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MULTI-MONOCOPTER SYSTEM AND METHOD OF OPERATING THEROF

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of priority of Singapore Patent Application No.
10202250031G, filed on 27 May 2022, the content of which being hereby incorporated by

reference in its entirety for all purposes.

TECHNICAL FIELD
[0002] The present invention generally relates to a multi-monocopter system, a method of
operating the multi-monocopter system and a method of forming a monocopter for the multi-
monocopter system, and more particularly, a multi-monocopter system that is capable of
operating cooperatively in a cooperative flight mode and operating individually in an individual

flight mode.

BACKGROUND

[0003] In recent decades, aerial robots have attracted tremendous attention from the world
owing to their wide application and foreseeable potential in many fields such as search, tracking,
inspection and mapping. To broaden their applications, swarm behavior, cooperation,
reconfiguration, modular design and transformable ability have been employed. In this way, a
single robot with limited capacity/capability can become competent to a complex task by
cooperating with others and transforming into an appropriate mode. Among them, monocopters,
generating lift force by revolving its own body, are believed to have some particular advantages
in aerial deployment, hovering, and LIDAR based mapping.

[0004] A need therefore exists to provide a multi-monocopter system, as well as a method
of operating thereof, that is capable of operating cooperatively in a cooperative flight mode and
operating individually in an individual flight mode. It is against this background that the present

invention has been developed.

SUMMARY
[0005] According to a first aspect of the present invention, there is provided a multi-
monocopter system comprising:
a plurality of monocopters operable cooperatively in a cooperative flight mode and

operable individually in an individual flight mode, each monocopter comprising:
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a housing member having disposed thereon a flight controller operable to control
a flight of the monocopter in the individual flight mode and a flight of the plurality of
monocopters collectively in the cooperative flight mode;

a wing member coupled to the housing member so as to extend from a first side
thereof, the wing member being configured to produce an aerodynamic force when the
monocopter is rotating;

a thrust unit coupled to a leading edge of the wing member and configured to
generate a thrust for rotating the monocopter, wherein the flight controller is communicatively
coupled to the thrust unit for controlling the thrust unit; and

a magnetic connector coupled to the housing member so as to extend from a
second side thereof, the second side being at least substantially opposite to the first side of the
housing member, the magnetic connector being configured to be connectable to one or more
corresponding magnetic connectors of other one or more monocopters of the plurality of
monocopters via a magnetic force to operate cooperatively in the cooperative flight mode with
said other one or more monocopters,

wherein when the plurality of monocopters are operating cooperatively in the
cooperative flight mode during flight, the flight controller is operable to control a rotational
speed of the plurality of monocopters collectively to produce a centrifugal force that exceed
said magnetic force for separating the plurality of monocopters connected via said magnetic
force so as to convert the cooperative flight mode to the individual flight mode.
[0006] According to a second aspect of the present invention, there is provided a method
of operating a multi-monocopter system according to the above-mentioned first aspect of the
present invention, wherein the plurality of monocopters are operating cooperatively in the
cooperative flight mode, the method comprising:

receiving, by the flight controller of each monocopter of the plurality of monocopters,
a target position in a 3D space;

determining, by the flight controller of each monocopter of the plurality of monocopters,
a first position error in a first direction, a second position error in a second direction and a third
position error in a third direction of the plurality of monocopters collectively in the 3D space
based on the target position and a current position in the 3D space, the first and second
directions being along a horizontal plane and the third direction being perpendicular to the

horizontal plane;
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determining, by the translational controller of the position controller of each
monocopter of the plurality of monocopters, a respective target acceleration in a target direction
for the respective monocopter based on the first and second position errors;

determining, by the altitude controller of the position controller of each monocopter of
the plurality of monocopters, a respective target acceleration in the third direction for the
respective monocopter based on the third position error; and

generating, by the attitude controller of each monocopter of the plurality of
monocopters, a target attitude signal for the respective monocopter based on the respective
target acceleration in the target direction from the translation controller of the respective
monocopter; and

generating, by the thrust unit of each monocopter of the plurality of monocopters, the
respective thrust based on the respective target attitude signal and the respective target
acceleration in the third direction determined for moving the plurality of monocopters
collectively.
[0007] According to a third aspect of the present invention, there is provided a method of
forming a monocopter for a multi-monocopter system comprising a plurality of monocopters
operable cooperatively in a cooperative flight mode and operable individually in an individual
flight mode (e.g., the multi-monocopter system according to the above-mentioned first aspect
of the present invention). The method comprises:

providing or forming a housing member and disposing thereon a flight controller
operable to control a flight of the monocopter in the individual flight mode and a flight of the
plurality of monocopters collectively in the cooperative flight mode;

providing or forming a wing member coupled to the housing member so as to extend
from a first side thereof, the wing member being configured to produce an aerodynamic force
when the monocopter is rotating;

coupling a thrust unit to a leading edge of the wing member and configured to generate
a thrust for rotating the monocopter, wherein the flight controller is communicatively coupled
to the thrust unit for controlling the thrust unit; and

providing or forming a magnetic connector coupled to the housing member so as to
extend from a second side thereof, the second side being at least substantially opposite to the
first side of the housing member, the magnetic connector being configured to be connectable to

one or more corresponding magnetic connectors of other one or more monocopters of the
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plurality of monocopters via a magnetic force to operate cooperatively in the cooperative flight
mode with said other one or more monocopters,

wherein when the plurality of monocopters are operating cooperatively in the
cooperative flight mode during flight, the flight controller is operable to control a rotational
speed of the plurality of monocopters collectively to produce a centrifugal force that exceed
said magnetic force for separating the plurality of monocopters connected via said magnetic

force so as to convert the cooperative flight mode to the individual flight mode.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Embodiments of the present invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of example
only, and in conjunction with the drawings, in which:

FIG. 1 depicts a schematic drawing of a multi-monocopter system, according to various
embodiments of the present invention;

FIG. 2 depicts a schematic flow diagram of a method of operating the multi-monocopter
system, according to various embodiments of the present invention;

FIG. 3 depicts a schematic block diagram of a flight controller configured to control a
flight of the monocopter operating individually in the individual flight mode and control a flight
of the plurality of monocopters collectively operating cooperatively in the cooperative flight
mode, according to various embodiments of the present invention;

FIG. 4 depicts a schematic flow diagram of a method of forming a monocopter for the
multi-monocopter system, according to various embodiments of the present invention;

FIG. 5A illustrates multiple M-SAMSs (modular single actuator monocopters) attached
by magnetic connectors forming a cooperative mode, which can be separated into a singular
mode in mid-air, according to various example embodiments of the present invention;

FIGs. 5B and 5C show photos of example prototypes of M-SAMs in action in singular
and cooperative modes, respectively, which can be separated into the singular mode in mid-air,
according to various example embodiments of the present invention;

FIG. 6A depicts a schematic drawing of an example cooperative configuration of a
number (n) of M-SAM units, along with various coordinates and parameters, according to

various example embodiments of the present invention;
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FIG. 6B depicts a schematic drawing showing the aerodynamic force and the precession
motion acting on the body of one M-SAM unit, according to various embodiments of the present
invention;

FIG. 7 depicts a schematic drawing illustrating a gyroscope model, along with various
parameters, according to various example embodiments of the present invention;

FIG. 8 depicts a schematic drawing of a flight controller, according to various example
embodiments of the present invention;

FIG. 9 depicts a schematic drawing of an example M-SAM, according to various
example embodiments of the present invention;

FIG. 10 shows a table (Table I) presenting the root mean square error (RMSE) of the
position for both hovering and tracking calculated from 5 flights in the singular and cooperative
modes, according to various example embodiments of the present invention;

FIG. 11 shows plots of the measured flight trajectories of the M-SAM in the singular
and cooperative modes, according to various example embodiments of the present invention;
and

FIG. 12 depicts a plot showing the trajectories of two M-SAMs separating from the
cooperative mode to the singular mode, as well as five plots respectively indicating the motor
commands, translational speed, rotating speed, x position and y position of each M-SAM,

according to various example embodiments of the present invention.

DETAILED DESCRIPTION

[0009] Various embodiments of the present invention provide a multi-monocopter system,
a method of operating the multi-monocopter system and a method of forming a monocopter for
the multi-monocopter system, and more particularly, a multi-monocopter system that is capable
of operating cooperatively in a cooperative flight mode (which may also simply be herein
referred to as a cooperative mode) and operating individually in an individual flight mode
(which may also interchangeably be referred to as a singular flight mode, or simply be herein
referred to as individual or singular mode).

[0010] As discussed in the background, in recent decades, aerial robots (or simple referred
to as robot(s) herein) have attracted tremendous attention from the world owing to their wide
application and foreseeable potential in many fields such as search, tracking, inspection and
mapping. To broaden their applications, swarm behavior, cooperation, reconfiguration,

modular design and transformable ability have been employed. In this way, a single robot with
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limited capacity/capability can become competent to a complex task by cooperating with others
and transforming into an appropriate mode. Among them, monocopters, generating lift force by
revolving its own body, are believed to have some particular advantages in aerial deployment,
hovering, and LIDAR based mapping.

[0011] Accordingly, various embodiments of the present invention provide a multi-
monocopter system, as well as a method of operating thereof, that is capable of operating
cooperatively in a cooperative flight mode and operating individually in an individual flight
mode. For example, as will be described later below according to various example embodiments
of the present invention, each monocopter in the multi-monocopter system may be referred to
as a modular single actuator monocopter (M-SAM), which is capable of flying in both singular
and cooperative configurations.

[0012] FIG. 1 depicts a schematic drawing of a multi-monocopter system 100 according to
various embodiments of the present invention. The multi-monocopter system 100 comprises a
plurality of monocopters 102 operable cooperatively in a cooperative flight mode and operable
individually in an individual flight mode. For the sake of simplicity and clarity, the multi-
monocopter system 100 is shown in FIG. 1 as having two monocopters 102. However, it will
be appreciated by a person skilled in the art, and it will also be described later below according
to various example embodiments, that the present invention is not limited to a multi-monocopter
system 100 having only two monocopters and any number of multiple monocopters can be
included in the multi-monocopter system 100 as desired or as appropriate without going beyond
the scope of the present invention.

[0013] In various embodiments, each monocopter 102 (which may also be referred to as a
mono-wing aerial robot or vehicle) comprises a housing member 104 having disposed thereon
(thereby housing) a flight controller 106 operable to control a flight of the monocopter 102 in
the individual flight mode and control a flight of the plurality of monocopters collectively in
the cooperative flight mode. Each monocopter 102 further comprises a wing member 110
coupled to the housing member 104 so as to extend from a first side 112 thereof, the wing
member 110 being configured to produce an aerodynamic force when the monocopter 102 is
rotating; and a thrust unit 114 coupled to a leading edge 116 of the wing member 110 and
configured to generate a thrust for rotating the monocopter. In this regard, the flight controller
106 is communicatively coupled to the thrust unit 114 for controlling the thrust unit 114. Each
monocopter 102 further comprises a magnetic connector 118 coupled to the housing member

104 so as to extend from a second side 120 thereof, the second side 120 being at least
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substantially opposite to the first side 112 of the housing member 104, the magnetic connector
118 being configured to be connectable to one or more corresponding magnetic connectors 118
of other one or more monocopters 102 of the plurality of monocopters via a magnetic force to
operate cooperatively in the cooperative flight mode with the above-mentioned other one or
more monocopters 102. In particular, when the plurality of monocopters are operating
cooperatively in the cooperative flight mode during flight, the flight controller 106 is operable
to control the rotational speed of the plurality of monocopters collectively to produce a
centrifugal force that exceed the above-mentioned magnetic force for separating the plurality
of monocopters connected (e.g., held together) via the above-mentioned magnetic force so as
to convert (or switch) the cooperative flight mode to the individual flight mode.

[0014] Accordingly, the multi-monocopter system 100 according to various embodiments
of the present invention is advantageously capable of operating cooperatively in the cooperative
flight mode and operating individually in the individual flight mode. In particular, each
monocopter 102 advantageously comprises a magnetic connector 118 configured to be
connectable to corresponding magnetic connector(s) 118 of other monocopter(s) 102 via a
magnetic force to operate cooperatively in the cooperative flight mode with such other
monocopter(s) 102. By connecting the plurality of monocopters to be in the cooperative flight
mode via such a magnetic force provided by the magnetic connectors of the plurality of
monocopters, various embodiments of the present invention is advantageously able to convert
(or switch) the cooperative flight mode to the individual flight mode efficiently and effectively
by controlling the rotational speed of the plurality of monocopters collectively to produce a
centrifugal force that exceed the above-mentioned magnetic force for separating the plurality
of monocopters that were being connected (e.g., held together) via the above-mentioned
magnetic force. Accordingly, this conversion (or switching) from the cooperative flight mode
to the individual flight mode can advantageously be achieved passively, that is, without using
a dedicated separating actuator for separating the plurality of monocopters. In addition, for each
monocopter 102, the flight controller 106 of the monocopter 102 is operable to control the flight
(e.g., position and attitude) of the monocopter 102 in the individual flight mode and control the
flight (e.g., position and attitude) of the plurality of monocopters collectively in the cooperative
flight mode. Therefore, the multi-monocopter system 100 according to various embodiments
of the present invention is advantageously capable of operating cooperatively in the cooperative
flight mode and operating individually in the individual flight mode, along with enabling the
cooperative flight mode to be switched to the individual flight mode during flight in an efficient
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and effective manner. These advantages or technical effects, and/or other advantages or
technical effects, will become more apparent to a person skilled in the art as the multi-
monocopter system 100 is described in more detail according to various embodiments and
example embodiments of the present invention.

