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UNMANNED AERIAL VEHICLE, PROPULSION UNIT FOR AN UNMANNED
AERITAL VEHICLE, AND CONTROLLING SYSTEM FOR AN UNMANNED

AERIAL VEHICLE

Technical Field
[0001] This disclosure relates generally to an indoor unmanned aerial vehicle (UAV),

propulsion units for an UAV, and controlling means for an UAV.

Background

[0002] Advancement of consumer small unmanned aircraft system (sUAS) technology in
the recent years has enabled many applications in indoor environments such as warehouse
inspections, advertising, entertainment, security, etc. Many of these applications utilized
multicopter sSUAS, due to its high payload capacity and high maneuverability. A multicopter’s
high maneuverability is essential in an outdoor environment in order to resist wind gusts,
however, in an indoor environment, this high maneuverability is often unnecessary, while the
other characteristics of a multicopter, such as low flight endurance, high noise signature and
high safety risks, are often undesirable for indoor applications.

[0003] Compared to a multicopter, a blimp sUAS filled with helium gas may be better
suited for operations in an indoor environment. A blimp sUAS can be designed to be neutrally
buoyant, thus negating the need for loud, fast spinning propellers to stay airborne, and has the
potential for greater flight endurance, as it only expends energy when movement is required.
Due to a blimp’s lighter than- air nature, the safety risk of a collision with nearby object or
human is significantly lower as compared to a multicopter. However, conventional blimp
design still utilizes propellers, which poses cutting hazard to any object that comes into

contact. While attempts have been made to surround the propellers with protective structure to
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prevent contact, the design of such structures are often a balancing act between the mass of
the structure and the amount of protection that it offers.

[0004] In the related art, a spherical omnidirectional blimp is known that is capable of
performing six degrees of freedom (6DOF) motion. The spherical omnidirectional blimp may
be powered by four tetrahedral-arranged actuation units which consists of a servomotor for
rotation and a motor-propeller with propeller guard. Further known is a spherical
omnidirectional blimp that is powered by side-mounted electric ducted fans.

[0005] As another related art, a blimp powered by side mounted propellers designed for
indoor aerial filming applications is known.

[0006] Blimps of the related art are relatively large in size and the partially exposed
propellers also pose cutting and entanglement hazard to nearby humans.

[0007] Further known propulsion technologies for indoor surveillance blimps utilize ionic
wind produced by an onboard ionic flyer for thrust. However, the high voltage nature of an
ionic propulsion system makes it unsafe to be operated around human beings and objects
sensitive to electrical discharge.

[0008] Further known is the use of a piezoelectric microblower to circumvent the use of a
propeller on a spherical blimp. However the thrust generated is weak and insufficient to
propel the blimp to walking speed.

[0009] The Coanda effect has not been successfully tested on a lighter-than-air aerial

vehicle as a main propulsion method.

Brief Description of the Drawings

[0010] Throughout the drawings, like reference numbers are used to depict the same or
similar elements, features, and structures. The drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating aspects of the disclosure. In the following
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description, some aspects of the disclosure are described with reference to the following
drawings, in which:

FIG. 1A and FIG.1B exemplarily show unmanned aerial vehicles having impeller-
based propulsion units in a schematic view;

FIG. 2A to FIG.2C exemplarily show impeller-based propulsion units for an
unmanned aerial vehicle;

FIG. 3A to FIG.3E exemplarily show various arrangements of propulsion units at
unmanned aerial vehicles;

FIG. 4 shows a table illustrating the positions of the propulsion units of the unmanned
aerial vehicles of FIG.3A to FIG.3D;

FIG. 5 shows a flow diagram of a method to control the propulsion units of an
unmanned aerial vehicle; and

FIG. 6 shows a diagram of a controlling system for controlling a position of an

unmanned aerial vehicle (UAV) in an indoor environment.

Description

[0011] The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and aspects in which the disclosure may be practiced.
One or more aspects are described in sufficient detail to enable those skilled in the art to
practice the disclosure. Other aspects may be utilized and structural, logical, and electrical
changes may be made without departing from the scope of the disclosure. The various
aspects described herein are not necessarily mutually exclusive, as some aspects can be
combined with one or more other aspects to form new aspects. Various aspects are described
in connection with methods and various aspects are described in connection with devices.
However, it may be understood that aspects described in connection with methods may

similarly apply to the devices, and vice versa. Throughout the drawings, it should be noted
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that like reference numbers are used to depict the same or similar elements, features, and
structures.

[0012] Ilustratively, a lighter-than-air, small unmanned aircraft system (SUAS) in the
form of a spherical blimp that is propelled with Coanda effect using an electric propulsion
method utilizing closed impellers is provided to reduce safety risks to nearby human or
objects. The sUAS may be an unmanned aerial vehicle (UAV), e.g. a drone. The UAS may be
configured as a blimp. A blimp, or non-rigid airship, may have an envelope structure that is
free of an internal structural framework or a keel. A blimp may rely on the pressure of the
lifting gas, e.g. helium, inside the envelope structure and the strength of the envelope itself to
maintain their shape.

