spin are shown: low (left) and high
(right) along with the motor signal.

is needed, and translation with a heading, where the platform
actively maintains its orientation while moving.

The graph shows the flight time with varying amounts
of motor duty cycling, which is only possible for our plat-
form and not for any other UAVs. Even when operating at
maximum thrust with 100% duty cycle, the flight time is
16.7 minutes while maintaining heading and 22.7 minutes
otherwise. This is an increase of at least 153% (or 244% with-
out heading) from the 6.6 minutes flight time of the similarly
sized traditional UAV (denoted by a dashed red line). Further,
with active duty cycling, we can increase this number up to
60.2 minutes (812.1% increase) while maintaining heading
and to 81.6 minutes (1136.3% increase) otherwise. The case
for hovering or 0% duty cycle is also shown where the only
limit to flight time comes from battery usage when commu-
nicating with the ground station (1 Hz at 250 kbps data rate)
or additionally also for maintaining the attitude (heading
case). Through our platform, we can extend the lifetime of a
nano-sized UAV from a mere few minutes to over 2 hours.
Lastly, we also carry about 60 g of sample payload while fly-
ing which is impossible for the UAVs to do. This is equivalent
to having 6 additional 300 mAh LiPo batteries which can if
required, enable a further 600% increase in flight time.

6.3 Stability and Controllability

We evaluate the stability and performance of the controller.
The design of the platform offers a natural stability in the
pitch and roll axes and also contributes to the dynamics. As
mentioned before, the motion dynamics of this platform are
highly nonlinear, and thus, it is interesting to note how well
the control algorithm can fly this platform. We also evaluate
the performance of our fault-sensing algorithm.
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Figure 21: Stability of the platform in the pitch (X) and
roll (Y) angles and angular rates when moving in a
straight line for 20s.
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Figure 22: CDF of rotor fault detection time after a
rotor fault is induced mid-flight.

Yaw stability against vortexes. We show the response of
BEAVIS when instability is introduced (in the form of spin) in
the yaw (heading) axis. This spin could naturally be induced
by wind gusts or vortexes. Fig. 20 shows how the platform
stabilizes after the initial large angular velocity caused by
the spin (in red). The speed and magnitude of the response
to this instability can be set by tuning the parameters of the
controller based on the necessity of applications.

Roll and pitch stability. We show the angular stability of
the platform in the horizontal plane, (X, Y), corresponding
to pitch and roll angles when translating. Fig. 21 shows the
variation of pitch angle, pitch angular velocity, roll angle,
and roll angular velocity when moving in a straight line for
20 s. The drag introduced by the balloon ensures that the
platform remains naturally stable in these axes.

Rotor fault sensing. We evaluate the time delay with which
our algorithm can detect rotor failures. In these experiments,
we start with a regular platform with all 4 motors and pro-
pellers working normally. Once an equilibrium, stable state
is achieved, we send a wireless command to disable a single
motor. Fig. 22 shows that our algorithm can detect motor
failures within 5.5 s in 90% of the cases.
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Figure 23: Tethered BEAVIS flights outdoors in the pres-
ence of varying wind speeds.

6.4 Outdoor Operation and Wind

When flying outdoors, weather phenomena like strong wind
gusts and crosswinds might need to be endured. Wind gusts
in particular can induce rotational velocity that causes the
balloon to spin and wobble. The angular stability of BEAVIS
for pitch and roll disturbances when flying is within 10°. We
observed that the buoyancy of the balloon added resilience
to mild crosswinds, up to 3 m/s, and it did not impede vertical
motion. Upon exposure to strong continuous wind, exceed-
ing 6 m/s, BEAVIS loses its heading and needs to compensate
by flying back to its target hover location, similar to other
blimps. BEAVIS is capable of adapting to wind disturbances
when flown in similar conditions using our propeller design.
This response is quantified as a key performance metric like
angular recovery (8s for 50 degrees/s angular rate). Based on
the volume of the vehicle, the maximum thrust of a single
rotor and the drag of the balloon, and the limits of maximum
external wind speed with the current BEAVIS prototype, we
can fly against 8 - 8.5m/s, as governed by the current thrust-
drag ratio. At these speeds, the prototype is unable to recover
its target position and keeps getting blown away.