[0015] In various embodiments, the flight controller 106 and the magnetic connector 118
are each positioned to have a respective offset from the leading edge 116 of the wing member
110 in a direction at least substantially opposite to a direction of the thrust configured to be
generated by the thrust unit 114..

[0016] In various embodiments, the housing member 104 has further disposed thereon
(thereby housing): a speed controller communicatively coupled to the flight controller 106 and
the thrust unit 114; and a power source (e.g., battery) configured to power the flight controller
106, the speed controller and the thrust unit 114. In various embodiments, the flight controller
106 is operable to control the thrust unit 114 via the speed controller. Furthermore, the speed
controller and the power source are each positioned to have a respective offset from the leading
edge 116 of the wing member 110 in the direction at least substantially opposite to the direction
of the thrust configured to be generated by the thrust unit 114. In various embodiments, the
flight controller 106, the speed controller, the power source and the magnetic connector 118
may each be positioned to have the respective offset from the leading edge 116 of the wing
member 110 so as to seek to achieve a balance of the torques caused by aerodynamic force and
precession motion acting on the monocoper during flight. In various embodiments, the flight
controller 106, the speed controller, the power source and/or the magnetic connector 118 are
configured or arranged to have the respective offset so as to increase the relative distance (in
the direction at least substantially opposite to the direction of the thrust configured to be
generated by the thrust unit 114) of the center of pressure of the wing member 110 and the
center of mass of the monocopters as a whole 100 in the cooperative configuration to enhance
flight stability. For example, the equilibrium state can be reached when the effect of propeller,
aerodynamic force and centrifugal force are balanced with each other. In various example
embodiments, this may be achieved by designing or configuring various components, such as
the flight controller 106, the speed controller, the power source and/or the magnetic connector
118, so as to result in appropriate or desired relative positions of the center of mass of the
monocopter 102 and the center of pressure of the wing member 110.

[0017] In various embodiments, the wing member 110 comprises an airframe configured to

have a general L-shape and the wing member 110 is coupled to the housing member 104 via
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the airframe such that the flight controller 106 and the magnetic connector 118 are each
positioned to have the respective offset from the leading edge 116 of the wing member 110.
[0018] In various embodiments, the thrust unit 114 is coupled to the leading edge 116 of
the wing member 110 at a distal end portion thereof and is configured to generate the thrust in
a direction at least substantially perpendicular to the leading edge 116 of the wing member 110
and at least substantially along a plane of the wing member 110. In various embodiments, the
location of the thrust unit 114 along the leading edge 116 may be configured based on a desired
magnitude of rotation torque to be generated by the thrust unit 114, such as to maximise the
magnitude of rotation torque as appropriate. For example, the thrust unit 114 may be located at
the distal end portion of the leading edge 116 such as at a location in a range of about 85% to
about 100% of the length of the leading edge 116.

[0019] In various embodiments, the magnetic connector 118 comprises a magnetic
protruding portion configured for connecting to the above-mentioned one or more
corresponding magnetic connectors 118 of the above-mentioned other one or more
monocopters 102 of the plurality of monocopters via the above-mentioned magnetic force.
[0020] In various embodiments, the thrust unit 114 comprises a propeller and a motor
configured to rotate (or drive) the propeller.

[0021] In various embodiments, the above-mentioned each of the plurality of monocopters
is a single actuator monocopter.

[0022] In various embodiments, the flight controller 106 is configured to control the flight
of the monocopter 102 in the individual flight mode and control the flight of the plurality of
monocopters collectively in the cooperative flight mode based on a reduced flight dynamic
model. In this regard, the reduced dynamic model is configured to approximate an individual
flight dynamic of the monocopter 102 in the individual flight mode based on a gyroscope model
of the monocopter 102 in the individual flight mode and approximate a cooperative flight
dynamic of the plurality of monocopters collectively in the cooperative flight mode based on a
gyroscope model of the plurality of monocopters collectively in the cooperative flight mode. In
various embodiments, the gyroscope model of the monocopter 102 in the individual flight mode
and the gyroscope model of the plurality of monocopters collectively in the cooperative flight
mode may be the same gyroscope model.

[0023] In various embodiments, the gyroscope model of the monocopter 102 in the
individual flight mode is configured based on a relaxed hovering condition of the monocopter

102 in the individual flight mode. In various embodiments, the gyroscope model of the plurality
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of monocopters collectively in the cooperative flight mode is configured based on a relaxed
hovering condition of the plurality of monocopters collectively in the cooperative flight mode.
[0024] In various embodiments, the flight controller 106 comprises a position controller
comprising: a translational controller configured to determine a target acceleration in a target
direction (e.g., a target acceleration and a target direction of the target acceleration) based on a
first position error in a first direction and a second position error in a second direction in a 3D
space, the first and second directions being along a horizontal plane; and an altitude controller
configured to determine a target acceleration in a third direction perpendicular to the horizontal
plane based on a third position error in the third direction in the 3D space. The first, second and
third position errors may be those of a monocopter 102 in the 3D space operating individually
in the individual flight mode or those of the plurality of monocopters collectively (e.g., as a
whole) in the 3D space operating cooperatively in the cooperative flight mode. The flight
controller 106 further comprises an attitude controller configured to generate a target attitude
signal based on the target acceleration in the target direction from the translational controller.
In various embodiments, the attitude controller may be configured to generate the target attitude
signal further based on a heading angle (e.g., a current or detected heading angle) of the
monocopter 102.

[0025] In various embodiments, the flight controller 106 is configured to control the flight
of the monocopter 102 in the individual flight mode and the flight of the plurality of
monocopters collectively in the cooperative flight mode based on controlling the thrust unit 114
to generate the thrust based on the target attitude signal and the target acceleration in the third
direction.

[0026] In various embodiments, the target attitude signal generated by the attitude
controller is a cyclic signal configured to pulse the thrust unit at a determined heading angle of
the monocopter and with a determined magnitude in each of a plurality of rotation cycles.
[0027] FIG. 2 depicts a schematic flow diagram of a method 200 of operating the multi-
monocopter system 100 according to various embodiments of the present invention.

[0028] In various embodiments, wherein the plurality of monocopters are operating
cooperatively in the cooperative flight mode, the method 200 comprising: receiving (at 202),
by the flight controller 106 of each monocopter 102 of the plurality of monocopters, a target
position (e.g., of the plurality of monocopters collectively) in a 3D space; determining (at 204),
by the flight controller 106 of each monocopter 102 of the plurality of monocopters, a first

position error in a first direction, a second position error in a second direction and a third
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position error in a third direction of the plurality of monocopters collectively in the 3D space
based on the target position and a current position (e.g., of the plurality of monocopters
collectively) in the 3D space, the first and second directions being along a horizontal plane and
the third direction being perpendicular to the horizontal plane;, determining (at 206), by the
translational controller of the position controller of each monocopter 102 of the plurality of
monocopters, a respective target acceleration in a target direction for the respective monocopter
102 based on the first and second position errors; determining (at 208), by the altitude controller
of the position controller of each monocopter 102 of the plurality of monocopters, a respective
target acceleration in the third direction for the respective monocopter 102 based on the third
position error; generating (at 210), by the attitude controller of each monocopter 102 of the
plurality of monocopters, a target attitude signal for the respective monocopter 102 based on
the respective target acceleration in the target direction from the translation controller of the
respective monocopter; and generating (at 212), by the thrust unit 114 of each monocopter 102
of the plurality of monocopters, the respective thrust based on the respective target attitude
signal and the respective target acceleration in the third direction determined for moving the
plurality of monocopters collectively (e.g., to the target position).

[0029] In various embodiments, the method 200 further comprises receiving, by the flight
controller 106 of each monocopter 102 of the plurality of monocopters, a target rotational speed
(e.g., of the plurality of monocopters collectively) for controlling the rotational speed of the
plurality of monocopters collectively to produce a centrifugal force that exceed the above-
mentioned magnetic force for separating the plurality of monocopters connected (e.g., being
held together) via the above-mentioned magnetic force so as to convert the cooperative flight
mode to the individual flight mode.

[0030] In various embodiments, wherein the plurality of monocopters are operating
individually in the individual flight mode, the method 200 further comprises: receiving, by the
flight controller 106 of each monocopter 102 of one or more monocopters of the plurality of
monocopters, a respective target position of the respective monocopter in the 3D space;
determining, by the flight controller of each monocopter 102 of the above-mentioned one or
more monocopters of the plurality of monocopters, a respective first position error in a first
direction, a respective second position error in a second direction and a respective third position
error in a third direction of the respective monocopter in the 3D space based on the respective
target position and a respective current position of the respective monocopter 102 in the 3D

space, the first and second directions being along a horizontal plane and the third direction being
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perpendicular to the horizontal plane; determining, by the translational controller of the position
controller of each monocopter 102 of the above-mentioned one or more monocopters of the
plurality of monocopters, a respective target acceleration in a target direction for the respective
monocopter based on the respective first and second position errors; determining, by the altitude
controller of the position controller of each monocopter 102 of the above-mentioned one or
more monocopters of the plurality of monocopters, a respective target acceleration in the third
direction for the respective monocopter 102 based on the respective third position error; and
generating, by the attitude controller of each monocopter 102 of the above-mentioned one or
more monocopters of the plurality of monocopters, the respective target attitude signal for the
respective monocopter 102 based on the respective target acceleration in the target direction
from the respective translation controller; and generating, by the thrust unit 114 of each
monocopter 102 of the above-mentioned one or more monocopters of the plurality of
monocopters, the respective thrust based on the respective target attitude signal and the
respective target acceleration in the third direction determined for moving the respective
monocopter 102 individually to the respective target position.

[0031] FIG. 3 depicts a schematic block diagram of the flight controller 106 configured to
control a flight of the monocopter 102 operating individually in the individual flight mode and
control a flight of the plurality of monocopters collectively operating cooperatively in the
cooperative flight mode, according to various embodiments of the present invention. The flight
controller 106 comprises: at least one memory 302; and at least one processor 304
communicatively coupled to the at least one memory 302 and configured to perform the above-
mentioned method 200 of operating the multi-monocopter system 100 as described
hereinbefore according with reference to FIG. 2 according to various embodiments of the
present invention.

[0032] It will be appreciated by a person skilled in the art that the at least one processor 304
may be configured to perform various functions or operations through set(s) of instructions
(e.g., software modules) executable by the at least one processor 304 to perform various
functions or operations. Accordingly, as shown in FIG. 3, the flight controller 106 may
comprise a position controller 306 (e.g., a position controlling module or circuit) comprising a
translational controller configured to determine a target acceleration in a target direction (e.g.,
a target acceleration and a target direction of the target acceleration) based on a first position
error in a first direction and a second position error in a second direction in a 3D space, the first

and second directions being along a horizontal plane; and an altitude controller configured to
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determine a target acceleration in a third direction perpendicular to the horizontal plane based
on a third position error in the third direction in the 3D space. The flight controller 106 may
further comprise an attitude controller 308 (e.g., an attitude controlling module or circuit)
configured to generate a target attitude signal based on the target acceleration in the target
direction from the translational controller. It will be appreciated by a person skilled in the art
that various components of the flight controller 106 may communicate via an interconnected
bus 310.

[0033] It will be appreciated by a person skilled in the art that the position controller 306
and the attitude controller 308 are not necessarily separate modules, and they may be realized
by or implemented as one functional module (e.g., a circuit or a software program) as desired
or as appropriate without deviating from the scope of the present invention. For example, the
position controller 306 and the attitude controller 308 may be realized (e.g., compiled together)
as one executable software program (e.g., software application or simply referred to as an
“app”), which for example may be stored in the at least one memory 302 and executable by the
at least one processor 304 to perform various functions/operations as described herein according
to various embodiments of the present invention.

[0034] In various embodiments, the flight controller 106 corresponds to the method 200 of
operating the multi-monocopter system 100 as described hereinbefore with reference to FIG. 2
according to various embodiments, therefore, various functions or operations configured to be
performed by the least one processor 304 may correspond to various steps or operations of the
method 200 of operating the multi-monocopter system 100 as described hereinbefore according
to various embodiments, and thus need not be repeated with respect to the flight controller 106
for clarity and conciseness. In other words, various embodiments described herein in context
of the methods are analogously valid for the corresponding systems, and vice versa.