[0013] Spherical Indoor Coandd Effect Drone (SpICED) is a safe spherical blimp sUAS
design propelled by electric propulsion units made up of motor-driven closed impellers
utilizing the Coanda effect. Unlike multi-copter or conventional propeller blimp, the closed
impellers reduce safety risks to surrounding people and objects, allowing SpICED to be
operated in close proximity with humans and opening up possibility of novel human-drone
interactions. The propulsion units produce aerodynamic lift on the blimp’s surface by
accelerating airflow which attaches onto the spherical surface due to the Coanda effect. The
spherical shape of the blimp allows the placement of propulsion units on the surface to
produce thrust and torque in any desired direction. The unique placement configuration of the
propulsion units combined with customized control algorithm allows the SpICED spherical
blimp sUAS to be controlled to move and rotate with six degrees of {reedom.

[0014] In an indoor environment with close proximity with humans and other obstacles, a
conventional multicopter SUAS is unsuitable to be deployed due to safety hazards. A blimp
sUAS that is neutrally buoyant in the air can reduce the safety risks in such environment.
However, conventional blimp sUAS design still uses propellers which poses cutting risks to

nearby human and objects.
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[0015] The described propulsion system including the propulsion units and control
algorithm eliminates the cutting risk so that a spherical blimp sUAS can operate safely in
indoor environment, and opens up new applications and novel human-UAV interactions in
which safety is the highest priority.

[0016] As an example, an UAV may utilize multiple closed impellers as propulsion units
affixed on the surface of the spherical helium gas envelope structure to provide thrust and
torque that allows for omnidirectional translation and rotation of the UAV. The closed
impeller ensures that sharp edges are not exposed to the surrounding and further reduces the
safety risks of the UAV. The spherical shape of the blimp envelope structure may cause that
the Coanda effect is equally produced in all radial directions.

[0017] Compared to a multicopter, a blimp sUAS filled with helium gas may be better
suited for operations in an indoor environment. It can be designed to be neutrally buoyant,
thus negating the need for loud, fast spinning propellers to stay airborne, and has the potential
for greater flight endurance, as it only expends energy when movement may be required. Due
to a blimp’s lighter- than-air nature, the safety risk of a collision with nearby object or human
may be significantly lower as compared to a multicopter.

[0018] The SpICED blimp sUAS design makes use of closed impellers as its method of
propulsion, which ensures that there may be no sharp/fast rotating edges exposed to the
surroundings and significantly lowers the safety risks of operating a sUAS in an indoor
environment. The closed impeller propulsion unit on the SpICED design may be safe enough
to the point where a person can touch the spinning closed impeller in operation without any
negative effect. Combined with the reduced safety risk of a blimp sUAS as compared to a
multicopter SUAS in the event of electrical malfunction, the SpICED sUAS design may be
safe to be operated in close proximity with humans in an indoor environment. This means the

SpICED sUAS has the potential to be utilized in indoor applications such as aircraft
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inspection, with minimal manpower, safety requirements and negative impact on existing
workflow.

[0019] FIG. 1A and FIG.1B exemplarily show unmanned aerial vehicles having
impeller-based propulsion units in a schematic view. FIG.1A and FIG.1B show the free body
diagram of one of the configuration for SpICED which may be the Side-Tetrahedron (see
FIG.1A and FIG.3D) or cubic (see FIG.1B and FIG.3E). In FIG.1A and FIG.1B, the world
frame is denoted as &w and the body frame is denoted as &p. Illustrated in FIG. 1A is a UAV
100 having four propulsion units 120-1, 120-2, 120-3, 1204 attached to the outer surface of a
spherical blimp envelop structure. The first propulsion unit 120-1, P1 and the third propulsion
unit 120-3, P3 are aligned to the YZ-plane and angled upwards from the XY-plane by a. The
second propulsion unit 120-2, P2 and the third propulsion unit 120-4, P4 are aligned to the
XZ-plane, and angled downwards from the XY-plane by a. The angle o may be a design
parameter (0 < o < @/2) that may determine the ratio of horizontal thrust vs vertical thrust
produced by the propulsion units 120-N.

[0020] In FIG.1A, the back side of the first propulsion unit 120-1 and the second
propulsion unit 120-2 is illustrated. The back side is attached to the envelop structure 110.
Further, the front side of the third propulsion unit 120-3 and the fourth propulsion unit 120-4
is illustrated. The front side faces the outer scene of the UAV 100.

[0021] The first propulsion unit 120-1 and the third propulsion unit 120-3 may be a top
pair propulsion units due to their location on the top hemisphere of the spherical envelop
structure 110, and the second propulsion unit 120-2 and the fourth propulsion unit 120-4 may
be a bottom pair as located on the bottom hemisphere of the spherical envelop structure 110.
[0022] Each of the propulsion units 120-N may produce thrust Fp and torque 1p, as given
in Equations (4) and (5) respectively. Due to the battery, control unit 130 and the payload of
the UAV 100 mounted below the envelop structure 110, the center of gravity (CG) of the

UAYV 100 may be directly below the geometric center of the spherical body by a distance of
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rce along Zp axis. In FIG.1A only the control unit 130 is illustrated. However, the battery and
payload may be co-located with the control unit 130, e.g. in a compact module.

[0023] Here, the UAV 100 is assumed to be neutrally buoyant with lifting force of helium
gas Fu cancelling out the gravity force Fg. Due to the distance offset rcg between Fy and Fg,
there exists a natural restoring moment in pitch and roll motions of the UAV 100 which can
be caused by forces and torques from the propulsion units 120-N and also by external
disturbances.

[0024] In other words, the UAV 100 may include an envelope structure 110 and a
propulsion system. The propulsion system may include a plurality of propulsion units 120-N
with N being an integer. In FIG.1A N is “4”, and hence the UAV 100 includes a first
propulsion unit 120-1, a second propulsion 120-2, a third propulsion unit 120-3, and a fourth
propulsion unit 120-4.

