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(57) Abstract: An aerial vehicle (50) for vertical take-off and landing and horizontal flight comprises two wings (31, 32) extending
substantially parallel to a Y-axis in spanwise direction, substantially parallel to an X-axis in chordwise direction, and extending sub-
stantially parallel to a Z- axis in thickness direction. The wings are substantially symmetrical with respect to a XZ-plane. The aerial
device comprises at least four propulsion units (3, 4, 5, 6), each propulsion unit being rigidly mounted to the wings with a respective
nacelle and configured to generate a force vector along a respective imaginary force vector line, said force vector line, for a subset of at
least two of the propulsion units, when projected on the XY -plane, being oriented at a first angle with respect to the X-axis, and when
projected on the XZ- plane, is further oriented at a second angle with respect to the X-axis.
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Aerial vehicle with angularly displaced propulsion units

The present invention relates to an aerial vehicle, preferably an unmanned aerial vehicle,

adopted for vertical take-off and landing as well as horizontal flight.

Aerial vehicles with vertical landing and take-off capabilities and at least four propulsion
units, for example quadcopters, are well-known in the art and have a widespread
commercial availability. Most of these quadcopters have the capability to take off and land
vertically, while also being capable of performing horizontal flight. Usually, the propulsion
units of such quadcopters are rigidly mounted to the body of the quadcopter, such that the
body of the quadcopter is tilted over 90 degrees when the aerial vehicle transfers from
hovering or vertical flight to horizontal flight. It is however also possible to mount the
propulsion units of the aerial vehicle in such a way that the propulsion units are tilted when
the aerial vehicle transfers from vertical to horizontal flight. This latter principle is often used
in larger, manned, aerial vehicles with vertical take-off and landing capabilities that are also
able to perform horizontal flight, to keep the body of the aerial vehicle substantially in the
same orientation. A well-known example of such an aerial vehicle is the V-22 Osprey. The
invention relates to the first type of vehicles, where the propulsion units are rigidly mounted
with respect to the body of the aerial vehicle and where the aerial vehicle tilts when it

transfers between vertical and horizontal flight.

Such aerial vehicles with rigidly mounted propulsion units usually have their propulsion units
arranged in a vertical direction when the aerial vehicle is in a hovering position. A problem
for this type of aerial vehicles is that the manoeuvrability of such an aerial vehicle is low. Itis
relatively difficult to guide them along a curved flightpath, for example to perform a yaw
manoeuvre. For the scope of this document, a yaw manoeuvre is defined as a rotation
around the X-axis of the aerial vehicle. This definition is valid in both vertical flight as well as

horizontal flight.

To improve the yaw characteristics in the hovering position, several solutions are known in
the art. One solution is to increase the thrust of the propulsion units on one side of the aerial
vehicle, for example by speeding up the rotors of these propulsion units, and/or decrease
the thrust of the propulsion units on an opposite side, for example slowing down the rotors of
such propulsion units. This moves the aerial vehicle in a particular direction. This however

leads to a relatively slow response.
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Another proposed solution is to arrange movable ailerons on the aerial vehicle. These
ailerons can then be moved up or down to initiate a yaw manoeuvre. This solution however

increases the complexity of the aerial vehicle significantly, which is unwanted.

In Hochstenbach, Menno, and Cyrial Nolteboom: “Ontwearp en bouw van gen onbamand
viiegtuig voor autonoom pakkstiransport met gecontroleerds transitie van verticaal opstijgen
naar voorwaartse viueht', Diss. Master Thesis, KU Lauven, 2014, section 3.1.3, itis
proposed to tilt propsliers of an aenal vehicle 10 degrees around an undefined axis. This

tiiting of the propeliers improves the yaw characteristics of the aerial vehidle.

{t is an object of the invention to improve the manoeauvrability of an asrial vehicle which is
adapted for vertical take-off and landing as well as horizontal flight. L is a further object o

improve the vaw characteristics of such an aerial vehicle.

This object is achieved by an aerial vehicle according to claim 1.

The force vector and the force vector line are linked in that the force vector is a physical
quantity: the force generated by the propulsion units, having a magnitude in absolute value
and a direction. The force vector line has the same direction or spatial orientation as the
force vector. The force vector line is an imaginary line, an elongation of the force vector

along its positive and its negative direction.