[0035] For example, in various embodiments, the at least one memory 302 may have stored
therein the position controller 306 and/or the attitude controller 308, which respectively
correspond to various steps (or operations or functions) of the method 200 of operating the
multi-monocopter system 100 as described herein according to various embodiments, which
are executable by the at least one processor 304 to perform the corresponding functions or
operations as described herein.

[0036] Any computing system or device providing a processing capability may be provided
according to various embodiments of the present invention. Such a computing system or device

may be taken to include one or more processors and one or more computer-readable storage
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mediums. A memory or computer-readable storage medium used in various embodiments may
be a volatile memory, for example a DRAM (Dynamic Random Access Memory) or a non-
volatile memory, for example a PROM (Programmable Read Only Memory), an EPROM
(Erasable PROM), EEPROM (Electrically Erasable PROM), or a flash memory, e.g., a floating
gate memory, a charge trapping memory, an MRAM (Magnetoresistive Random Access
Memory) or a PCRAM (Phase Change Random Access Memory).

[0037] In various embodiments, a “circuit” may be understood as any kind of a logic
implementing entity, which may be special purpose circuitry or a processor executing software
stored in a memory, firmware, or any combination thereof. Thus, in an embodiment, a “circuit”
may be a hard-wired logic circuit or a programmable logic circuit such as a programmable
processor, €.g., a microprocessor (e.g., a Complex Instruction Set Computer (CISC) processor
or a Reduced Instruction Set Computer (RISC) processor). A “circuit” may also be a processor
executing software, e.g., any kind of computer program, e.g., a computer program using a
virtual machine code, e.g., Java. Any other kind of implementation of the respective functions
may also be understood as a “circuit” in accordance with various embodiments. Similarly, a
“module” may be a portion of a system according to various embodiments and may encompass
a “circuit” as described above, or may be understood to be any kind of a logic-implementing
entity.

[0038] Some portions of the present disclosure are explicitly or implicitly presented in
terms of algorithms and functional or symbolic representations of operations on data within a
computer memory. These algorithmic descriptions and functional or symbolic representations
are the means used by those skilled in the data processing arts to convey most effectively the
substance of their work to others skilled in the art. An algorithm is here, and generally,
conceived to be a self-consistent sequence of steps leading to a desired result. The steps are
those requiring physical manipulations of physical quantities, such as electrical, magnetic or
optical signals capable of being stored, transferred, combined, compared, and otherwise
manipulated.

[0039] Unless specifically stated otherwise, and as apparent from the following, it will be
appreciated that throughout the present specification, description or discussions utilizing terms
such as “receiving”, “determining”, “generating”, “controlling” or the like, refer to the actions
and processes of a computer system, or similar electronic device, that manipulates and

transforms data represented as physical quantities within the computer system into other data



10

15

20

25

30

WO 2023/229526 PCT/SG2023/050344
15

similarly represented as physical quantities within the computer system or other information
storage or transmission devices.

[0040] It will be appreciated by a person skilled in the art that the flight controller 106 may
be specially constructed for the required purposes, or may comprise a general purpose
computing device selectively activated or reconfigured by computer program(s) stored in the
computing device.

[0041] In addition, the present specification also at least implicitly discloses a computer
program or software/functional module, in that it would be apparent to the person skilled in the
art that individual steps of various methods described herein may be put into effect by computer
code. The computer program is not intended to be limited to any particular programming
language and implementation thereof. It will be appreciated that a variety of programming
languages and coding thereof may be used to implement the teachings of the disclosure
contained herein. Moreover, the computer program is not intended to be limited to any
particular control flow. There are many other variants of the computer program, which can use
different control flows without departing from the scope of the invention. It will be appreciated
by a person skilled in the art that various modules described herein (e.g., the position
controller 306 and/or the attitude controller 308) may be software module(s) realized by
computer program(s) or set(s) of instructions executable by a computer processor to perform
the required functions, or may be hardware module(s) being functional hardware unit(s)
designed to perform the required functions. It will also be appreciated that a combination of
hardware and software modules may be implemented.

[0042] A computer program may be stored on any computer readable medium. The
computer readable medium may include storage devices such as magnetic or optical disks,
memory chips, or other storage devices suitable for interfacing with a computer
processorcomputer. The computer program when loaded and executed on such the computer
effectively results in a system or an apparatus that implements various steps of methods
described herein.

[0043] In various embodiments, there is provided a computer program product, embodied
in one or more computer-readable storage mediums (non-transitory computer-readable storage
medium(s)), comprising instructions (e.g., the position controller 306 and/or the attitude
controller 308) executable by one or more computer processors to perform the method 200 of
operating the multi-monocopter system 100, as described herein with reference to FIG. 2

according to various embodiments. Accordingly, various computer programs or modules
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described herein may be stored in a computer program product receivable by a system or device
therein, such as the flight controller 106, for execution by at least one processor 304 of the flight
controller 106 to perform various functions or operations.

[0044] Software or functional modules described herein may also be implemented as
hardware modules. More particularly, in the hardware sense, a module is a functional hardware
unit designed for use with other components or modules. For example, a module may be
implemented using discrete electronic components, or it can form a portion of an entire
electronic circuit such as an Application Specific Integrated Circuit (ASIC). Numerous other
possibilities exist. Those skilled in the art will appreciate that the software or functional
module(s) described herein can also be implemented as a combination of hardware and software
modules.

[0045] FIG. 4 depicts a schematic flow diagram of a method 400 of forming a monocopter
for the multi-monocopter system 100 according to various embodiments the present invention.
It will be appreciated that each of one or more of the plurality of monocopters of the multi-
monocopter system 100 may be formed according to the method 400. The method 400
comprises: providing or forming (at 402) a housing member 104 and disposing thereon a flight
controller 106 operable to control a flight of the monocopter 102 in the individual flight mode
and a flight of the plurality of monocopters collectively in the cooperative flight mode;
providing or forming (at 404) a wing member 110 coupled to the housing member 104 so as to
extend from a first side 112 thereof, the wing member 110 being configured to produce an
aerodynamic force when the monocopter 102 is rotating; and coupling (at 206) (e.g., attached
or affixed) a thrust unit 114 to a leading edge 116 of the wing member 110 and configured to
generate a thrust for rotating the monocopter 102. The flight controller 106 is communicatively
coupled to the thrust unit 114 for controlling the thrust unit 114. The method 400 further
comprises providing or forming (at 208) a magnetic connector 118 coupled to (e.g., attached or
affixed to or integrally coupled or formed with) the housing member 104 so as to extend from
a second side 120 thereof, the second side 120 being at least substantially opposite to the first
side 112 of the housing member 104. In this regard, the magnetic connector 118 is configured
to be connectable to one or more corresponding magnetic connectors 118 of other one or more
monocopters 102 of the plurality of monocopters via a magnetic force to operate cooperatively
in the cooperative flight mode with the above-mentioned other one or more monocopters 102.
In particular, when the plurality of monocopters are operating cooperatively in the cooperative

flight mode during flight, the flight controller 106 is operable to control a rotational speed of
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the plurality of monocopters collectively to produce a centrifugal force that exceed the above-
mentioned magnetic force for separating the plurality of monocopters connected (e.g., held
together) via the above-mentioned mangetic force so as to convert the cooperative flight mode
to the individual flight mode.

[0046] In various embodiments, the method 400 is for forming one or more monocopters
102 of the multi-monocopter system 100 as described hereinbefore with reference to FIG. 1,
therefore, various steps or operations of the method 400 may correspond to forming, providing
or configuring various components or portions of the monocopter 102 as described hereinbefore
according to various embodiments, and thus such corresponding steps or operations need not
be repeated with respect to the method 400 for clarity and conciseness. In other words, various
embodiments described herein in context of each monocopter 102 of the multi-monocopter
system 100 are analogously valid for the method 300 (e.g., for forming one or more
monocopters 102 having various components, portions and configurations as described
hereinbefore according to various embodiments), and vice versa. It will also be appreciated by
a person skilled in the art that the method 400 for forming a monocopter 102 is not limited to
any particular order of operations. For example, FIG. 4 does not indicate or limit any particular
order of operations in which the method 400 can be performed. Furthermore, one or more
operations of the method 400 may be performed concurrently or integrally as desired or as
appropriate without going beyond the scope of the present invention, such as but not limited
to, integrally forming a portion (e.g., the airframe) of the wing member 110, a portion (e.g.,
non-magnetic portion) of the magnetic connector 118 and the housing member 104 such as
based on 3D printing.

[0047] In various embodiments, the wing member 110 and/or the magnetic connector 118
may be provided as separate components with respect to the housing member 104 and then
physically coupled (e.g., attached or affixed) to the housing member 104 to form the
monocopter 102. In various other embodiments, a portion (e.g., the airframe) of the wing
member 110, a portion (e.g., non-magnetic portion) of the magnetic connector 118 and the
housing member 104 may be integrally formed (e.g., of the same material) such as based on 3D
printing. It will be appreciated by a person skilled in the art that any type of 3D printing material
known in the art may be used as desired or as appropriate, such as but not limited to, ONYX.
For example, the non-magnetic portion may be configured to include one or more cavities in
which one or more magnets may be disposed therein for forming the magnetic connector 118.

For example, a contact surface of the magnetic connector 118 may be configured to have a
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plurality of cavities in which a plurality of magnets may be disposed therein. It will be
appreciated by a person skilled in the art that the magnetic connector 118 is not limited to any
particular shape or form as long as the magnetic connector 118 is capable of connecting, or
adapted to connect, to one or more corresponding magnetic connectors 118 via magnetic force
for holding the plurality of monocopters together for the cooperative flight mode.

[0048] It will be appreciated by a person skilled in the art that the terminology used herein
is for the purpose of describing various embodiments only and is not intended to be limiting of
the present invention. As used herein, the singular forms "a", "an" and "the" are intended to
include the plural forms as well, unless the context clearly indicates otherwise. It will be further
understood that the terms "comprises" and/or "comprising," when used in this specification,
specify the presence of stated features, integers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0049] Any reference to an element or a feature herein using a designation such as “first”,
“second” and so forth does not limit the quantity or order of such elements or features, unless
stated or the context requires otherwise. For example, such designations may be used herein as
a convenient way of distinguishing between two or more elements or instances of an element.
Thus, a reference to first and second elements does not necessarily mean that only two elements
can be employed, or that the first element must precede the second element. In addition, a phrase
referring to “at least one of” a list of items refers to any single item therein or any combination
of two or more items therein.

[0050] In order that the present invention may be readily understood and put into practical
effect, various example embodiments of the present invention will be described hereinafter by
way of examples only and not limitations. It will be appreciated by a person skilled in the art
that the present invention may, however, be embodied in various different forms or
configurations and should not be construed as limited to the example embodiments set forth
hereinafter. Rather, these example embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the present invention to those skilled
in the art.

[0051] Various example embodiments provide a Modular Single Actuator Monocopter (M-
SAM) (e.g., corresponding to the monocopter 102 as described hereinbefore according to
various embodiments), which is capable of flying in both singular and cooperative

configurations. For example, FIG. 5A illustrates multiple M-SAMs attached by magnetic
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connectors forming a cooperative mode (e.g., three M-SAMs (n=3) shown as an example),
which can be separated into a singular mode in mid-air. For illustration purpose only, FIGs. 5B
and 5C show photos of example prototypes of M-SAMs (e.g., two M-SAMs (n=2) shown as an
example) in action in the singular and cooperative mode, respectively. A number of multiple
M-SAMs collectively or together may thus form a multi-monocopter system. Various example
embodiments seeks to provide an M-SAM that is a low-cost, simple-mechanical design and
unluxury-control aerial robot.

[0052] Previous studies concerning the autorotation of a falling maple seed or a winged
robot focused on the modelling, wing shape optimization and controller design. For example,
there has been investigated the condition of passive stability of a falling maple seed in nature.
By rotating its body, the maple seed is able to decrease the falling speed, allowing it to travel a
longer distance. Inspired by this behavior, there has also been presented a controllable auto-
rotation robot, which can achieve a gliding angle of 28.9° during descent. Unlike autorotation
mechanism, various example embodiments note employing a motor with propeller allows the
winged robot to actively rotate its body and generate lift. In this way, according to various
example embodiments, the winged robot is able to take off, hover and track planned trajectory.
In contrast to the ”“monospinner” previously proposed, according to various example
embodiments, the lift force of M-SAMs is mostly produced by the revolving wing while the
thrust from the propeller balances the corresponding drag force. In the singular mode, the M-
SAM rotates about its revolving axis, located near its seed portion due to asymmetrical structure.
While in the cooperative mode with symmetrical structure, the revolving axis is located at the
end of each unit (M-SAM), making better use of the wing area to generate more lift and
consume less power for each unit in flight.