Owing to its design however, BEAVIS has higher maneu-
verability (extra degrees of freedom), direct actuation in di-
rections not possible before (sideways, vertical), and higher
agility (making quicker, sharper motions). Even though tra-
ditional blimps suffer from non-holonomic constraints and
restricted degrees of movement, their operating conditions
are well-defined. This translates for our platform as well, up
to 100 m altitude, BEAVIS can be considered analogous to
airships; and will be able to fly at their operating temper-
ature, pressure, and humidity profiles. The learning-based
algorithm in BEAVIS can adapt to variable flight dynamics
caused by weather variations (temperature, humidity, pres-
sure) using a dynamic control loop.

We carry out tethered flight tests, using a string, to verify
this behavior as seen in Fig. 23. A tether interferes with flight
dynamics significantly as we fly close to neutral buoyancy
(zero weight) introducing a pulling-down effect. Even though
performance is suboptimal, we include the tethered tests per-
formed outside. The use of a tether to conduct outdoor tests
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is because of our testing location and the limitations imposed
by government authorities. Tethered deployment of BEAVIS
may be useful in some applications such as communication
support in disaster zones. Note the current model uses small
coreless motors with only 15 g of maximum thrust. This lim-
its its speed and ability to withstand large wind gusts. Note:
The western region of the Netherlands experiences regular
high ambient wind speeds resulting in the current prototype
flying away when subjected to windy conditions. This makes
the uncontrolled outdoor environment very challenging for
experimentation.

7 DISCUSSIONS

Further applicability. BEAVIS can track people both in-
doors and outdoors since it can be scaled with the required
rotor power. The aerodynamic effects are the same as in
our CFD simulations. Our prototype used a balloon with
a 55 cm diameter, which can be reduced by optimizing the
payload and/or by miniaturization, making it suitable for
indoors. The size and maneuverability of the platform enable
indoor applications, for instance, continuously localizing
gas leaks in factories by allowing navigation through tight
spaces. While the size of blimps is typically 1 m, our platform
imposes no such limitations on the size.

In outdoor settings, our design may be used for weather
prediction and monitoring. It is very easy to add humidity,
temperature, and wind speed sensors to BEAVIS while it can
use our control algorithm to stabilize itself under varying
environmental conditions. BEAVIS is optimized for hovering,
applications like wildlife tracking or poacher detection. The
platform can follow animals from a high altitude without
disturbing the creatures because of its passive hovering. It
can also be used for wildfire detection, where it can stay
hovering for long periods (helium being inert does not cause
a fire). There is a growing trend to deploy more sensors in
the sky to enable this after recent wildfires wreaked havoc
around the world [8]. Lastly, for disaster scenarios, like vol-
canic eruptions or earthquakes, multiple BEAVIS platforms
can be commissioned together to create ad hoc networks for
rescue and connectivity. Such calamities can cause a blackout
of communication for days [2].

Other salient features. The BEAVIS platform is designed to
operate quietly and safely. It doesn’t make a loud noise when
hovering at a spot unless constant stabilization is needed
due to wind flow. The balloon adds sufficient drag so that
the platform doesn’t accelerate to dangerous speeds while
safeguarding against temporal wind gusts. It’s also safe to
operate around people because of the relatively small size
of the motors and propellers used. The design of BEAVIS
enables fault-tolerant operation inherently as loss of a single
or more rotor does not catastrophically inhibit our platform
as it would in the case of traditional UAVs. BEAVIS is still
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controllable compared to a blimp when rotors fail. It’s also
relatively easy to add additional payload without compro-
mising on performance. The design of the platform uses
relatively simple components, making it accessible.