By arranging the propulsion units in such a way that the projection of their force vector line
on both the XZ-plane and the XY-plane is at an angle with respect o the X-axis, the force
veactor may be optimally tilted to generate a moment around the centre of gravity of the gerial
vehicls. Typically, an even number of propulsion units is inclined (o generale a moment
arcund the centre of gravity, such that in equilibrium flight, for the example where two
propulsion units are inclined, a first propulsion unit generates a positive moment around the
centre of gravity of the aerial vehicle and a sscond propulsion unit generaies a negative
moment around the centre of gravity of the agrial vehicle, thus counter-acting the maoment of
the first propuision unit and balancing the aerial vehicle. These generated moments improve
the manocsuvrability of the asrial vehicle. For the example of an asrial vehicle with two
propulsion units that are inclined with respect o the XY-plane and with respect 0 the XZ-
plans, when a pilot wants 1o parform a yaw manoeuvre with the aerial vehicle, ong
propulsion unit is typically set to generate a larger thrust force. By inoreasing this thryst
force, the moment arcund the centre of gravity of the aerial vehicle is increased, and a yaw

manoeuvis is resulting. To further improve this effect, the other inclined propulsion unit
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couid be et to genergte a smalier thrust force. This will then decrease the counter-acting
moment of this other propulsion unit, ieading to a larger net moment around the centre of

gravity, and thus an improved performance of a yaw manosuvre.

Whare the above text mentions "projected on®, it is meant that a cross-sectional view of the
gerial vehicle is taken, said cross-ssctional view being paraliel to the respective plans. The

force vecior is then drawn in this cross-saction,

Where the above text mentions “a subsel” it is meant as some, or all. In the example where
the aerial vehicle comprisas four propulsion units, “a subset of gt least twe” includes two,
thres and four. In the exampls where the aerial vehicle comprises eight propulsion units, “a
subset of at least two” includes two, thrae, four, five, six, seven, or eight. Thus, in some
ambodiments the force veclors of all propulsion units are inclined with respect 1o the XY-
plang and the XZ-plane, while in other smbodiments only some, at least two, of the force
vectors of the propulsion units are inclined with respect {o the XY-axis and the X.Z-axis.
When only soms of the force vectors of the propulsion units are inclined with respect to the
XY-plana and the XZ-plane, he other force vectors may be substantially paralisl to the X-
axis, or they may be orignted at an angle different from 0 degrses, positive or negative, with

respect to the X-axis when the force vector is projected on the XY-plane or the XZ-plans.

The force vactor is inclined with respect 1o the X-axis both in its projection on the XY-plane
and in its projection on the Xd-planeg. As such, the angle between the X-axis and the foree
vector in thess projected views is not zero. The angle may howeaver be sither positive or

negative.

Although the text of this application has so far only mentioned horizontal and vertical flight
directions, it should be understood by those skilled in the art that it is also possible to make
turns, to ascend and descend, and to make other flight manoeuvres besides only flying
harizontally and vertically with the proposed aerial vehicle. Pure horizontal flight and pure
vertical flight are not the limiting flight options. For some designs it may even be possible to
fly upside-down in the horizontal flight mode or in the vertical flight mode. Whether sustained

flight in these orientations is possible, is mainly dependent on the used wing profile.

in an ambodiment, a first pair of the at least four propulsion units is arranged symmetrically
relative to the XZ-plane at a first side of one of the wings, and a second pair of the at least
four propulsion units is arranged symmetrically relative to the XZ-plane at a second side of

said wing opposite to the first side. According o this embodiment, the asrial vehicle may for
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example comprise four propulsion units. These propulsion units are then pair-wise arranged
in two pairs of two propuision ynits. Each palr is symmetrically arranged with respect o the
XZ-plane or symmetry plane of the wing: for each propulsion unit on the left side of the wing
there is & mirrored propulsion unit on the right side of the wing. Each mirrored couple of
propulsion units then forms a pair. Analogously, the agrial vehicle may comprise §, 8, 10, or
another even number of propulsion units. By arranging the propulsion units via this pair-wise
arrangement, a static equilibrium of forces is achieved with respect 1o the XZ-plane of the

agrial vehicle when all propulsion units deliver the same amount of thrust.

itis ohserved thal it is also possible o have an odd number of propulsion unils, (e 5,7, 9
gte. propulsion units, but this will generally make contral of the aerial vehicle more difficult.
In each projection plane, so the XY-plane and the XZ-plane, the force vector is arranged at
an angle, said angle having an absolute value between 0 and 45 degrees for the inclination
with respect to the XY-plane, and an absolute value between 0 and 45 degrees for the

inclination with respect to the XZ-plane. The angle can thus be positive or negative.

In a preferred embodiment, the propulsion units of the aerial vehicle comprise propellers or
rotors. When a rotor is sped up to create a larger thrust force and when a rotor is displaced
with respect to the centre of gravity, the speeding up of the rotor will generate a moment
around the centre of gravity. The sign of that moment is depending on the rotational
direction of the rotor (clock-wise or counter-clockwise), Preferably, the moment generated by
the inclination of the thrust force of a respective propulsion units is of the same sign as the

sign of the moment generated by the speeding up of the respective rotor.

The sign of the moment around the centre of gravity of the aerial vehicle generated by the
inclination of the propuision unit is depending on the orientation of the force vector with

respect to the XY-plane and the XZ-plane.

In one preferred embodiment, the force vectors of the subset of the at least two propulsion
units diverge with respect to the XY-plane and converge with respect to the XZ-plane. This

will be explained.in more detail further below, with reference to the drawings.