[0053] Unlike other types of robots, such as multi-rotors, robotic boats and ground robots,
various example embodiments found that it is more challenging for a revolving robot to employ
cooperation, reconfiguration and transformable ability due to its non-zero yaw rate during flight.
In this regard, various example embodiments provide technical solution(s) to allow revolving
aerial robot (monocopter) to work in both cooperative mode and singular mode. Accordingly,
various example embodiments provide a multi-monocopter system that is capable of operating

cooperatively in a cooperative mode and operating individually in a singular mode.
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DESIGN CONCEPTS

[0054] Example architectures or configurations of the M-SAM(s) in both singular and
cooperative configurations will now be described according to various example embodiments
of the present invention.

[0055] In order to allow M-SAMs work in both singular and cooperative configurations
under the same mechanical structure and controlling strategy, their design concepts in each
mode and the passive separation strategy will now be described below according to various

example embodiments of the present invention.

Singular configuration

[0056] In singular configuration, in various example embodiments, each M-SAM has its
own flight controller, airframe, battery, propeller and actuator (e.g., a motor rotating the
propeller), resulting in nearly identical M-SAM units. For example, as shown in FIG. 5B, the
physical structure of the M-SAM is severely asymmetric. As a result, various example
embodiments seek to provide or guarantee its attitude stability by mass distribution, wing shape
and propeller selection together. In various example embodiments, with reference to FIG. 5B,
the flight controller, the battery and the magnet connector together contribute more than a half
of the total weight of the M-SAM. In various example embodiments, to achieve a balance of
the torques caused by aerodynamic force and precession motion acting on the M-SAM (e.g.,
expressed in Equation (6) to be described later below), such components are placed at a
respective offset from (e.g., at least around 20 mm away from) the leading edge of the wing (in
the direction at least substantially opposite to the direction of the thrust configured to be
generated by the thrust unit). For example, as shown in FIG. 9 to be described later below, the
magnetic connector is positioned to have an offset from the leading edge of the wing member
in the direction at least substantially opposite to the direction of the thrust configured to be
generated by the thrust unit. On the other hand, to obtain a bigger effective wing area, various
example embodiments configure the M-SAM such that the mass is distributed away from the
wingspan. In various example embodiments, the wing may be configured as a near rectangular
shape (e.g., irregular quadrilateral) with a span of about 260 mm and an aspect ratio of about
2.6. It will be appreciated by a person skilled in the art that the wing shape is not limited to a
near rectangular shape, and various wing shapes (e.g., a beam-like shape) may be adopted as
desired or as appropriate, such as to obtain a desired flight characteristic or efficiency, without

going beyond the scope of the present invention. Accordingly, it will be appreciated by a person
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skilled in the art that various dimensions of the M-SAM described herein may be modified or
adapted as desired or as appropriate (e.g., depending on the shape and size of the wing), such
as to achieve a desired flight characteristic or efficiency, without going beyond the scope of the
present invention. The direction of rotation of the propeller is clockwise, thus the torque caused

by precession motion helps to pitch the wing upwards.

Cooperative configuration

[0057] In cooperative configuration, multiple M-SAMs are connected to each other by
magnetic force. In various example embodiments, each M-SAM unit may be assembled rigidly
at a certain or predetermined roll angle ¢, such as shown in FIG. 6A, allowing no relative twist
motion and movement during flight. Compared to the singular configuration, the cooperative
configuration is symmetric about its revolving axis, which increases attitude stability in the
flight. FIGs. 6A and 6B depict various coordinates and parameters for M-SAM(s) according to
various example embodiments of the present invention. In particular, FIG. 6A depicts a
schematic drawing of an example cooperative configuration of a number (n) of M-SAM units,
along with various coordinates and parameters shown. FIG. 6B depicts a schematic drawing
showing the aerodynamic force and the precession motion acting on the body of one M-SAM
unit.

[0058] In particular, FIG. 6B illustrates a view of a monocopter (M-SAM) from the x, axis,
looking from a distal end of the wing member (i.e., from the propeller side) to the magnetic
connector end. During flight, the motor-propeller spins in a clock-wise direction (denoted by
the circling arrow in FIG. 6B), thereby producing a thrust along the y, direction. Due to the
distance between the thrust location and the rotating center of the monocopter, this thrust
produces a torque about the rotating axis and along the rotating motion of the monocopter
(direction denoted by w in FIG. 6B). Due to the rotating motion of the monocopter, the wing
member experiences air velocity (illustrated by arrows in FIG. 6B). As a result, the wing
member generates an aerodynamic force (f,, ), which may be made up of drag force (fy)
coincident with air velocity direction and lift force (f;) perpendicular to the air velocity
direction. For the sake of convenience, the aerodynamic force may be decomposed into
tangential force (f;) and normal force (f;,) to facilitate ease of representation in the body frame
of the monocopter (x, ¥p, Zp). In FIG. 6B, the angle ¢ denotes the angle of attack in the
hovering condition. This angle may be passively determined in the singular configuration (e.g.,

determined or configured based on various factors such as the wing geometry, the mass
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distribution, the location of center of pressure (CoP) and so on). For example, considering the
torque caused by both the precession motion and the aerodynamic force, the total torque acting
on x;, may be expressed by Equation (6) as will be described later below according to various
example embodiments of the present invention. In the cooperative configuration, the above-
mentioned angle ¢ is the roll angle as explained above. In FIG. 6B, the angular momentum of
the spinning motor-propeller is denoted by L,, which rotates together with the monocopter at
speed w. As a result, the precession torque is generated along the x;, axis, denoted by Tpyece in

FIG. 6B.

Separation mechanism

[0059] Various example embodiments advantageously adopted a passive approach to
execute the separation of M-SAMs from the cooperative mode to the singular mode in mid-air.
Thus, no extra actuator is required for triggering the detachment or separation. In this regard,
as M-SAMs revolve at a certain range of rotational speed during flight, various example
embodiments take advantage of its centrifugal force to execute the separation. In various
example embodiments, a plurality of magnetic connectors of a plurality of M-SAMs are
configured with a designed or predetermined magnetic force (or the plurality of magnetic
connectors are configured to hold the plurality of M-SAMs together in the cooperative mode
with a designed or predetermined magnetic force), which is higher than the centrifugal force in
normal flight (e.g., the plurality of M-SAMs operating cooperatively are rotating under a
predetermined rotation speed). With the designed magnetic force, the separation can be
passively triggered by rapidly increasing rotation speed of the plurality of M-SAMs operating

cooperatively such that the centrifugal force overcomes the designed magnetic force.

DYNAMIC MODEL

[0060] Dynamic modelling of the singular M-SAM (e.g., corresponding to the monocopters
102 of the multi-monocopter system 100 operating individually in the individual flight mode
as described hereinbefore according to various embodiments) and the cooperative M-SAMs
(e.g., corresponding to the monocopters 102 of the multi-monocopter system 100 operating
cooperatively in the cooperative flight mode as described hereinbefore according to various
embodiments) will now be described according to various example embodiments of the present

invention.
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Dynamic model of singular M-SAM

[0061] 1) Translational dynamics: In order to introduce the translational dynamics of a

singular M-SAM, various example embodiments use p = [px, Dy, pZ]T to denote its position in
the world frame. Considering the forces applied on robot’s (M-SAM’s) body fixed frame are
mainly produced by actuator’s (e.g., propeller’s) thrust and aerodynamic force of wing, denoted
by F, and F,, respectively, the translational dynamics can be simply written as:

mp = R(F, + F,,) —mge;

(Equation 1)
where m is the mass of a single M-SAM, R is the rotation matrix, which maps from body fixed
frame to the world frame, g is the gravitational constant, and e; = [0, 0,1]7 is a basis vector.
[0062] As shown in FIG. 6A, the propeller (i.e., the thrust unit) is installed parallel to y,.
Let frepresent the thrust generated by the propeller, then F, = [0, f, 0]T.

[0063] By referring to Blade Element Theory, the aerodynamic force produced by the wing
can be expressed by drag force (D) and lift force (L), given by:

dD = %pchzc(r)dr, dL = %pclec(r)dr,
(Equation 2)

where p is the air density, Vis the relative air velocity, ¢4 and c; are the drag and lift coefficients,

and c(r) is the chord function to describe the geometry of the wing.

[0064] To simplify the consideration, various example embodiments use a force acting on

CoP (Center of Pressure) of the wing to approximate the sum of aerodynamics forces. Then,
the drag force and lift forces may be given by:
fa = %PCdA(CUTx)Z . hi= %PCzA((UTx)Z,

(Equation 3)
where A is the area of the wing, 75, is the distance between CoM (Center of Mass) and CoP
along x;, direction, w is the rotation speed.

[0065] As shown in FIG. 6B, let ¢ be the roll angle of the M-SAM. The aerodynamic force

may then be decomposed into normal component (f;,,) and tangential component (f;), and

determined or computed by:

fo=ficos¢p + fasing,  fo=fising — fycos¢p
(Equation 4)
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[0066] The aerodynamic force of the wing may then be obtained in body fixed frame F,, =
[0, fe, /»]T. Substituting F, and F,, into Equation (1), the translational dynamics of a singular
M-SAM is obtained, according to various example embodiments of the present invention.
[0067] 2) Attitude dynamics: Similar to other rigid bodies, the attitude dynamic of the M-
SAM can also be described by Euler’s equation and may be given by:

T =10+ Q,IQ,

(Equation 5)
where T = [Tx, ‘L'y,TZ]T is the collective torque act on the M-SAM, Q = [ﬂx, Q,, QZ]T is the
angular velocity with respect to body frame, and [ is the inertia moment.

[0068] Next, how the above-mentioned torques (7, 7y, T,) are generated on each axis are
described according to various example embodiments. Unlike quadrotors which produce torque
directly by generating unequal thrust, the torque acting on x; of the M-SAM is resulting from
the precession motion (e.g., see FIG. 6B). Let @ and /, present the spinning speed and the
inertia moment of the propeller respectively. The angular momentum of the propeller can be
simply computed by L, = [,@. At the same time, the angular momentum of the propeller (L,)
also rotates with the M-SAM at a speed of w (M-SAM’s revolving speed), resulting in a torque
Tprece ON Xp. Considering the torque caused by both the precession motion and the aerodynamic

force, various example embodiments derive the total torque acting on X3, as:

Tx = Tprece — fnry’
(Equation 6)

where 73, denotes the distance of CoM and CoP in y,, direction (e.g., see FIG. 6A).
[0069] According to various example embodiments, 7,, may be made up of torques caused
by the aerodynamic force (Tqer), the propeller (7,,,) and the centrifugal force (Tcen).

Accordingly, for example, T, may be determined by:

Tcen Tpro Taer

T, = (M, + M,13) cos(6) sin(6) w2 — Cprof — fulas

(Equation 7)
where m,; and m, are re-distributed mass, /; and [, are the distance between m, and m, to
revolving axis in Xp, 0 is the pitch angle (e.g., see FIG. 6A), and ¢, is the coefficient of
propeller to describe the ratio of thrust and drag force.

[0070] According to various example embodiments, torques on Z, are from the
aerodynamic force of the wing, the thrust of the propeller, and the drag force acting on the

propeller due to the high rotational speed. Accordingly, for example, 7, may be expressed as:
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Tz = floro = fe¥x — faraglpros
(Equation 8)
Where L, denotes the distance between propeller and revolving axis in the x;, direction, and
farag is considered as a linear function of air velocity.
[0071] Substituting 7, T, and 7, into Equation (5), the full attitude dynamics of a singular

M-SAM is obtained, according to various example embodiments of the present invention.

Dynamic model of cooperative M-SAMs

[0072] 1) Translational dynamics: The translational dynamics of cooperative M-SAMs
(corresponding to the plurality of monocopters collectively in the cooperative flight mode) has
the same form as Equation (1). Let F; , and F;,, represent the actuator’s (e.g., the propeller’s)
force (thrust) and the wing’s aerodynamic force of the ith M-SAM, R; denotes the rotation
matrix of the ith M-SAM mapping from body fixed frame to world frame, P denotes the position
of cooperative M-SAMs (e.g., the position of the cooperative M-SAMs (i.e., the multi-
monocopter system) collectively or as a whole) in world frame, m; denotes the mass of the ith

M-SAM, then the translational dynamics may be given by:
YmP =Y R(Fiq +Fiy) — Tmges,

(Equation 9)
where ej; is a basis vector as defined in Equation (1).
[0073] 2) Attitude dynamics. To derive the attitude dynamics of cooperative M-SAMs,
various example embodiments use T; to represent the torque on the ith M-SAMs, R, to
represent the rotation matrix maps from the body frame of cooperative M-SAMs to the world
frame, I, to denote the inertia moment and £, to denote the angular velocity. According to
various example embodiments, the attitude dynamics may thus be expressed by:
RI(ZR; 1) = 1,9, + Q. 1, Q.
(Equation 10)
[0074] The propeller thrust and aerodynamic force may cause different torques in the
cooperative mode. In this regard, various example embodiments consider only symmetric
configuration for the attitude dynamics of cooperative M-SAMs, which allows to focus on the

effect of torque of propeller reaction and precession motion.
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Equilibrium states and relaxed hovering condition
[0075] A relaxed hovering condition of the singular M-SAM and the cooperative M-SAMs
will now be described according to various example embodiments of the present invention.
[0076] 1) Singular M-SAM: In the singular mode, the attitude dynamics of the M-SAM is
tightly coupled due to the severe underactuation. Due to their interaction, the attitude of the M-
SAM is able to reach an equilibrium state by controlling only a single actuator, according to
various example embodiments of the present invention. Given a constant input f (e.g.,
corresponding to the thrust generated by the thrust unit (e.g., the propeller)), the equilibrium
states of attitude (¢*, %, w*) can be calculated by solving equations:

(f,¢" 0" ") =0,

(Equation 11)
where T has been introduced above under “Attitude dynamics” of section “Dynamic model of
singular M-SAM” . Due to the non-zero yaw rate, various example embodiments note that the
robot (i.e., the M-SAM) is not likely to meet the strict hovering condition of remaining zero
acceleration and angular velocity. To address this technical problem, various example
embodiments provide a technical solution of introducing a relaxed hovering condition, which
may be found by meeting both Equation (11) and

Ri,)(Fq +Fy) =mg,

(Equation 12)
where R .y denotes the third row of R.