Limitations. One of the consequences of enhancing the en-
durance by using a helium-filled balloon is the significantly
larger footprint of the platform which limits the places where
BEAVIS can reach when compared to other nano-UAVs. Fur-
ther, the top speed of the platform is limited due to the drag
introduced by the balloon. The additional drag caused by the
balloon is a known effect in the trade-off between endurance
and speed. It is possible to change the speed by using more
powerful motors but that comes at the cost of a reduced
lifetime and possibly a larger balloon size to account for
the additional weight. Commercial latex balloons are imper-
fect and the filled helium escapes over time (in a matter of
48 hours). This means that the platform cannot hover for
too long. While it is possible to improve the balloon design
and explore more efficient methods of filling them or using
foil-based alternatives, that remains outside the scope of this
work. We sourced only easily available components to make
BEAVIS generic and easy to replicate. Further, the platform
is also not very stable against extreme wind gales which can
easily blow the balloon off of its set location. It is possible
to bring the balloon back but at the cost of increased energy
usage. Despite these limitations, we believe BEAVIS holds
great potential for the sensing and IoT community.

8 CONCLUSION

We developed an aerial platform called BEAVIS that can be
used in different sensing applications. We provided a detailed
explanation and characterization of the new aerodynamic
flow phenomenon that BEAVIS uses for gaining all degrees
of freedom akin to a drone despite being under-actuated.
We discussed the design methodology and system compo-
nents to build a BEAVIS prototype. Using computational
fluid dynamics calculations it is easy to generalize the same
phenomenon for different sizes of the platform. To enable
autonomous flight, we also designed a new data-driven flight
control algorithm that can detect rotor faults and adjust the
control logic to safely land. We built a prototype using COTS
hardware to evaluate the performance in two applications
showcasing all the capabilities of BEAVIS.

It achieves a translation and rotational speed of 2.45 m/s
in the X-Y plane and 346°/s, respectively. It also achieves
a lifetime increase of 1136.3% compared to identical UAVs
with complete planar and vertical motion with yaw control.
Our algorithm could detect a rotor fault within 5.5 s in 90%
of the cases. The next step is to make BEAVIS more robust
and find the trade-off between helium required for lifting
a particular weight, motor power to negotiate wind speeds,
size, and response time.



ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

REFERENCES

(1]
(2]

(11]

[12

—

(13

—_

(14]
(15]

[16]

(17]

(18

=

(19]

2022. Commercial Blimp: H-aero ZERO. https://h-aero.com/en
2022. Tonga volcano: Internet restored five weeks after eruption.
https://www.bbc.com/news/world-asia-60458303

Mikhail Afanasov, Alessandro Djordjevic, Feng Lui, and Luca Mottola.
2019. FlyZone: A testbed for experimenting with aerial drone appli-
cations. In Proceedings of the 17th Annual International Conference on
Mobile Systems, Applications, and Services. 67-78.

Allan Alasdair. 2019. Open Source Blimp design: Blimpduino. https://
www.hackster.io/news/introducing-the-blimpduino-2-d551f4270084
Ansys Software. [n.d.]. Ansys Fluent.  https://www.ansys.com/
products/fluids/ansys-fluent

BEAVIS. 2022. BEAVIS video demonstration.
cPUoosE60To Created: 2022-8-19.

Ali Bekar, Michail Antoniou, and Christopher J Baker. 2021. Low-Cost,
High-Resolution, Drone-Borne SAR Imaging. IEEE Transactions on
Geoscience and Remote Sensing (2021).

Mark Bergen. 2022. Tech Companies Want More Eyes in the Sky for
Wildfire Season. https://www.bloomberg.com/news/articles/2022-06-
24/tech-companies-want-more-eyes-in-the- sky-for-wildfire- season
E. Bregu et al. 2016. Reactive Control of Autonomous Drones. In
Proceedings of ACM MobiSys, Singapore, June 26-30, 2016.