[0025] In FIG.1B, the UAV 100 includes 8 propulsion units 120-1, 120-2, 120-3, 120-4,
120-5, 120-6, 120-7 and 120-8. Hence, N is 8 in FIG.1B. Further in FIG.1B, the UAV 100
may include a plurality of control units 130, e.g. a first control unit 130-1 and a second
control unit 130-2. Each of the control units 130-1, 130-2 may be configured to control a
subset of the plurality of propulsion units 120-N. As an example, the first control unit 130-1
may control the first, second, third and fourth propulsion units 120-1, 120-2, 120-3, 120-4,
and the second control unit 130-1 may control the fifth, sixth, seventh, and eighth propulsion
units 120-5, 120-6, 120-7, 120-8. The control units 130-1, 130-2 may be communicatively
coupled with each other. As an example, only one of the subsets of propulsion units may be
operated at a time, e.g. depending on the orientation of the UAV 100 in the scene of the UAV
100. The control units 130-1, 130-2 may communicate which one of the control units 130-1,
130-2 is to be operated, e.g. the operational timing, and to which extent (e.g. lift force). For
the ease of explanation, the control unit 130 is described to control a plurality of propulsion

units 120-N. However, the control unit 130 may be one control unit of a plurality of control
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units 130-1, 130-2, and the plurality of propulsion units 120-N may be a subset of a plurality
of propulsion units, or may be the total plurality of propulsion units.

[0026] The total lift forces generated by the Coanda effect blanket on a semi-spherical
Coanda effect is:

[0027] Fp =Fy+ Fpp e

[0028] where Fp stands for the net thrust, F, stands for vertical lift forces due to the
momentum balance of the Coanda blanket and Fpp stands for the lift forces due to pressure
difference on the envelop structure 110 subject to the Coanda blanket, as shown in FIG.2C.
[0029] The thrust Fp and torque 7p (e.g. the reaction torque from spinning of the impeller)
produced by a propulsion unit 120-i may be approximated as follows:

[0030] Fp = Brw? 2)

[0031]  7p = Byw? 3)

[0032] where f; may be the impeller thrust coefficient and ; may be the impeller drag
coefficient, both of which may be determined empirically. The coefficients can be calculate
using experimental method where a force-torque sensor may be used to measure the thrust
and torque produced by the propulsion unit 120-i, Fp and 7p, and the rotational speed, w of
the impeller 210 may be measured using the Electronic Speed Controller (ESC) by measuring
the back electromotive force produced by the spinning of the DC brushless motor 202.

[0033] As each propulsion unit 120-i may be only capable of producing thrust and torque
along a single axis, multiple propulsion units 120-N may be used on a spherical blimp sUAS
in order to achieve a necessary flight control. As an example, a minimum flight control
requirement for a typical blimp may be the ability to translate in three-dimensional space, and
rotate about the yaw-axis. However, the ability to perform omnidirectional rotation may be
beneficial for applications where it is necessary for a fixed camera on the blimp to point in

any direction.
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[0034] The sum of forces and moments acting on the model can be summarized as:

[0035] NF =Fpy + Fpy + Fp3 + Fp, + Fy + F; 4)

[0036] XM =1p; +Tpy + Tps + Tps + (Teg X Fy) + (rpy X Fpy) + (rpz X Fpy) +

(rp3 X Fp3) + (Tpa X Fpy)  (5)

[0037] where 1p1, T2, Tp3 and rp4 are position vectors of the respective PUs with respect to
p.

[0038] Using Newton-Euler equations, the translational and rotational dynamics of the
UAYV 100 can be written as:

my =) F

(©)

[0040] where m may be the mass of the UAV 100, [ may be the moment of inertia of the
UAYV 100 about its center of gravity (CG), and wg may be the angular velocity (also denoted
as rotational speed) of the UAV 100.

[0041] Hlustratively, the propulsion units may directly accelerate an airflow along on the
outer surface of the envelope structure. Accelerated airflow may be an airstream. Each of the
propulsion units may generate an airstream that is independent from the airstreams generated
by another propulsion unit. An airstream may stick to the curved surface of the spherical
envelop structure, e.g. due to the Coanda effect. The airstream creates a lower air pressure
above the surface of the envelop structure. The lower air pressure may produce an
aerodynamic lift on the envelop structure. The propulsion units 120-N provide thrust and
torque that allows for omnidirectional translation and z-axis rotation of the blimp UAV 100.
[0042] The envelop structure may have a spherical shape to produce the Coanda effect
equally in all radial directions. However, the shape of the envelop structure is not limited to a
sphere. The envelop structure may have any other kind of shape as long as the airstream sticks
to the surface of the envelop structure. As an example, the envelop structure may have the

shape of an ellipsoid or similar.
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[0043] In other words, the envelope structure 110 may be configured to have a spherically
curved outer surface, e.g. during aerial operation. The plurality of propulsion units 120-N
may be arranged on the outer surface of the envelope structure 110. The outer surface of the
envelope structure may be the surface potentially in contact with the environment of the UAV
100, e.g. person in the environment of the UAV 100.