[0077] Accordingly, the relaxed hovering condition is introduced with respect to the strict
hovering condition according to various example embodiments of the present invention. The
strict hovering condition requires zero angular acceleration, zero angular velocity, zero
translational acceleration and zero translation speed. In other words, the torque and force
applied on the body frame should be zero and remain steady with respect to the inertia frame
when in the strict hovering condition. However, for monocopters, various example
embodiments note that this condition is not likely to be met. To address such a technical
problem, according to various example embodiments, the relaxed hovering condition is
provided as: the total torque and force applied on the body frame is zero, the translational speed
is zero, while the rotating speed remains constant.

[0078] In this regard, Equation (11) requires that the torque applied in the x, y and z axis of
the body frame be zero with the state of f, ¢, 8%, w". In other words, in the relaxed hovering

state, the total torque applied on the body frame is zero but rotating at a constant speed of w”.
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R denotes a 3 by 3 rotation matrix of the monocopter (M-SAM), which maps from the body
frame to the inertia frame. For example, a 1 by 3 force vector fhody in the body frame can be
represented in the inertia frame by: finetia = Rfinertia. Note that fineia s @ 1 by 3 vector,
representing f;, f; and f; in the inertia frame. In Equation (12), (F, + F,,) represents the
collective thrust produced by the propeller (propeller’s force) and the wing (aerodynamic force)
together. Therefore, by multiplying (F, + F,,) with the third row of R according to Equation
(12), the total thrust in the z-axis in the inertia frame is obtained. In order to hover, the total
thrust in z-axis in the inertial frame needs to overcome the gravity (i.e., mg), which is the
operation of Equation (12). In this regard, the thrust component in the x-axis and the y-axis in
the inertial frame are cancelled over a rotation cycle. Accordingly, by combining Equations
(11) and (12), the condition for relaxed hovering is obtained according to various example
embodiments of the present invention.
[0079] For better understanding, the third column of R represents the z-axis. (F, + Fy,)
multiplied with the third row of R means the sum of the projections of forces in x-axis, y-axis
and z-axis (of body frame) in the inertia frame. In other words, multiplying (F, + F,,) with the
third row of R reflects, or would result in, the collective force of the robot in the z-axis in the
inertia frame. However, multiplying (F, + F,,) with the third column of R reflects, or would
result in, only the force in z-axis (in the body frame) projected in the inertia frame. In this regard,
various example embodiments of the present invention seek to sum all the forces in the inertia
frame to overcome the gravity. In practice, the value of the above two representations may be
similar, however, in the view of math and dynamics, various example embodiments found that
multiplying (F, + F,,) with the third row of R is more accurate.
[0080] 2) Cooperative M-SAMs: Unlike the singular mode, the configuration of the
cooperative mode is symmetric and its equilibrium of attitude can be easily obtained as ¢, = 0,
6, = 0. According to various example embodiments, given the input (f)) of ith M-SAM (e.g.,
corresponding to the thrust generated by the thrust unit (e.g., the propeller) of the ith M-SAM),
w, can be derived by solving equation:
e;RI(XR; 7)) = 0.

(Equation 13)
[0081] The relaxed hovering condition for the cooperative mode needs to also meet the
equation of:

Y Ric) (Fai+ Fui) = Zmg.
(Equation 14)
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[0082] Accordingly, Equations (13) and (14) for the cooperative M-SAMs respectively
correspond to Equations (11) and (12) for the singular M-SAM. In the cooperative
configuration, the structure of the cooperative M-SAMs as a whole is assumed to be symmetric.
Therefore, the applied torque in the x-axis and y-axis of the body frame is balanced with each
other. Equation (13) requires that the torque in the z-axis of body-frame is zero. Equation (14)
requires that the sum of thrusts of all of the cooperative monocopters in the x-axis, y-axis and
z-axis in the inertial frame is balanced with gravity (i.e., Y, m;g) (similar to Equation (12) for
the singular M-SAM). Accordingly, Equations (11) to (14) indicate non-torque and non-force

applied to the robot (cooperative M-SAMs) to meet the relaxed hovering condition.

Gyroscope motion and reduced dynamics

[0083] Example full dynamics for M-SAM(s) in both the singular mode and the cooperative
mode have now been described hereinbefore according to various example embodiments of the
present invention. Furthermore, according to the full dynamics, equilibrium states in each of
the singular and cooperative configurations and their respective relaxed hovering conditions
have also been described hereinbefore according to various example embodiments of the
present invention. However, various example embodiments found that it may still be difficult
to develop an effective flight controller based on the full dynamics even with the relaxed
hovering condition due to the high nonlinearity and underactuation. To address this technical
problem and provide a technical solution, various example embodiments note that as the robot
rotates at a high angular velocity (e.g., about 60 rads/s at singular mode and about 35 rads/s at
cooperative mode) in the relaxed hovering condition, various example embodiments
advantageously abstract their near hovering flight dynamics to a gyroscope model. In this way,
a reduced dynamics is derived for the purpose of designing a general flight controller for both
the singular and cooperative modes according to various example embodiments of the present
invention.

[0084] To model a gyroscope, various example embodiments use /, and /s to denote its
axial and diameter moment respectively, and ¢, and &, to denote its angular deviation in x and
y axis with respect to the world frame. FIG. 7 depicts a schematic drawing illustrating a
gyroscope model, along with various parameters shown, according to various example
embodiments of the present invention. In particular, the gyroscope model is configured to
approximate or estimate the flight dynamics of M-SAM. As shown, the world frame and the

body frame of the gyroscope are represented by (X, Y, Zy) and (Uy, u,, u;), respectively.
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[0085] Then, according to various example embodiments, the total angular momentum of
the robot (i.e., the M-SAM) can be represented by:
L = Lo u, + LiEu, + 1;Eu,,

(Equation 15)
where w” is the revolving velocity of the singular or cooperative mode in relaxed hovering
condition.

[0086] According to various example embodiments, under the assumption of small

displacement of ¢, and ¢, , the unit vector of the moving frame of gyroscope can be

approximated as u, = [1, 0, —§y]T, u, =[0,1, ET, u, = [fx, ¢y 1]T. The rotational motion

equation of gyroscope can be calculated by taking derivative with respect to time, as Tgyro =

dL

— - BY substituting Equation (15), taking x, y components, various example embodiments

obtain:

R 0 1|« $x
ol il
(Equation 16)
[0087] For better understanding, for example, consider a monocopter hovering in the inertia
frame at a rotating speed of w. In every single time stamp, the torque generated by the
monocopter is in a single direction. For example, when the x-axis of the monocopter (in the
body-frame) is pointing to the EAST (in the inertia frame), the precession torque can be
produced only in the EAST (in the inertia frame) by pulsing the thrust unit (e.g., the motor-
propeller) at this moment. After some time (e.g., At), the x-axis (in the body-frame) turns to
point to the WEST (in the inertia frame) because of the rotation speed (w), the monocopter will
only be able to generate torque along the WEST in the inertia frame. In other words, the
monocopter is conventionally understood to only be able to generate torque in a fixed direction
in the body-frame owing to the severe underactuation (for example, compared to a quadrotor, a
monocopter only has one actuator). To address this technical problem, various example
embodiments of the present invention provide a technical solution by taking advantage of the
self-rotating motion such that the monocopter can generate torque in any direction in a
horizontal plane in the inertia frame (such as North, East, South, West). In particular, according
to various example embodiments, this is achieved by considering the collective torque acting
on the monocopter in a rotating cycle (not in a single time stamp). In this regard, various

example embodiments introduce a gyroscope (and thus a gyroscope model) to replace the full
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dynamic of the monocopter in the rotation cycle. In other words, the gyroscope (and thus the
monocopter) is able to generate torque in any arbitrary direction in the horizontal plane
according to various example embodiments of the present invention.

[0088] Therefore, according to various example embodiments of the present invention,
T4yro in Equation (16) represents the torque of the gyroscope (reduced dynamic model), which
corresponds to the collective thrust of monocopter (full dynamic model) in a rotating period (a
period of a rotating cycle). In other words, by abstracting the monocopter in hovering flight as
a spinning disk, the complex force model is advantageously simplified. Accordingly, with the
reduced dynamic model, consideration of the design of the flight controller is advantageously
simplified according to various example embodiments of the present invention. Accordingly,
the torque (Z4y,,) of the gyroscope obtained in Equation (16) is based on the full dynamics
(first and second orders) of a gyroscope dynamics in term of x-axis and y-axis.

[0089] In the case of M-SAM in relaxed hovering condition, 7y, can be generated by
controlling the propeller speed at a particular yaw angle cyclically. Note that the reduced
dynamic model is developed with the relaxed hovering condition because the monocopter needs
to rotate at some speed to obtain the ability of gyroscopic motion. As explained above in relation
to Equation (16), 4y, can be produced in any direction in the inertia frame according to
various example embodiments by determining the particular or correct heading angle of the
monocopter (the heading angle corresponds to the direction of x-axis in the body frame with
respect to the inertia frame, e.g., denoted by 1 in Equation (17) below). For example, the yaw
angle is the same as the heading angle to some extent. By way of an illustrative example only
and without limitation, in order to generate a torque about the direction of EAST (in the inertia
frame), according to various example embodiments, the motor increases the spin speed of the
propeller when the x-axis in the body frame (heading angle) is pointing to the EAST while
decreases the spin speed of the propeller when the heading angle is pointing to the WEST
direction. By operating the monocopter in this manner cyclically (e.g., for each rotation cycle
of a plurality of rotation cycles), a target torque in a target direction in the inertia frame can be
generated according to various example embodiments of the present invention. In other words,
T4yro can be generated by controlling the propeller speed at a particular yaw angle cyclically.
[0090] In view of the above explanation, suppose M-SAM in both singular and cooperative
mode can generate torque £ at an exact yaw angle 1, the attitude dynamics of the gyroscope

becomes:
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(Equation 17)
[0091] Accordingly, Equation (17) describes the rotational dynamics of a gyroscope
rotating at a speed of w. At the left side of Equation (17), T denotes the torque generated by
pulsing the thrust unit (e.g., the motor-propeller), and its magnitude depends on the spinning
speed of the motor-propeller. P denotes the heading angle of the monocopter, which may range
from O to 360 degrees. The right side of Equation (17) describes the rotation motion of the
gyroscope after applying the torque £ when the heading angle is ¥ (at left side of Equation
(17)). The first and second time derivatives represent the angular speed and acceleration,
respectively. Accordingly, Equation (17) shows that a right or target torque ¥ generated at a
right or target heading angle 1 can result in a desired or target attitude of the gyroscope (and
thus also the monocopter in the relaxed hovering state). Therefore, according to various
example embodiments, the flight controller is configured to determine the right or target torque
and the right or target heading angle.
[0092] Various example embodiments note that as the gyroscope rotates at high speed, the
force components parallel to gyroscope plane (i, ) have limited impact on the translational
dynamic as they remains near-zero on average over a cycle. Therefore, various example
embodiments take only the force components parallel to u, into consideration when studying

the translational dynamics. Suppose the total force acting on body fixed frame of gyroscope to

be F

gyro» then according to various example embodiments, its translational dynamics can be

calculated by:
mp = [03x1 O03x1 U] Fgyrp —Mmges.