M. Burri, L. Gasser, M. Kiach, M. Krebs, S. Laube, A. Ledergerber, D.
Meier, R. Michaud, L. Mosimann, L. Miiri, C. Ruch, A. Schaffner, N.
Vuilliomenet, J. Weichart, K. Rudin, S. Leutenegger, J. Alonso-Mora,
R. Siegwart, and P. Beardsley. 2013. Design and control of a spherical
omnidirectional blimp. In 2013 IEEE/RSJ International Conference on
Intelligent Robots and Systems. 1873-1879. https://doi.org/10.1109/
TR0OS.2013.6696604

Osama M. Bushnaq, Mustafa A. Kishk, Abdulkadir Celik, Mohamed-
Slim Alouini, and Tareq Y. Al-Naffouri. 2021. Optimal Deployment
of Tethered Drones for Maximum Cellular Coverage in User Clusters.
IEEE Transactions on Wireless Communications 20, 3 (2021), 2092-2108.
https://doi.org/10.1109/TWC.2020.3039013

N. Dalal and B. Triggs. 2005. Histograms of oriented gradients for
human detection. In 2005 IEEE Computer Society Conference on Com-
puter Vision and Pattern Recognition (CVPR’05), Vol. 1. 886-893 vol. 1.
https://doi.org/10.1109/CVPR.2005.177

Pasquale Daponte, Luca De Vito, Gianluca Mazzilli, Francesco Pi-
cariello, Sergio Rapuano, and Maria Riccio. 2015. Metrology for drone
and drone for metrology: Measurement systems on small civilian
drones. In IEEE Metrology for Aerospace. 306-311.

Dario Floreano and Robert ] Wood. 2015. Science, technology and the
future of small autonomous drones. Nature 521, 7553 (2015), 460.
Eitan Frachtenberg. 2019. Practical drone delivery. IEEE Computer 52,
12 (2019), 53-57.

Jie Gong, Tsung-Hui Chang, Chao Shen, and Xiang Chen. 2018. Flight
Time Minimization of UAV for Data Collection Over Wireless Sensor

https://youtu.be/

Networks. IEEE Journal on Selected Areas in Communications 36, 9
(2018), 1942-1954. https://doi.org/10.1109/JSAC.2018.2864420
Marina Gonzélez-Alvarez, Julien Dupeyroux, Federico Corradi, and
Guido C.H.E. De Croon. 2022. Evolved neuromorphic radar-based
altitude controller for an autonomous open-source blimp. In 2022
International Conference on Robotics and Automation (ICRA). 85-90.
https://doi.org/10.1109/ICRA46639.2022.9812149

Vikram Iyer, Maruchi Kim, Shirley Xue, Anran Wang, and Shyamnath
Gollakota. 2020. Airdropping Sensor Networks from Drones and Insects.
Association for Computing Machinery, New York, NY, USA.

Wael Jaafar and Halim Yanikomeroglu. 2021. Dynamics of Laser-
Charged UAVs: A Battery Perspective. IEEE Internet of Things Journal
8,13 (2021), 10573-10582. https://doi.org/10.1109/JI0T.2020.3048087

501

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Sharma et al.

Karan P. Jain, Jerry Tang, Koushil Sreenath, and Mark W. Mueller. 2020.
Staging energy sources to extend flight time of a multirotor UAV. In
2020 IEEE/RS7 International Conference on Intelligent Robots and Systems
(IROS). 1132-1139. https://doi.org/10.1109/IROS45743.2020.9341804
Sagar Jha, Youjie Li, Shadi Noghabi, Vaishnavi Ranganathan, Peeyush
Kumar, Andrew Nelson, Michael Toelle, Sudipta Sinha, Ranveer Chan-
dra, and Anirudh Badam. 2021. Visage: Enabling Timely Analytics for
Drone Imagery. In Proceedings of the 27th Annual International Confer-
ence on Mobile Computing and Networking (MobiCom °21). Association
for Computing Machinery, 789-803. https://doi.org/10.1145/3447993.
3483273

Mustafa Kishk, Ahmed Bader, and Mohamed-Slim Alouini. 2020. Aerial
Base Station Deployment in 6G Cellular Networks Using Tethered
Drones: The Mobility and Endurance Tradeoff. IEEE Vehicular Tech-
nology Magazine 15, 4 (2020), 103-111. https://doi.org/10.1109/MVT.
2020.3017885