[0044] Each of the propulsion units 120-N may be configured to generate an air stream
240 (see FIG.2C) along on the outer surface of the envelope structure 110. Each of the
propulsion units may include an impeller coupled to a motor. The impeller may be configured
to generate the air stream. The term “along on the surface” may be understood that the air
stream is in close proximity to the surface along the surface such that the air stream sticks to
the surface according to the Coanda effect.

[0045] The UAV 100 may further include a control unit 130 or a plurality of control units
130-1, 130-2 (see FIG.1B). A control unit 130 may be configured to control the plurality of
propulsion units 120-N or a subset thereof, the control unit configured to: determine a current
position of the unmanned aerial vehicle 100; determine a difference between a preset position
of the UAV 100 and the current position of the UAV 100; determine one or more propulsion
units 120-i (see e.g. FIG.2A and FIG.2B) of the propulsion units 120-N (with i being a
number between 1 and N) able to reduce the determined difference; and operate the
determined one or more propulsion units 120-i for a predetermined time period. The
predetermined time period may depend on the determined difference (e.g. the larger the
difference the longer the time period), or may be a preset time period (e.g. in the range of 0.5
s to 5 s). The described procedure may be repeated after the predetermined time period.

[0046] The envelope structure 110 may be formed as a hollow sphere or a hollow
ellipsoid. As an example, the envelope structure 110 may be configured as a blimp. The blimp

envelop structure 110 may be inflated during aerial operation. However, the blimp envelop

10



WO 2023/282856 PCT/SG2022/050483

structure 110 may also be deflated while attaching the propulsion units 124-N to the envelop
structure 110, during shipping of the UAV 100, or while maintaining or storing the UAV 100.
[0047] The envelope structure 110 may be configured to be impermissible to helium gas.
As an example, the blimp envelop structure 110 may be filled with helium gas, and the helium
gas may be a lifting gas for the UAV 100. The lifting gas may be a floating gas.

[0048] The envelope structure 110 may include a gas inlet. The gas inlet may be
configured to adjust the amount of helium gas in the blimp envelop structure 110, for
example.

[0049] The envelope structure 110 may be formed of an elastic material. The elastic
material may be a plastic, e.g. a rubber-like plastic. This allows a compact storage of the UAV
100 by folding the envelop structure 110 when not used. Alternatively, or in addition, this
may reduce possible safety hazards as the envelope structure 110 is able to bounce from
surfaces in the environment of the UAV 100 without damaging the environment or the
envelop structure 110.

[0050] In aerial operation of the UAV 100, the envelope structure 110 may include a
center position (in FIG.1A and FIG.1B the center of the sphere). A center of mass of the UAV
100 may be arranged in a distance rcc to the center position of the envelope structure 110.
This may provide a stabilized orientation of the control unit 130.

[0051] The UAV 100 further may include a connection structure 140 configured to couple
the propulsion units 120-N with the control unit 130. The connection structure 140 may be
arranged on the outer surface of the envelope structure 110.

[0052] As illustrated in FIG.2C, the envelop structure 110 further may include a plurality
of mounting structures 230. Each mounting structure 230 may be configured to mount a
propulsion unit 120-i via an adhesive on the envelop structure 110. The mounting structures
230 may define predetermined position for the propulsion units, and, thus, may allow an easy

assembly of the UAV 100. As an example, the envelope structure 110 may be operationable
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with various numbers of propulsion units 120-i (see FIG.3A to FIG.3E). However, the
individual position of the propulsion units 120-i may depend on the total number of
propulsion units 120-N. Thus, the mounting structures 230 may indicate the predefined
positions for each of the propulsion units 120-1 depending on the total number of propulsion
units 120-N.

[0053] FIG. 2A to FIG.2C exemplarily show impeller-based propulsion units for an
unmanned aerial vehicle.

[0054] Hlustratively, as illustrated in FIG.2A to FIG.2C, each propulsion unit 120-1 may
be made up of a closed impeller 210, attached to the rotor of a direct current (DC) electric
brushless motor 202. The base of the motor 202 may be attached on a mounting plate 230 as
a mounting structure 230 of the envelop structure 110. The mounting plate 230 allows the
propulsion units 120-i to be mounted on the surface of the blimp envelop structure 110 with
the use of adhesive. The electric brushless motor 202 spins up the impeller 210, which in turn
draws in air from the inlet of the impeller 210 and eject the accelerated airflow 240(also
denoted as airstream 240) radially outwards over the surface of the blimp envelop structure
110. Aside from the lift forces produced by the accelerated airflow, the rotation of the rotor
and impeller 210 produces a reaction torque on the blimp envelop structure 110. This reaction
torque can be utilized to manipulate the orientation of the UAV 100 in flight.

[0055] In other words: The propulsion unit 120-i may include a motor 202 and an
impeller 210 coupled to the motor 202. The impeller 210 is rotatably connected to the motor
202, e.g. a movable shaft of the motor 202.

[0056] The impeller 210 may include a covering structure 212 and a plurality of vanes
206 attached to the covering structure 212. A vane 206 may also be a blade or a wing. The
vanes 206 may include or may be formed in a straight shape (see FIG.2A) or bend shape (see

FIG.2B). A bend shape may be a curved shape.
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[0057] The vanes 206 and the covering structure 212 may be formed from one piece, e.g.
one piece of plastic.

[0058] The propulsion unit 120-i includes an air inlet section 204 and an air outlet section
208 that are coupled through a channel structure.

[0059] In the air inlet section 204 of the impeller 210 one portion of the vanes 206 may be
coupled to the motor 202 and the impeller 210 may be free of covering structure 212. In the
air outlet section 208 of the impeller 210 the impeller 210 may be free of covering structure
212.