(Equation 18)
[0093] In order to apply Equation (18) into controlling M-SAMs, various example
embodiments identify or determine how Fg,,, is generated. Let F; represent the total force
acting on the 7th robot (ith M-SAM) in its body fixed frame. Various example embodiments
note that as a result of the small angle assumption of ¢, and ¢,,, u, is nearly upright. Therefore,
various example embodiments use the projection of F; in the world frame to determine or
approximate F 4y, which in gyroscope’s frame, may be determined or estimated as Fgy,o ~

Y R;F;. Accordingly, combining Equations (17) and (18), the reduced dynamics of the M-SAM

is obtained according to various example embodiments of the present invention.
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[0094] Accordingly, the reduced dynamics of the M-SAM includes both the torque ¥ and
the force Fgyo as described hereinbefore with reference to Equations 17 and 18, respectively,
according to various example embodiments of the present invention. The reduced torque model
has also been described hereinbefore. In the reduced force model (see Equation (18)), according
to various example embodiments, the collective forces generated by monocopters are simplified
to be along the rotating axis u, (i.e., the z-axis of the gyroscope) because the forces along x-
axis and y-axis of the gyroscope are cancelled with each other over a cycle. In other words, with
the reduced dynamics, there is only one force vector along its z direction. For better
understanding of the reduced force model, the monocopter(s) are treated as a rotating object
with a force vector along its rotating axis, according to various example embodiments of the
present invention, that is, only the force along the rotating axis is considered in the position
control and other forces are assumed to be zero on average in a rotation cycle. This
advantageously enables the dynamic modelling of both the singular and cooperative
configurations using the same reduced dynamic model, and as a result, a simple PID
(proportional-integral-derivative) based cascaded controlling strategy may be developed for
both the singular and cooperative configurations according to various example embodiments of
the present invention.

[0095] In order to move towards to a desired direction, there needs to be some force
component according to Newton’s second law. To achieve this, according to various example
embodiments, the robot (monocopter(s)) needs to tilt its rotating axis (u,) to the desired or
target direction, represented by &, and &, (i.e., angular deviations in the x-axis and the y-axis
with respect to the world frame as shown in FIG. 7). In order to simplify the consideration,
various example embodiments limit the angular deviations ¢, and ¢,, to small angles. In this
way, U, is still approximately parallel to upright direction (z-axis in the inertia frame). As a
result, the force projection in the inertia frame can be approximated or estimated as the force
(Fgyro) in the gyroscope frame. This small angle assumption is valid or applicable to both the
singular and cooperative configurations. It will be appreciated by a person skilled in the art that
the present invention is not limited to any particular or specific small angle for the angular
deviations ¢, and &, and the small angle may be controlled or set as desired or as appropriate,
such as not more than 10 degrees.

[0096] For better understanding, the reduced dynamics and relaxed hovering condition will
now be further described according to various example embodiments of the present invention.

The reduced dynamics is based on the relaxed hovering condition. In the relaxed hovering
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condition, as explained hereinbefore, the torques applied on the body frame are all cancelled by
each other, leaving only a constant rotating speed. In the relaxed hovering condition, the
collective thrust generated by the monocopter(s) need to overcome the gravity in the inertia
frame. With the self-rotating motion, as described hereinbefore, various example embodiments
note that the robot can obtain same/similar properties like a gyroscope. Thus, various example
embodiments introduce the reduced flight dynamics based on the relaxed hovering condition.
With the reduced flight dynamics, as described hereinbefore, the robot is able to generate torque
in arbitrary direction in the inertia frame over a rotation cycle, which is realized or implemented
by pulsing the thrust unit (e.g,. motor-propeller) at an appropriate or target heading angle (e.g.,
at a determined heading angle) with an appropriate or target magnitude (e.g., with a determined
magnitude) in each rotation cycle of a plurality of rotation cycles. Furthermore, according to
various example embodiments, the forces generated by the robot is simplified as a force vector
along the rotating axis.

[0097] Accordingly, to move in a desired or target direction according to various example
embodiments, the rotating axis of the robot is tilted slightly so that there is a force component
in the horizontal direction to provide acceleration. In this regard, according to various example
embodiments, the horizontal translational controller is configured to determine a target
direction and a target amount of the tilt. The attitude controller is configured to determine a
correct or target heading angle and a target amount to pulse the motor (e.g., by generating a
cyclic signal configured to pulse the thrust unit at a determined heading angle of the
monocoptter and with a determined magnitude in each of a plurality of rotation cycles as will
be described below according to various example embodiments). Furthermore, the altitude

translational controller is configured to determine the rotating speed of the robot.

CONTROLLER DESIGN

[0098] For an underactuated system, controlling is one of the most challenging parts. In this
regard, by regarding the robot (M-SAM) under the relaxed hovering condition as a gyroscope,
various example embodiments are able to develop its reduced dynamics (as introduced in
Equations (17) and (18)) for further designing the flight controller. To allow the robot to hover
and track a desired path, the flight controller is configured to have a cascaded structure
according to various example embodiments of the present invention. FIG. 8 depicts a schematic
drawing of a flight controller 800 according to various example embodiments of the present

invention (e.g., corresponding to the flight controller 106 as described hereinbefore according
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to various embodiments). The flight controller 800 comprises a translational controller 802 (or
more particularly, a horizontal translation controller), an altitude controller 804, an attitude
controller 806 and a dynamics and low-pass filter 808.

[0099] In FIG. 8, (py, py, p-) and (qv, q5, g, qw) denote the position and quaternions,
respectively. In various example embodiments, in the cooperative mode, the position and
quaternions may denote the position and quaternions of the M-SAMs as a whole. In various
other example embodiments, in the cooperative mode, the position and quaternions may denote
the respective position and quaternions of the respective M-SAM of the cooperative M-SAMs.
In various example embodiments, the position and quaternions may denote the respective
position and heading angle of the respective M-SAM in the inertial frame. In various example
embodiments, the flight controller 800 may require the position and the heading angle in the
specified coordination. For example, in experiments carried out indoor as will be described later
below, the quaternion may be used to denote the attitude feedback. In this regard, quaternions
may usually refer to the full attitude (or full attitude information) of a robot (such as roll, pitch
and yaw) but in the control of the M-SAM (for both configurations) according to various
example embodiments, only the feedback of the heading angle (e.g., similar to yaw) is used
(i.e., instead of using the full attitude of the M-SAM). For example, this angle can be easily
measured by various types of sensors such as a compass. This is an advantage of the M-SAM
(in both configuration, comparing to other types of robot or controller which requires full
attitude feedback) as full attitude estimation usually requires extra sensors such as IMU (inertia
measurement unit). In various example embodiments, the higher level section of the flight
controller 800 is a PID-based position controller (comprising the translation controller 802 and
the altitude controller 804) to minimize the position error in a 3D space. The lower level section
is a cyclic-based attitude controller 806 to change and maintain the attitude of the gyroscope
(based on which the flight dynamics of the M-SAM is modelled) according to the output of
higher level section of the flight controller 800.

Position control

[00100] The position controller (e.g., corresponding to the position controller 306 as
described hereinbefore according to various embodiments of the present invention) comprises
the translational controller 802 and altitude controller 804. The position error in the x — y plane

err [ err ,,err

T . . .
may be defined by vector p§'y = |p%’", py ] (e.g., corresponding to the first position error in

a first direction and the second position error in a second direction in the 3D space as described
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hereinbefore according to various embodiments of the present invention, the first and second
directions being along a horizontal plane). To eliminate or minimize the position error,
according to various example embodiments, the desired or target acceleration generated by the

translational controller 802 may be determined as:

K= kp,t|Pan,r§| - kd,tlpg,r; )

(Equation 19)

with a desired or target direction of

err

Yaes = atan2(py’",py’")s

(Equation 20)
where k;,; and kg is the controller gain.
[00101] Accordingly, in various example embodiments, the desired or target acceleration (k)
and the desired or target direction (Y,.s) may be computed or determined according to
Equations (19) and (20), respectively. In other words, in various example embodiments, the
desired or target acceleration (k) and the desired or target direction (y4.5) may be determined
based on the position error from the difference of current position and velocity and the desired
or target position and velocity. With the desired or target acceleration (k) and the desired or
target direction (4.¢) from the translation controller 802, the attitude controller 804 generates
a command or control signal (or a component of a command or control signal) for the thrust
unit (motor-propeller) based on Equation (22) (to be described below), which may be in the
form of a cyclic signal.
[00102] Let the altitude error be ps’", according to various example embodiments, then the

altitude controller 804 may be configured as a standard PID format and may be written as:

t dperr
des err err Pz
az® = kpaP?" T Rig | PIT AL+ Kaa——

0

(Equation 21)
where a® is the desired acceleration in the z-axis of the world frame, kpa, kiqand kg g are
corresponding controller gain.

[00103] As described hereinbefore, the desired acceleration (a¢) in the z-axis is mainly
caused by the lift force of the wing, which is mainly decided by the rotation speed of the robot,
o.

[00104] Accordingly, in various example embodiments, the position controller comprises a

translational controller 802 configured to determine a target acceleration in a target direction
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based on a first position error (e.g., p<’") in a first direction (along the x-axis) and a second
position error (e.g., py’") in a second direction (along the y-axis) in a 3D space, the first and
second directions being along a horizontal plane (e.g., the x — y plane); and an altitude controller
804 configured to determine a target acceleration in a third direction (along the z-axis)
perpendicular to the horizontal plane based on a third position error (pg’") in the third direction

in the 3D space.

Attitude control
[00105] In various example embodiments, the attitude controller 806 aims to stabilize the
flight and generate the desired attitude commanded by translational controller 802. Limited by
high underactuation and complexity of the system, various example embodiments found that
the attitude of the gyroscope cannot be simultaneously and completely tracked since the torque
is generated cyclically. To address this technical problem and to simplify the consideration,
various example embodiments presume that the response speed of propeller is much faster than
the attitude dynamics of robot. By rapidly changing motor speed, various example embodiments
found that the torque generated by precession motion is larger than the torque produced by
aerodynamic force at this moment, leaving a unbalanced torque acting on the x-axis in the body
fixed frame of the robot (see Equation (6)). To cyclically produce this torque, various example
embodiments use a cosine function, which may be expressed as:
Y = K cos(P — Pges +5),

(Equation 22)
where y is the commanding signal for actuator, k¥ and 4. are provided by translational
controller 802, v is a heading angle (e.g., a current or detected heading angle) of the robot and

Y, is an offset. To further explain, various example embodiments use Az to approximate the
integration of torque 6t generated by Equation (22) over a cycle, as At = ftHT 6tdt. By

replacing £ with Az and substituting 1 into Equation (17), the cyclic small attitude deviation
(Aéy, AE,) is produced by the flight controller 800. Since the robot revolves at a high speed in
the flight, the commanded attitude angle can then be sufficiently tracked.

[00106] For example, as described hereinbefore, Equation (17) shows that the torque can be
generated in the inertia frame by pulsing motor at a proper or target heading angle. Accordingly,
Equation (22) generates a cyclic signal (y) for controlling the motor for driving the propeller
based on the desired or target acceleration (k) and the desired or target direction (Y ge5). In

various example embodiments, as shown in Equaiton (22), the cyclic signal is generated further
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based on the current or detected heading angle (i) of the monocopter. This ensures that the
torque is generated at the target direction ( Yg4.s ). Accordingly, in various example
embodiments, the attitude controller 806 is configured generate a target attitude signal based
on the target acceleration in the target direction from the translational controller 802, which
may be in the form of a cyclic signal (e.g., Equation (22)) configured to pulse the thrust unit at
a determined heading angle of the monocopter and with a determined magnitude in each of a
plurality of rotation cycles.

[00107] Accordingly, combining Equations (19), (20), (21), (22) together, the full controller
Yo = a2®® + y is obtained, according to various example embodiments of the present invention.
By way of an illustrative example and without limitation, for an implementation in an indoor
environment based on a motion capture system, the flight controller 800 receives a position
feedback and a heading angle feedback in real time with respect to the coordinates of the motion
capture system. Comparing a target or desired position to the actual position from the motion
capture system, the position errors (e.g., px' ', py ', Dy (or x¢’", y°'" 2" as shown in FIG.
8)) are determined. To eliminate or minimize the position error, the horizontal translational
controller 802 determines the target acceleration (k) and the target direction (P ges ).
Subsequently, in order to realise the target acceleration in the target direction, the attitude
controller 806 generates a cyclic signal (y) for controlling the actuator (motor-propeller).
[00108] Accordingly, the cyclic signal is configured to push the robot to tilt to the target
direction. At the same time, the altitude controller 804 computes a target acceleration along the
z-axis (i.e., height or altitude of flight). To generate the target acceleration in height, the robot
is configured to rotate faster or slower. Therefore, according to various example embodiments,
the command or control signal (y,) for the motor for driving the propeller comprises two
components, a first component (y) is the cyclic signal from the attitude controller 806 to
eliminate or minimize the position error along a horizontal plane (e.g., x-y plane) and a second
component (a%¢%) is from the altitude controller 804 (or more particularly, altitude translational
controller) to eliminate or minimize the height error. Therefore, y denotes the cyclic signal,
and P . respectively denote the desired or target acceleration and the desired or target
direction in the horizontal plane, and i, denotes a constant parameter caused by signal
transmitting delay and response delay of the actuator (the motor for driving the propeller). Let
aes denote the target or desired acceleration in height, ¥ is the heading angle of the robot
received from (or detected by) the motion capture system (computed from quaternions), the

command or control signal for controlling the motor may be expressed as,
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Yo = ag®® +y cos(h) — Paes + Po).
(Equation 23)
[00109] Therefore, according to various example embodiments, the motor control signal has
a similar format as a general cosine function, with aZ®® being the vertical shift and y being the
amplitude. For the cooperative mode, the ¥, for each cooperative monocopter may be different
and depends on the setup implemented. But since they are a constant value, it is not necessary

to take it into consideration for the flight controller design.