Benny Kosarnovsky and Shai Arogeti. 2020. Geometric and constrained
control for a string of tethered drones. Robotics and Autonomous
Systems 133 (2020), 103609. https://doi.org/10.1016/j.robot.2020.103609
Ju-Hyung Lee, Ki-Hong Park, Young-Chai Ko, and Mohamed-Slim
Alouini. 2020. A UAV-Mounted Free Space Optical Communication:
Trajectory Optimization for Flight Time. IEEE Transactions on Wireless
Communications 19, 3 (2020), 1610-1621. https://doi.org/10.1109/TWC.
2019.2955475

Xiong Li, Jiawei Tan, Anfeng Liu, Pandi Vijayakumar, Neeraj Kumar,
and Mamoun Alazab. 2021. A Novel UAV-Enabled Data Collection
Scheme for Intelligent Transportation System Through UAV Speed
Control. IEEE Transactions on Intelligent Transportation Systems 22, 4
(2021), 2100-2110. https://doi.org/10.1109/TITS.2020.3040557

Yi Lin, Juha Hyypp4, and Anttoni Jaakkola. 2010. Mini-UAV-borne
LIDAR for fine-scale mapping. IEEE Geoscience and Remote Sensing
Letters 8, 3 (2010), 426-430.

Maxim Lu, Mehdi Bagheri, Alex P. James, and Toan Phung. 2018.
Wireless Charging Techniques for UAVs: A Review, Reconceptual-
ization, and Extension. IEEE Access 6 (2018), 29865-29884. https:
//doi.org/10.1109/ACCESS.2018.2841376

Mehrdad Moradi, Karthikeyan Sundaresan, Eugene Chai, Sampath Ran-
garajan, and Z. Morley Mao. 2018. SkyCore: Moving Core to the Edge
for Untethered and Reliable UAV-Based LTE Networks. In Proceedings
of the 24th Annual International Conference on Mobile Computing and
Networking (MobiCom ’18). Association for Computing Machinery,
35-49. https://doi.org/10.1145/3241539.3241549

Masahiko Nagai, Tianen Chen, Ryosuke Shibasaki, Hideo Kumagai,
and Afzal Ahmed. 2009. UAV-borne 3-D mapping system by multisen-
sor integration. IEEE Transactions on Geoscience and Remote Sensing
47,3 (2009), 701-708.

Daniele Palossi, Andres Gomez, Stefan Draskovic, Andrea Marongiu,
Lothar Thiele, and Luca Benini. 2019. Extending the lifetime of nano-
blimps via dynamic motor control. Journal of Signal Processing Systems
91, 3 (2019), 339-361.

Hartmut Surmann, Tiffany Kaiser, Artur Leinweber, Gerhard
Senkowski, Dominik Slomma, and Marc Thurow. 2021. Small Commer-
cial UAVs for Indoor Search and Rescue Missions. In IEEE International
Conference on Automation, Robotics and Applications. 106—-113.
Qiuyang Tao, Tun Jian Tan, Jaeseok Cha, Ye Yuan, and Fumin Zhang.
2021. Modeling and control of swing oscillation of underactuated
indoor miniature autonomous blimps. Unmanned Systems 9, 01 (2021),
73-86.

Keigo Watanabe, Naoto Okamura, and Isakau Nagai. 2015. Closed-
loop control experiments for a blimp robot consisting of four-divided
envelopes. In IECON 2015 - 41st Annual Conference of the IEEE Industrial
Electronics Society. 002568—-002573. https://doi.org/10.1109/IECON.