[0060] Adjacent vanes 206 of the plurality of vanes 206, the covering structure 212 and
the motor 202 form a channel structure. The channel structure includes a first cross-sectional
area at the air inlet section 204 and a second cross-sectional area at the air outlet section 208.
The second cross-sectional area may be smaller than the first cross-sectional area. This way,
according to the Bernoulli equations, the velocity of the air drawn into the air inlet 204 is
increased at the air outlet 208 generating an air stream 240. The vanes 206 may act as a spacer
for the covering structure 212 while attaching the propulsion unit 120-i to the envelop
structure 110. This way, a predefined ratio of first cross-sectional area to second cross-
sectional area can be set.

[0061] The envelop structure 110 forms a boundary of the channel structure. In other
words, the envelop structure 110 may be a part of the channel structure.

[0062] Illustratively, the air inlet section 204 may be arranged above the mounting
structure 230 surrounding the motor 202, and the air outlet section 208 may be arranged
lateral to the mounting structure 230 surrounding the motor 202. The design of the impeller
210 can vary, for example the impeller 210 vanes can be backward curved.

FIG. 3A to FIG.3E exemplarily show various arrangements of propulsion units at unmanned
aerial vehicles. Several configurations for the placement of the propulsion units 120-N can be

utilized as shown in FIG.3A to FIG.3E. Depending on the application, it may be favorable to
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choose a configuration that utilizes less propulsion units 120-N as it reduces the total mass of
the propulsion system. This way, a bigger portion of the mass budget of the UAV 100 may be
allocated to the battery and a payload.

[0063] FIG.3A illustrates an UAV 100 having six propulsion units 120-1...120-6
arranged in a prismatic arrangement 300 on the outer surface of the envelop structure 110.
[0064] FIG.3B illustrates an UAV 100 having five propulsion units 120-1...120-5
arranged in a pyramidal arrangement 310 on the outer surface of the envelop structure 110.
[0065] FIG.3C and FIG.3D illustrate UAVs 100 having four propulsion units
120-1...120-4 arranged in tetrahedrical arrangements 320, 330 on the outer surface of the
envelop structure 110. FIG.3C may illustrate a tetrahedron arrangement of propulsion units
120-N, and FIG.3D may illustrate a side-tetrahedron arrangement of propulsion units 120-N.
[0066] FIG.3E illustrates an UAV 100 having eight propulsion units 120-1...120-8
arranged in a cubic arrangement 340 on the outer surface of the envelop structure 110.

[0067] For translational motion in three-dimensional space, only the thrust component
from propulsion units 120-i which are facing the intended direction of motion may be
necessary, while reaction torque from the other propulsion units 120-i are used to control the
yaw rotational motion, and to counter any excess torque produced. So, from the design
perspective, it may be favorable to position the propulsion units 120-i in a counter-rotating
manner to counter the reaction torque from each of the propulsion units 120-i in order to
prevent unintended rotation when only thrust may be required.

[0068] FIG. 4 shows a table illustrating the positions of the propulsion units of the
unmanned aerial vehicles of FIG.3A to FIG.3E. Ilustrated coordinates refer to the center
point of the arrangement of the propulsion units 120-N.

[0069] Mlustrated are spherical coordinate (r, 6, ¢) with radial distance r (distance to
origin), polar angle 6 (angle of rotation from the XY-plane), and azimuthal angle ¢ (angle of

rotation from the ZY-plane) of the respective propulsion unit 120-i to the center of the
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arrangement (see coordinate system 340 in FIG.3D that is also used in FIG.3A to FIG 3C,
FIG.3E, and FIG.4).

[0070] The center point of the arrangement of the propulsion units 120-N may be identical
to a geometrical center point of the envelop structure 110 and/or a center of mass of the UAV
100.

[0071] FIG.5 shows a flow diagram of a method to control the propulsion units of an
unmanned aerial vehicle.

[0072] For the control of the side-tetrahedron configuration (see FIG.1 and FIG.3D),
proportional-integral-derivative (PID) controllers 504, 514, 524 may be applied for each of
the four controllable degrees of freedom 502, 512, 522, namely X, Y, Z position and yaw
angle (y). The output from the controllers 504, 514, 524 may be fed into a unique control
output mixer 505, 515, 525, 506, 516 that maps the controller output to command 507 for
each propulsion unit 120-i, illustrated as [ul, u2, u3, u4] in FIG.6.

[0073] The thrust generated by the propulsion unit 120-i may be non-reversible, while a
reversible torque can be generated by spinning the radially symmetric impeller 210 in either
direction. As the torque from each of the impeller 210 can influence the yaw direction of
SpICED, careful attention must be given to actuator output direction in control output mixing.

[0074] X and Y position control mixing may be defined as follows:

U, = Kyy Uy sgn(u,) max(0, U

[0075] { 1y xy Uy sgn(u,) . (0,Uy) )
uz, = Kxy Uy sgn(us) min(0, Uy)
Uy, = Kyy Uy sgn(u,) min(0, U

[0076] { 2x xy Ux sgn(uy,) (0,Ux) )
Uy = Kxy Uy sgn(ues) max(0, Ux)

[0077] where kyy may be the mixing gain for lateral motion. The sgn(u) function
verifies if the respective propulsion unit 120-i is already spinning in a certain direction in
order to accumulate control output in the same direction, preventing the propulsion unit 120-i

from changing its direction of spin. max (0, U) and min(0, U) functions verify whether the
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control signal may be positive or negative. For example, if Uy may be negative, it indicates
that the control unit intends to go towards negative Y direction, resulting in the activation of
only us,, .