Implementation consideration

[00110] Various example embodiments note that, when M-SAMs translate laterally through
the air, the advancing wing blade may experience a higher air velocity. As a result, an
unexpected force and torque may be produced due to the translational motion. For M-SAMs,
especially in cooperative mode, this torque may seriously affect the tracking performance. In
order to minimise these impacts, various example embodiments limit the translational speed to
ensure the tracking accuracy in real flight. Thus, in various example embodiments, an output
of the position controller, x, may be modified to be a saturated function.

[00111] Furthermore, in various example embodiments, when applying the attitude

controller 806 described by Equation (22) into the cooperative configuration, an extra offset

. . . . 2
parameter Y,, may be introduced according to the amount of units, given as Y., = f

Accordingly, in various example embodiments, the attitude controller 806 for the ith M-SAM
may be modified to generate the cyclic signal as y; = k cos(Y — Yyes + Wy + ies).

EXPERIMENT VALIDATION
[00112] The flight controller 800 and the separation mechanism in flight according to various
example embodiments will now be evaluated and validated using two example M-SAM

prototypes.

M-SAM prototype

[00113] FIG. 9 depicts a schematic drawing of an example M-SAM 902 according to various
example embodiments of the present invention (e.g., corresponding to the monocopter 102 as
described hereinbefore according to various embodiments of the present invention) in the

singular mode (left side of FIG. 9) and in the cooperative mode with another same M-SAM 900
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(i.e., a multi-monocopter system 900 made up of two M-SAMs, as shown in the right side of
FIG. 9).

[00114] As can be seen in FIG. 9, the multi-monocopter system 900 comprises: a plurality
of monocopters 902 operable cooperatively in a cooperative flight mode (right side of FIG. 9)
and operable individually in an individual flight mode (left side of FIG. 9). For the sake of
simplicity and clarity, the multi-monocopter system 200 is shown in FIG. 2 as having two
monocopters 902. However, as explained hereinbefore, it will be appreciated by a person skilled
in the art that the present invention is not limited to a multi-monocopter system 900 having only
two monocopters and any number of multiple monocopters can be included in the multi-
monocopter system 900 as desired or as appropriate without going beyond the scope of the
present invention.

[00115] In various example embodiments, each monocopter 902 comprises a housing
member 904 having disposed thereon a flight controller 800 (e.g., corresponding to the flight
controller 106 as described hereinbefore according to various embodiments) operable to control
a flight of the monocopter 902 in the individual flight mode and control a flight of the plurality
of monocopters collectively in the cooperative flight mode. Each monocopter 902 further
comprises a wing member 910 coupled to the housing member 904 so as to extend from a first
side 912 thereof, the wing member 910 being configured to produce an aerodynamic force when
the monocopter 902 is rotating; and a thrust unit 914 coupled to a leading edge 916 of the wing
member 910 and configured to generate a thrust for rotating the monocopter 902. In this regard,
the flight controller 800 is communicatively coupled to the thrust unit 914 for controlling the
thrust unit 914. Each monocopter 902 further comprises a magnetic connector 918 coupled to
the housing member 904 so as to extend from a second side 920 thereof, the second side 920
being at least substantially opposite to the first side 912 of the housing member 904, the
magnetic connector 918 being configured to be connectable to one or more corresponding
magnetic connectors 918 of other one or more monocopters 902 of the plurality of monocopters
via a magnetic force to operate cooperatively in the cooperative flight mode with the above-
mentioned other one or more monocopters 902. In particular, when the plurality of monocopters
are operating cooperatively in the cooperative flight mode during flight, the flight controller
800 is operable to control the rotational speed of the plurality of monocopters collectively to
produce a centrifugal force that exceed the above-mentioned magnetic force for separating the
plurality of monocopters connected via the above-mentioned magnetic force so as to convert

(or switch) the cooperative flight mode to the individual flight mode.
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[00116] In various example embodiments, as can be seen fron FIG. 9, the flight controller
800 and the magnetic connector 918 are each positioned to have a respective offset from the
leading edge 916 of the wing member 910 in a direction at least substantially opposite to a
direction of the thrust configured to be generated by the thrust unit 914. As an example
illustration, the offset 940 of the magnetic connector 918 from the leading edge 916 of the wing
member 910 is shown in FIG. 9.

[00117] In various example embodiments, the housing member 904 has further disposed
thereon: a speed controller (e.g., electronic speed controller) 924 communicatively coupled to
the flight controller 800 and the thrust unit 914; and a power source 926 configured to power
the flight controller 800, the speed controller 924 and the thrust unit 914. In various
embodiments, the flight controller 800 is operable to control the thrust unit 914 via the speed
controller 924. Furthermore, the speed controller 924 and the power source 926 are each
positioned to have a respective offset from the leading edge 916 of the wing member 910 in the
direction at least substantially opposite to the direction of the thrust configured to be generated
by the thrust unit. Accordingly, the flight controller 800, the speed controller 924, the power
source 926 and the magnetic connector 918 each has a respective offset from the leading edge
916 of the wing member 910.

[00118] In various example embodiments, the wing member 910 comprises an airframe 928
configured to have a general L-shape and the wing member 910 is coupled to the housing
member 904 via the airframe 928 such that the flight controller 800 and the magnetic connector
918 are each positioned to have the respective offset from the leading edge 916 of the wing
member 910. For example, as shown in FIG. 9, the main wing portion may be affixed to and
held by the airframe 928.

[00119] In various example embodiments, as shown in FIG. 9, the thrust unit 914 is coupled
to the leading edge 916 of the wing member 910 at a distal end portion thereof and is configured
to generate the thrust in a direction at least substantially perpendicular to the leading edge 916
of the wing member 910 and substantially along a plane of the wing member 910.

[00120] In various example embodiments, the magnetic connector 918 comprises a magnetic
protruding portion 930 configured for connecting to the above-mentioned one or more
corresponding magnetic connectors 918 of the above-mentioned other one or more
monocopters 902 of the plurality of monocopters via the above-mentioned magnetic force.
[00121] In various example embodiments, the thrust unit 914 comprises a propeller 932 and

a motor 934 configured to rotate the propeller 932.
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[00122] By way of implementation examples only and without limitations, the flight
controller 800 may be implemented by a flight control board, such as but not limited to,
Crazyflie Bolt. The motor 934 may be a 5500 KV brushless motor (e.g., FLYWOO ROBO),
matched with a propeller 932 with the radius of 40 mm. To drive the brushless motor 934, a
35A, 2 - Ss electronic speed controller (ESC) (e.g., HAKRC) 924 and a 300 mAh, 2s Li-Po
battery (e.g., BETAFPV) 926 may be provided. For example, the robot’s frame and the non-
magnetic component of the magnetic connector 918 may be modelled by CAD software (e.g.,
SOLIDWORKS) and printed (i.e., integrally formed) by a 3D printer (e.g., Markforged). The
model number of magnet may be D71 from K&J Magnetics. The main wing portion may be
fabricated by a piece of laminated wood (e.g., 260 mm x 80 mm x 1 mm). For such an example
singular M-SAM prototype 902, its total mass may be around 80 grams. It will be appreciated
by a person skilled in the art that the present invention is not limited to such implementation
examples and various configurations (e.g., dimensions) may be modified or optimized as

desired or as appropriate without going beyond the scope of the present invention.

Experimental setup

[00123] Flight experiments were conducted in an indoor environment with a 7.5 x 6 x 2.6
meter arena equipped with 15 cameras to measure the position and attitude of the robot. For
experimental purposes only, the flight controller 800 was implemented on a laptop computer
under python environment at a frequency of 180 Hz. The communication between the robot
(i.e., the M-SAM(s)) and computer was based on wireless communication, such as using
Crazyradio PA. Since the robot revolves at high angular velocity, the communication latency
causes non-negligible impact on the flight controller 800. To minimize the impact, an offset
parameter i, 1s introduced in Equation (22).

[00124] According to various example embodiments, even though the flight controller 800
for the M-SAM in singular and cooperative mode has the same structure, corresponding
parameters in the singular and cooperative modes may have a different value. As an example,
the offset i, is related to the delay of the signal transmitting and different rotating speed leads
to different value of ¥,. In this regard, according to various example embodiments, the
cooperative mode rotates slower than the singular mode due to the difference in effective wing
area, thus resulting in different rotating speed between the singular and cooperative modes. To

achieve a better control performance, values of certain gains in the flight controller 800 may



10

15

20

25

30

WO 2023/229526 PCT/SG2023/050344
42

also be adjusted accordingly, which may result in different values between the singular and
cooperative modes.

[00125] In order to assigh matched parameters, the robots (M-SAMs) need to know their
current flight mode. In various example embodiments, the current flight mode may be detected
by measuring the relative distance of M-SAMs via the position feedback of motion capture

system.

Flight experiments

[00126] To evaluate the flight controller 800 for the M-SAMs 902 in both configuration and
the separation mechanism, several flight experiments were conducted for hovering, following
a planned path and separating in mid-air.

[00127] 1) Singular M-SAM flight: To demonstrate the performance of the flight controller
800, a simple 80 seconds trajectory was developed that includes hovering and tracking a circle
with a radius of 1.2 meters. FIG. 11 show a plot of the measured flight trajectory of the M-SAM
902 in the singular mode, whereby the dark black lines are provided as a reference. Root mean
square error (RMSE) of the position for both hovering and tracking were also calculated from
5 flights in the singular mode and presented in Table I shown in FIG. 10.

[00128] 2) Cooperative M-SAMs flight: To form the cooperative mode, two M-SAMs 900
were connected by corresponding magnetic connectors 918 as shown in FIG. 9B. The relative
angle between each unit was 30 degrees. Same trajectory as described above for the singular
M-SAM flight was produced to test the flight controller 800. FIG. 11 also show a plot of the
measured flight trajectory of the M-SAMs 900 in the cooperative mode. RMSE of the position
for both hovering and tracking were also calculated from 5 flights in the cooperative mode and
presented in Table I shown in FIG. 10.

[00129]  3) Separating in mid-air: To further confirm the capacity of flight controller 800
and test the passive detachment, a mid-air separating experiment was arranged. For safety, M-
SAMs 900 in cooperative mode was controlled by a human pilot with a remote transmitter. By
manually sending commands to each M-SAM, the revolving speed can be controlled to trigger
the separation condition. After the separating, each M-SAM 902 was controlled by a position-
free controller with the purpose of eliminating the high velocity (around 5 m/s) due to the
disassembly. The revolving speed of M-SAMs 902 in cooperative mode was around 35 rad/s.
After increasing to around 45 rad/s, M-SAMs 902 disassembled into singular mode. FIG. 12

shows the separation of the M-SAMs 902 to convert or switch from the cooperative
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configuration into the singular configuration. The top plot in FIG. 12 shows the trajectories of
two M-SAMs 902 separating from the cooperative mode to the singular mode. The lower five
plots in FIG. 12 indicate the motor commands, translational speed, rotating speed, x position
and y position of each M-SAM.

[00130] As a severely underactuated system, the flight performance may be limited to near-
hovering motion. Nevertheless, the flight controller 800 was evaluated by conducting several
hovering and low-speed (around 0.2 m/s) trajectory tracking flights. By comparing the
normalized thrust consumption of motor thrust in each configuration/mode, it was also roughly
verify that the cooperative configuration (60%) consuming around 7% less thrust than singular
configuration (67%) to each unit.

[00131] Accordingly, various example embodiments provide a M-SAM 902 which can fly
in both singular and cooperative modes. By deriving the reduced dynamics for both singular
and cooperative modes, a generalised flight controller 800 with cascaded structure was designed
according to various example embodiments of the present invention. By arranging several
experiments in singular mode, cooperative mode and mid-air separating, the capacity of flight
controller 800 was evaluated. The experimental results show that the M-SAMs 902 can achieve
controlled flight in each configuration/mode, assembled into cooperative mode with simple
human assistance, then perform a controlled passive separation into singular mode in mid-air.
[00132] While embodiments of the invention have 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 scope of
the invention as defined by the appended claims. The scope of the invention 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.
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CLAIMS

What is claimed is:

1. A multi-monocopter system comprising:

a plurality of monocopters operable cooperatively in a cooperative flight mode and
operable individually in an individual flight mode, each monocopter comprising;:

a housing member having disposed thereon a flight controller operable to control
a flight of the monocopter in the individual flight mode and a flight of the plurality of
monocopters collectively in the cooperative flight mode;

a wing member coupled to the housing member so as to extend from a first side
thereof, the wing member being configured to produce an aerodynamic force when the
monocopter is rotating;

a thrust unit coupled to a leading edge of the wing member and configured to
generate a thrust for rotating the monocopter, wherein the flight controller is communicatively
coupled to the thrust unit for controlling the thrust unit; and

a magnetic connector coupled to the housing member so as to extend from a
second side thereof, the second side being at least substantially opposite to the first side of the
housing member, the magnetic connector being configured to be connectable to one or more
corresponding magnetic connectors of other one or more monocopters of the plurality of
monocopters via a magnetic force to operate cooperatively in the cooperative flight mode with
said other one or more monocopters,

wherein when the plurality of monocopters are operating cooperatively in the
cooperative flight mode during flight, the flight controller is operable to control a rotational
speed of the plurality of monocopters collectively to produce a centrifugal force that exceed
said magnetic force for separating the plurality of monocopters connected via said magnetic

force so as to convert the cooperative flight mode to the individual flight mode.