https://h-aero.com/en
https://www.bbc.com/news/world-asia-60458303
https://www.hackster.io/news/introducing-the-blimpduino-2-d551f4270084
https://www.hackster.io/news/introducing-the-blimpduino-2-d551f4270084
https://www.ansys.com/products/fluids/ansys-fluent
https://www.ansys.com/products/fluids/ansys-fluent
https://youtu.be/cPUoosE60To
https://youtu.be/cPUoosE60To
https://www.bloomberg.com/news/articles/2022-06-24/tech-companies-want-more-eyes-in-the-sky-for-wildfire-season
https://www.bloomberg.com/news/articles/2022-06-24/tech-companies-want-more-eyes-in-the-sky-for-wildfire-season
https://doi.org/10.1109/IROS.2013.6696604
https://doi.org/10.1109/IROS.2013.6696604
https://doi.org/10.1109/TWC.2020.3039013
https://doi.org/10.1109/CVPR.2005.177
https://doi.org/10.1109/JSAC.2018.2864420
https://doi.org/10.1109/ICRA46639.2022.9812149
https://doi.org/10.1109/JIOT.2020.3048087
https://doi.org/10.1109/IROS45743.2020.9341804
https://doi.org/10.1145/3447993.3483273
https://doi.org/10.1145/3447993.3483273
https://doi.org/10.1109/MVT.2020.3017885
https://doi.org/10.1109/MVT.2020.3017885
https://doi.org/10.1016/j.robot.2020.103609
https://doi.org/10.1109/TWC.2019.2955475
https://doi.org/10.1109/TWC.2019.2955475
https://doi.org/10.1109/TITS.2020.3040557
https://doi.org/10.1109/ACCESS.2018.2841376
https://doi.org/10.1109/ACCESS.2018.2841376
https://doi.org/10.1145/3241539.3241549
https://doi.org/10.1109/IECON.2015.7392489
https://doi.org/10.1109/IECON.2015.7392489

=

BEAVIS: Balloon Enabled Aerial Vehicle for loT and Sensing

2015.7392489

Wataru Yamada, Hiroyuki Manabe, and Daizo Ikeda. 2019. ZeRONE:
Safety Drone with Blade-Free Propulsion. In Proceedings of the 2019
CHI Conference on Human Factors in Computing Systems (Glasgow,
Scotland Uk) (CHI ’19). Association for Computing Machinery, 1-8.
https://doi.org/10.1145/3290605.3300595

Dilan Yavuz, Hiirkan Akbiyik, and Erkan Bostanci. 2016. Intelligent
drone navigation for search and rescue operations. In IEEE Signal
Processing and Communication Application Conference. 565-568.
Diana Zhang, Jingxian Wang, Junsu Jang, Junbo Zhang, and Swarun
Kumar. 2019. On the Feasibility of Wi-Fi Based Material Sensing. In

ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

The 25th Annual International Conference on Mobile Computing and
Networking (MobiCom °19). Association for Computing Machinery,
Article 41, 16 pages. https://doi.org/10.1145/3300061.3345442
Xiaowei Zhou, Sikang Liu, Georgios Pavlakos, Vijay Kumar, and Kostas
Daniilidis. 2018. Human motion capture using a drone. In IEEE inter-
national conference on robotics and automation. 2027-2033.

Yanzi Zhu, Yibo Zhu, Ben Y. Zhao, and Haitao Zheng. 2015. Reusing
60GHz Radios for Mobile Radar Imaging. In Proceedings of the 21st
Annual International Conference on Mobile Computing and Networking
(MobiCom ’15). Association for Computing Machinery, 103-116. https:
//doi.org/10.1145/2789168.2790112


https://doi.org/10.1109/IECON.2015.7392489
https://doi.org/10.1145/3290605.3300595
https://doi.org/10.1145/3300061.3345442
https://doi.org/10.1145/2789168.2790112
https://doi.org/10.1145/2789168.2790112

	Abstract
	1 Introduction
	2 Related work
	3 Platform Design
	3.1 System Design
	3.2 Structural Design

	4 Computational Flow Simulation and Analysis
	5 Flight Controller
	5.1 Nonlinear flight dynamics model
	5.2 Nonlinear control design
	5.3 Fault tolerant control

	6 Evaluation
	6.1 Application Scenarios
	6.2 System Performance
	6.3 Stability and Controllability
	6.4 Outdoor Operation and Wind

	7 Discussions
	8 Conclusion
	References