[0078] Next, a ‘flag’ function I'(X) is defined such that:

1 if abs(a) > a,

[0079] I'(a) = { 0.1 otherwise

)

[0080] where “a” may be an input to the flag function. The flag function may be used to
determine if SpICED may be within a dead zone in AXy, AXy and Ay. Within the deadzone,
the flag function may keep the propulsion units 120-N from rapidly alternating between either
spin directions. The flag function may be used in altitude control mixing which may be
defined as follows:

Uy, = iezUpsgn(UyT(AXy))sgn (Uwr(Alp)) max(0, Uy)

Uy, = —KzUzsgn(UyT(AXy))sgn (U¢F(A1/))) min(0, Uy)

Us, = —kzUzsgn(UyT(AXy))sgn (U,I,F(Azp)) max(0, Uy)
Us, = kzUzsgn(UxT(AXy))sgn (Uwr(Alp)) min(0, Uy)

[0081]

[0082] where k; may be the mixing gain for altitude motion. It may be apparent within
altitude control mixing that the lateral, vertical and yaw controls may be highly coupled.

[0083] Yaw control mixing may be defined as follows:

ulw = K’l) Uw
U, = —KyU,
[0084] v o (1)
U3¢ = Kl[} Uw
U4¢ = _Kl/} Ul[)
[0085] where ky, may be the mixing gain for yaw motion. Finally, the control outputs may

be all combined and sent as actuator commands as follows:

u1:u1Y+ulz+ullp

Uy =u2X+uZZ+u2¢

[0086] (12)

U3:'U3Y+U3Z+U3lp
u4_ZU,4_X+U3Z+u4_lp
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[0087] FIG. 6 shows a diagram of a controlling system 600 for controlling a position of
an unmanned aerial vehicle (UAV) in an indoor environment.

[0088] In the example illustrated in FIG.6, the UAV 100 may include four propulsion
units 120-N mounted on the envelop structure 110. The propulsion units 120-N are controlled
by a control unit 130 that includes electronic speed controllers for each of the propulsion units
120-N. The UAV 100 may further includes a power source 620, e.g. a battery back, e.g. a 2S
Lithium-Polymer battery, to power the control unit 130 and the propulsion units 120-N. The
UAV 100 further includes a communication interface 602, e.g. a radio controller (RC)
receiver, to communicate with a communication interface 616 of a host 610 external to the
UAYV 100.

[0089] The host 610 may include a personal computer (PC) 614, for example. As an
example, the host 610 may include a motion capture processing software 620 and a matlab
code for control 618 of the UAV.

[0090] Hlustratively, the controlling system 600 may include a determining means to
determine a position 502, 512, 522 (see FIG.5) of an UAV in the indoor environment; a
communication means to communicate the determined position of the UAV to the UAV; and
a control means to control one or more propulsion means of the UAV to reduce the difference
between the determined position and a desired position 501, 511, 521 (see FIG.5). The
propulsion means are configured to generate a lift by an air stream over a spherical envelop
means of the UAV.

[0091] The determining means may be arranged at least in part external to the UAV.
[0092] The determining means may include sensors, e.g. infrared (IR) sensors 612
external to the UAV, and IR markers 604 on the envelop structure of the UAV.

[0093] The communication means may include the communication interfaces 602, 616 of

the host 610 and the UAV 100.
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[0094] The control means may include the PC 614 of the host 610 and the control unit
130 of the UAV 100.

[0095] The processing and calculation of control output may be performed off-board from
the UAV 100, as illustrated in FIG.6. However, on-board electronics and sensors can be
employed to perform on-board calculation for closed-loop control as well. In other words, the
functionality of host 610 may be implemented in the UAV 100.

[0096] In the following, various examples are provided that may include one or more
aspects described above.

[0097] Example 1 is an unmanned aerial vehicle (UAV) including an envelope structure
configured to have a spherically curved outer surface, and a plurality of propulsion units
arranged on the outer surface of the envelope structure; wherein each of the propulsion units
is configured to generate an air stream along on the outer surface of the envelope structure;
and wherein each of the propulsion units includes an impeller coupled to a motor, wherein the
impeller is configured to generate the air stream.

[0098] In Example 2, the subject matter of Example 1 can further optionally include a
control unit configured to control the plurality of propulsion units, the control unit configured
to: determine a current position of the unmanned aerial vehicle, determine a difference
between a preset position and the current position, determine one or more propulsion units of
the propulsion units able to reduce the determined difference; and operate the determined one
or more propulsion units for a predetermined time period.

[0099] In Example 3, the subject matter of Example 1 or 2 can optionally include that the
envelope structure is configured as a blimp.

[00100] In Example 4, the subject matter of any one of Examples 1 to 3 can optionally
include that the envelope structure is configured to be impermissible to helium gas.

[00101] In Example 5, the subject matter of any one of Examples 1 to 4 can optionally

include that the envelope structure includes a gas inlet.
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[00102] In Example 6, the subject matter of any one of Examples 1 to 5 can optionally
include that the envelope structure is formed of an elastic material.

[00103] In Example 7, the subject matter of any one of Examples 1 to 6 can optionally
include that the envelope structure is formed as a hollow sphere or a hollow ellipsoid.