2. The multi-monocopter system according to claim 1, wherein the flight controller and
the magnetic connector are each positioned to have a respective offset from the leading edge of
the wing member in a direction at least substantially opposite to a direction of the thrust

configured to be generated by the thrust unit.
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3. The multi-monocopter system according to claim 2, wherein the housing member has
further disposed thereon:

a speed controller communicatively coupled to the flight controller and the thrust unit,
wherein the flight controller is operable to control the thrust unit via the speed controller; and

a power source configured to power the flight controller, the speed controller and the
thrust unit, and

wherein the speed controller and the power source are each positioned to have a
respective offset from the leading edge of the wing member in the direction at least substantially

opposite to the direction of the thrust configured to be generated by the thrust unit.

4. The multi-monocopter system according to claim 2 or 3, wherein the wing member
comprises an airframe configured to have a general L-shape and the wing member is coupled
to the housing member via the airframe such that the flight controller and the magnetic
connector are each positioned to have the respective offset from the leading edge of the wing

member.

5. The multi-monocopter system according to any one of claims 1 to 4, wherein the thrust
unit is coupled to the leading edge of the wing member at a distal end portion thereof and is
configured to generate the thrust in a direction at least substantially perpendicular to the leading

edge of the wing member and at least substantially along a plane of the wing member.

6. The multi-monocopter system according to any one of claims 1 to 5, wherein the
magnetic connector comprises a magnetic protruding portion configured for connecting to said
one or more corresponding magnetic connectors of said other one or more monocopters of the

plurality of monocopters via said magnetic force.

7. The multi-monocopter system according to any one of claims 1 to 6, wherein the thrust

unit comprises a propeller and a motor configured to rotate the propeller.

8. The multi-monocopter system according to any one of claims 1 to 7, wherein said each

of the plurality of monocopters is a single actuator monocopter.
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9. The multi-monocopter system according to any one of claims 1 to 8, wherein the flight
controller is configured to control the flight of the monocopter in the individual flight mode and
control the flight of the plurality of monocopters collectively in the cooperative flight mode
based on a reduced flight dynamic model, the reduced dynamic model being configured to
approximate an individual flight dynamic of the monocopter in the individual flight mode based
on a gyroscope model of the monocopter in the individual flight mode and approximate a
cooperative flight dynamic of the plurality of monocopters collectively in the cooperative flight
mode based on a gyroscope model of the plurality of monocopters collectively in the

cooperative flight mode.

10. The multi-monocopter system according to claim 9, wherein
the gyroscope model of the monocopter in the individual flight mode is configured
based on a relaxed hovering condition of the monocopter in the individual flight mode, and
the gyroscope model of the plurality of monocopters collectively in the cooperative
flight mode is configured based on a relaxed hovering condition of the plurality of monocopters

collectively in the cooperative flight mode.

11.  The multi-monocopter system according to claim 9 or 10, wherein the flight controller
comprises:
a position controller comprising:

a translational controller configured to determine a target acceleration in a target
direction based on a first position error in a first direction and a second position error in a second
direction in a 3D space, the first and second directions being along a horizontal plane; and

an altitude controller configured to determine a target acceleration in a third
direction perpendicular to the horizontal plane based on a third position error in the third
direction in the 3D space; and

an attitude controller configured to generate a target attitude signal based on the target

acceleration in the target direction from the translational controller.

12.  The multi-monocopter system according to claim 11, wherein the flight controller is
configured to control the flight of the monocopter in the individual flight mode and the flight

of the plurality of monocopters collectively in the cooperative flight mode based on controlling
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the thrust unit to generate the thrust based on the target attitude signal and the target acceleration

in the third direction.

13. The multi-monocopter system according to claim 11 or 12, wherein the target attitude
signal generated by the attitude controller is a cyclic signal configured to pulse the thrust unit
at a determined heading angle of the monocopter and with a determined magnitude in each of

a plurality of rotation cycles.

14. A method of operating the multi-monocopter system according to any one of claims 11
to 13, wherein the plurality of monocopters are operating cooperatively in the cooperative flight
mode, the method comprising:

receiving, by the flight controller of each monocopter of the plurality of monocopters,
a target position in a 3D space;

determining, by the flight controller of each monocopter of the plurality of monocopters,
a first position error in a first direction, a second position error in a second direction and a third
position error in a third direction of the plurality of monocopters collectively in the 3D space
based on the target position and a current position in the 3D space, the first and second
directions being along a horizontal plane and the third direction being perpendicular to the
horizontal plane;

determining, by the translational controller of the position controller of each
monocopter of the plurality of monocopters, a respective target acceleration in a target direction
for the respective monocopter based on the first and second position errors;

determining, by the altitude controller of the position controller of each monocopter of
the plurality of monocopters, a respective target acceleration in the third direction for the
respective monocopter based on the third position error; and

generating, by the attitude controller of each monocopter of the plurality of
monocopters, a target attitude signal for the respective monocopter based on the respective
target acceleration in the target direction from the translation controller of the respective
monocopter; and

generating, by the thrust unit of each monocopter of the plurality of monocopters, the
respective thrust based on the respective target attitude signal and the respective target
acceleration in the third direction determined for moving the plurality of monocopters

collectively.
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15.  The method according to claim 14, further comprising receiving, by the flight controller
of each monocopter of the plurality of monocopters, a target rotational speed for controlling the
rotational speed of the plurality of monocopters collectively to produce a centrifugal force that
exceed said magnetic force for separating the plurality of monocopters connected via said

magnetic force so as to convert the cooperative flight mode to the individual flight mode.

16.  The method according to claim 15, wherein the plurality of monocopters are operating
individually in the individual flight mode, the method comprising:

receiving, by the flight controller of each monocopter of one or more monocopters of
the plurality of monocopters, a respective target position of the respective monocopter in the
3D space;

determining, by the flight controller of each monocopter of said one or more
monocopters of the plurality of monocopters, a respective first position error in a first direction,
a respective second position error in a second direction and a respective third position error in
a third direction of the respective monocopter in the 3D space based on the respective target
position and a respective current position of the respective monocopter in the 3D space, the first
and second directions being along a horizontal plane and the third direction being perpendicular
to the horizontal plane;

determining, by the translational controller of the position controller of each
monocopter of said one or more monocopters of the plurality of monocopters, a respective
target acceleration in a target direction for the respective monocopter based on the respective
first and second position errors;

determining, by the altitude controller of the position controller of each monocopter of
said one or more monocopters of the plurality of monocopters, a respective target acceleration
in the third direction for the respective monocopter based on the respective third position error;
and

generating, by the attitude controller of each monocopter of said one or more
monocopters of the plurality of monocopters, the respective target attitude signal for the
respective monocopter based on the respective target acceleration in the target direction from
the respective translation controller; and

generating, by the thrust unit of each monocopter of said one or more monocopters of

the plurality of monocopters, the respective thrust based on the respective target attitude signal
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and the respective target acceleration in the third direction determined for moving the respective

monocopter individually to the respective target position.

17. A method of forming a monocopter for a multi-monocopter system comprising a
plurality of monocopters operable cooperatively in a cooperative flight mode and operable
individually in an individual flight mode, the method comprising:

providing or forming a housing member and disposing thereon a flight controller
operable to control a flight of the monocopter in the individual flight mode and a flight of the
plurality of monocopters collectively in the cooperative flight mode;

providing or forming a wing member coupled to the housing member so as to extend
from a first side thereof, the wing member being configured to produce an aerodynamic force
when the monocopter is rotating;

coupling a thrust unit to a leading edge of the wing member and configured to generate
a thrust for rotating the monocopter, wherein the flight controller is communicatively coupled
to the thrust unit for controlling the thrust unit; and

providing or forming a magnetic connector coupled to the housing member so as to
extend from a second side thereof, the second side being at least substantially opposite to the
first side of the housing member, the magnetic connector being configured to be connectable to
one or more corresponding magnetic connectors of other one or more monocopters of the
plurality of monocopters via a magnetic force to operate cooperatively in the cooperative flight
mode with said other one or more monocopters,

wherein when the plurality of monocopters are operating cooperatively in the
cooperative flight mode during flight, the flight controller is operable to control a rotational
speed of the plurality of monocopters collectively to produce a centrifugal force that exceed
said magnetic force for separating the plurality of monocopters connected via said magnetic

force so as to convert the cooperative flight mode to the individual flight mode.

18.  The method according to claim 17, wherein the flight controller and the magnetic
connector are each positioned to have a respective offset from the leading edge of the wing
member in a direction at least substantially opposite to a direction of the thrust configured to be

generated by the thrust unit.
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19. The method according to claim 18, wherein the housing member has further disposed
thereon:

a speed controller communicatively coupled to the flight controller and the thrust unit,
wherein the flight controller is operable to control the thrust unit via the speed controller; and

a power source configured to power the flight controller, the speed controller and the
thrust unit, and

wherein the speed controller and the power source are each positioned to have a
respective offset from the leading edge of the wing member in the direction at least substantially

opposite to the direction of the thrust configured to be generated by the thrust unit.

20. The method according to claim 18 or 19, wherein the wing member comprises an
airframe configured to have a general L-shape and the wing member is coupled to the housing
member via the airframe such that the flight controller and the magnetic connector are each

positioned to have the respective offset from the leading edge of the wing member.

21.  The method according to any one of claims 17 to 20, wherein the thrust unit is coupled
to the leading edge of the wing member at a distal end portion thereof and is configured to
generate the thrust in a direction at least substantially perpendicular to the leading edge of the

wing member and at least substantially along a plane of the wing member.

22. The method according to any one of claims 17 to 21, wherein the magnetic connector
comprises a magnetic protruding portion configured for connecting to said one or more
corresponding magnetic connectors of said other one or more monocopters of the plurality of

monocopters via said magnetic force.

23.  The method according to any one of claims 17 to 22, wherein the thrust unit comprises

a propeller and a motor configured to rotate the propeller.

24, The method according to any one of claims 17 to 23, wherein said each of the plurality

of monocopters is a single actuator monocopter.

25.  The method according to any one of claims 17 to 24, wherein the flight controller is

configured to control the flight of the monocopter in the individual flight mode and control the
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flight of the plurality of monocopters collectively in the cooperative flight mode based on a
reduced flight dynamic model, the reduced dynamic model being configured to approximate an
individual flight dynamic of the monocopter in the individual flight mode based on a gyroscope
model of the monocopter in the individual flight mode and approximate a cooperative flight
dynamic of the plurality of monocopters collectively in the cooperative flight mode based on a

gyroscope model of the plurality of monocopters collectively in the cooperative flight mode.

26.  The method according to claim 25, wherein
the gyroscope model of the monocopter in the individual flight mode is configured
based on a relaxed hovering condition of the monocopter in the individual flight mode, and
the gyroscope model of the plurality of monocopters collectively in the cooperative
flight mode is configured based on a relaxed hovering condition of the plurality of monocopters

collectively in the cooperative flight mode.

27.  The method according to claim 25 or 26, wherein the flight controller comprises:
a position controller comprising:

a translational controller configured to determine a target acceleration in a target
direction based on a first position error in a first direction and a second position error in a second
direction in a 3D space, the first and second directions being along a horizontal plane; and

an altitude controller configured to determine a target acceleration in a third
direction perpendicular to the horizontal plane based on a third position error in the third
direction in the 3D space; and

an attitude controller configured to generate a target attitude signal based on the target

acceleration in the target direction from the translational controller.

28. The method according to claim 27, wherein the flight controller is configured to control
the flight of the monocopter in the individual flight mode and the flight of the plurality of
monocopters collectively in the cooperative flight mode based on controlling the thrust unit to
generate the thrust based on the target attitude signal and the target acceleration in the third

direction.

29.  The method according to claim 27 or 28, wherein the target attitude signal generated by

the attitude controller is a cyclic signal configured to pulse the thrust unit at a determined
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heading angle of the monocopter and with a determined magnitude in each of a plurality of

rotation cycles.