[00104] In Example 8, the subject matter of any one of Examples 1 to 7 can optionally
include that, in aerial operation of the UAV, the envelope structure includes a center position;
and that a center of mass of the UAV is arranged in a distance to the center position of the
envelope structure.

[00105] In Example 9, the subject matter of any one of Examples 1 to 8 can optionally
include that the impeller includes a plurality of vanes attached to a covering structure, wherein
in an air inlet section of the impeller one portion of the vanes is coupled to the motor and the
impeller is free of covering structure; and wherein in an air outlet section of the impeller the
impeller is free of covering structure; wherein adjacent vanes of the plurality of vanes, the
covering structure and the motor form a channel structure, wherein the channel structure
includes a first cross-sectional area at the air inlet section and a second cross-sectional area at
the air outlet section, wherein the second cross-sectional area is smaller than the first cross-
sectional area.

[00106] In Example 10, the subject matter of Example 9 can optionally include that the
envelop structure forms a boundary of the channel structure.

[00107] In Example 11, the subject matter of any one of Examples 2 to 10 can optionally
further include a connection structure configured to couple the propulsion units with the
control unit, wherein the connection structure is arranged on the outer surface of the envelope
structure.

[00108] In Example 12, the subject matter of any one of Examples 1 to 11 can optionally
include that the envelop structure further includes a plurality of mounting structures each

configured to mount a propulsion unit via an adhesive on the envelop structure.
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[00109] In Example 13, the subject matter of any one of Examples 1 to 12 can optionally
include six propulsion units arranged in a prismatic arrangement on the outer surface of the
envelop structure.

[00110] In Example 14, the subject matter of any one of Examples 1 to 12 can optionally
include five propulsion units arranged in a pyramidal arrangement on the outer surface of the
envelop structure.

[00111] In Example 15, the subject matter of any one of Examples 1 to 12 can optionally
include four propulsion units arranged in a tetrahedrical arrangement on the outer surface of
the envelop structure.

[00112] Example 16 is a propulsion unit for an unmanned aerial vehicle, the propulsion
unit including: a motor and an impeller coupled to the motor, wherein the impeller includes a
plurality of vanes attached to a covering structure, wherein in an air inlet section of the
impeller one portion of the vanes is coupled to the motor and the impeller is free of covering
structure; and wherein in an air outlet section of the impeller the impeller is free of covering
structure; wherein adjacent vanes of the plurality of vanes, the covering structure and the
motor form a channel structure, wherein the channel structure include a first cross-sectional
area at the air inlet section and a second cross-sectional area at the air outlet section, wherein
the second cross-sectional area is smaller than the first cross-sectional area.

[00113] In Example 17, the subject matter of Example 16 can optionally include that the
vanes and the covering structure are formed from one piece.

[00114] In Example 18, the subject matter of any one of Examples 16 or 17 can optionally
include that the vanes include a straight shape.

[00115] Example 19 is a controlling system for controlling a position of an unmanned
aerial vehicle (UAV) in an indoor environment, including: a determining means to determine
a position of an UAV in the indoor environment; a communication means to communicate the

determined position of the UAV to the UAV; and a control means to control one or more
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propulsion means of the UAV to reduce the difference between the determined position and a
desired position; and wherein the propulsion means are configured to generate a lift by an air
stream over a spherical envelop means of the UAV.

[00116] In Example 20, the subject matter of Example 19 can optionally include that the
determining means is arranged at least in part external to the UAV.

[00117] In Example 21, the subject matter of any one of Example 1 to 20 can optionally
include a plurality of control units, wherein each of the control units is configured to control a
subset of the plurality of propulsion units.

[00118] In Example 22, the subject matter of Example 21 can optionally include that the
control units of the plurality of control units are communicatively coupled with each other.
[00119] The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.” Any example or design described herein as “exemplary” is not necessarily to be
construed as preferred or advantageous over other examples or designs.

[00120] The words “plurality” and “multiple” in the description or the claims expressly

7

refer to a quantity greater than one. The terms “group (of)”, “set [of]”, “collection (of)”,
“series (of)”, “sequence (of)”, “grouping (of)”, etc., and the like in the description or in the
claims refer to a quantity equal to or greater than one, i.e. one or more. Any term expressed
in plural form that does not expressly state “plurality” or “multiple” likewise refers to a
quantity equal to or greater than one.

[00121] The terms “processor” or “controller” as, for example, used herein may be
understood as any kind of technological entity that allows handling of data. The data may be
handled according to one or more specific functions that the processor or controller execute.
Further, a processor or controller as used herein may be understood as any kind of circuit,
e.g., any kind of analog or digital circuit. A processor or a controller may thus be or include

an analog circuit, digital circuit, mixed-signal circuit, logic circuit, processor, microprocessor,

Central Processing Unit (CPU), Graphics Processing Unit (GPU), Digital Signal Processor
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(DSP), Field Programmable Gate Array (FPGA), integrated circuit, Application Specific
Integrated Circuit (ASIC), etc., or any combination thereof. Any other kind of
implementation of the respective functions may also be understood as a processor, controller,
or logic circuit. It is understood that any two (or more) of the processors, controllers, or logic
circuits detailed herein may be realized as a single entity with equivalent functionality or the
like, and conversely that any single processor, controller, or logic circuit detailed herein may
be realized as two (or more) separate entities with equivalent functionality or the like.

[00122] The term “connected” or “coupled” can be understood in the sense of a (e.g.
mechanical and/or electrical), e.g. direct or indirect, connection and/or interaction. For
example, several elements can be connected together mechanically such that they are
physically retained (e.g., a plug connected to a socket) and electrically such that they have an
electrically conductive path (e.g., signal paths exist along a communicative chain).

[00123] While the above descriptions and connected figures may depict electronic device
components as separate elements, skilled persons will appreciate the various possibilities to
combine or integrate discrete elements into a single element. Such may include combining
two or more circuits from a single circuit, mounting two or more circuits onto a common chip
or chassis to form an integrated element, executing discrete software components on a
common processor core, etc. Conversely, skilled persons will recognize the possibility to
separate a single element into two or more discrete elements, such as splitting a single circuit
into two or more separate circuits, separating a chip or chassis into discrete elements
originally provided thereon, separating a software component into two or more sections and
executing each on a separate processor core, etc. Also, it is appreciated that particular
implementations of hardware and/or software components are merely illustrative, and other
combinations of hardware and/or software that perform the methods described herein are

within the scope of the disclosure.
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[00124] It is appreciated that implementations of methods detailed herein are exemplary in
nature, and are thus understood as capable of being implemented in a corresponding device.
Likewise, it is appreciated that implementations of devices detailed herein are understood as
capable of being implemented as a corresponding method. It is thus understood that a device
corresponding to a method detailed herein may include one or more components configured to
perform each aspect of the related method.

[00125] All acronyms defined in the above description additionally hold in all claims
included herein.

[00126] While the disclosure has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes
in form and detail may be made therein without departing from the spirit and scope of the
disclosure as defined by the appended claims. The scope of the disclosure is thus indicated by
the appended claims and all changes which come within the meaning and range of

equivalency of the claims are therefore intended to be embraced.



Claims

What is claimed is:

1. An unmanned aerial vehicle (UAV), comprising:

an envelope structure configured to have a spherically curved outer surface; and

a plurality of propulsion units arranged on the outer surface of the envelope structure,

wherein each of the propulsion units is configured to generate an air stream along on
the outer surface of the envelope structure,

wherein each of the propulsion units comprises an impeller coupled to a motor, wherein
the impeller is configured to generate the air stream, and

wherein the UAV further comprises a plurality of control units, wherein each of the

plurality of control units is configured to control a subset of the plurality of propulsion units.

2. The UAV of claim 1, wherein each of the plurality of control units is configured to:
determine a current position of the unmanned aerial vehicle;
determine a difference between a preset position and the current position;
determine one or more propulsion units of the respective subset of the plurality of
propulsion units able to reduce the determined difference; and

operate the determined one or more propulsion units for a predetermined time period.

3. The UAV of claim 1 or 2,

wherein the envelope structure is configured as a blimp.

4. The UAV of any one of claims 1 to 3,

wherein the envelope structure is configured to be impermissible to helium gas.

5. The UAV of any one of claims 1 to 4,

wherein the envelope structure comprises a gas inlet.

6. The UAV of any one of claims 1 to 5,

wherein the envelope structure is formed of an elastic material.
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7. The UAV of any one of claims 1 to 6,

wherein the envelope structure is formed as a hollow sphere or a hollow ellipsoid.

8. The UAV of any one of claims 1 to 7,

wherein, in aerial operation of the UAV, the envelope structure comprises a center
position; and

wherein a center of mass of the UAV is arranged in a distance to the center position of

the envelope structure.

9. The UAV of any one of claims 1 to 8§,

wherein the impeller comprises a plurality of vanes attached to a covering structure,

wherein in an air inlet section of the impeller one portion of the vanes is coupled to the
motor and the impeller is free of covering structure,

wherein in an air outlet section of the impeller the impeller is free of covering structure,
and

wherein adjacent vanes of the plurality of vanes, the covering structure and the motor
form a channel structure, wherein the channel structure comprises a first cross-sectional area at
the air inlet section and a second cross-sectional area at the air outlet section, wherein the second

cross-sectional area is smaller than the first cross-sectional area.

10. The UAYV of claim 9,

wherein the envelop structure forms a boundary of the channel structure.

11. The UAV of claims 2 to 10, further comprising, for each of the plurality of control units,
a connection structure configured to couple the subset of the plurality of propulsion units with
the control unit, wherein the connection structure is arranged on the outer surface of the

envelope structure.

12. The UAV of any one of claims 1 to 11,
wherein the envelop structure further comprises a plurality of mounting structures each

configured to mount a propulsion unit via an adhesive on the envelop structure.

13. The UAV of any one of claims 1 to 12,
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wherein the plurality of propulsion units comprises six propulsion units arranged in a

prismatic arrangement on the outer surface of the envelop structure.

14. The UAV of any one of claims 1 to 12,
wherein the plurality of propulsion units comprises five propulsion units arranged in a

pyramidal arrangement on the outer surface of the envelop structure.

15.  The UAV of any one of claims 1 to 12,
wherein the plurality of propulsion units comprises four propulsion units arranged in a

tetrahedrical arrangement on the outer surface of the envelop structure.

16.  The UAV of any one of claims 1 to 15,
wherein the control units of the plurality of control units are communicatively coupled

with each other.

17. The UAYV unit of claim 9 or 10,

wherein the vanes and the covering structure are formed from one piece.

18. The UAV unit of claim 9, 10 or 17,

wherein the vanes comprise a straight shape or are formed in a straight shape.

26