In another preferred embodiment, the force vectors of the subset of the at least two
propulsion units converge with respect to the XY-plane and diverge with respect to the XZ-

plane. This will be explained in more detail further below, with reference to the drawings.
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Typically, the force vectors of the subset of the at least two of the at least four propulsion
units will have the same orientation relative to the X-axis in one or both of the XY-plane and
the XZ-plane. For example: they are either all converging with respect to the X-axis of the

XY-plane, or they are all diverging with respect to the X-axis of the XY-plane.

According to one embodiment, the force vectors of the subset of the at least two of the

propulsion units diverge with respect to the XY-plane.

According to another embodiment, the force vectors of the subset of the at least two of the

propulsion units converge with respect to the XY-plane.

According to one embodiment, the force vectors of the subset of the at least two of the
propulsion units diverge with respect to the XZ-plane.
According to another embodiment, the force vectors of the subset of the at least two of the

propulsion units converge with respect to the XZ-plane.

According to a preferred embodiment, the absolute value of the first angle, so the angular
orientation of the thrust or force vector projected on the XY-plane, is between 0 and 25
degrees, in particular between 5 and 20 degrees with respect to the X-axis. When the thrust
force has a larger angle with respect to the XY-plane, the force component along the X-axis
become smaller. This is generally unwanted as it decreases the propulsive part of the thrust

force.

According to a preferred embodiment, the absolute value of the second angle, so the
angular orientation of the thrust or force vector projected on the XZ-plane, is between 0 and
25 degrees with respect to the X-axis, in particular between 5 and 20 degrees. When the
thrust force has a larger angle with respect to the XZ-plane, the force component along the
X-axis become smaller. This is generally unwanted as it decreases the propulsive part of the

thrust force.

According to a preferred embodiment, the absolute value of the second angle, i.e. the
inclination of the thrust or force vector projected on the XZ-plane relative to the X-axis, is
larger than the absolute value of the first angle, i.e. the inclination of the thrust or force
vector projected on the XY-plane relative to the X-axis. Typically, the displacement along the
Y-axis of the attachment point of the force vector is larger than the displacement along the
Z-axis of the attachment point of the force vector with respect to the origin of the axis

system. The inclination of the force vector when projected on the XZ-plane may then be
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larger than the inclination of the force vector when projected on the XY-plane to achieve a

similar improving effect on the manoeuvrability of the aerial vehicle.

This is however completely depending on the exact position of the propulsion units with
respect to the centre of gravity, i.e. the displacement of the propulsion units along the Y-
axis, and along the Z-axis. In other embodiments, it is conceivable that the absolute value of

the first angle is larger than the absolute value of the second angle.

According to a preferred embodiment of the invention, the force vectors of the subset of the
at least two of the propulsicn units are projected on the YZ-plane, wherein imaginary lines
can be defined between the locations of the propulsion units and the centre of gravity of the
aerial vehicle, which lines are perpendicular to the force vectors. Both the force vectors and
the propulsion units are thus projected on the YZ-plane, wherein the location of the
propulsion units is defined by their offset with respect to the centre of gravity of the aerial
vehicle in the projection on the Y.Z-plane. When said imaginary line is perpendicular to the
force vector, the generated moment of the thrust force is found to be optimal in its
contribution to the yaw movement. When this line is not perpendicular to the thrust force, but
when the thrust force is inclined with respect to the X-axis, this is in general also beneficial
for the yaw movement, but a preferred, optimum configuration, considering manoeuvrability,
is when the imaginary line between the location of the propulsion unit and the centre of

gravity of the aerial vehicle is perpendicular to the force vector.

According to a preferred embodiment of the invention, the propulsion units are
motor/propeller units, blades of said motor/propeller units preferably being arranged
substantially perpendicular to said force vector line. Propeliers are the most often used
propulsion units in unmannead quadcopters. i is aiso possible 1o use some sort of jel engine
as propulsion unit, for example @ microturbins.

it is possible to define a mounting line for each propulsion unit, sald mouniing line
presaribing the spatigl orientation, more specifically the inclination, of the propuision unit with
respect {0 the axis system of the aerial vehicle. This mounting ng may coincide with the
force vector line, but that is not nacessary. YWhen the propulsion unit is a propelisr, this
propeiler is preferably perpendicularty arrangsd with respect {0 the mounting iing of the
propuision unit such that the mounting line and the Torce vector line coincide, The asrial
vehicle could however also be designed in such a way that the mounting line of the propeller
is displaced with respect the force vecior line. In that case, rotors of the propsiler are

arranged in a different spatial orientation compared o the perpendicular arrangemeant with
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respect to the mounting Hine. The rotor could for exampis be tilted forward with respect to the

perpendicylar arrangement.

it & preferred embodiment, the propulsion units are arranged in a tractor configuration
during horizontal flight. An alternative embodiment would be (o arrangs the propsllers in a

pusher configuragtion during horizontal flight.

In a preferred embodiment, each wing of the aerial vehicle comprises two wingtips and
wingtip fences at both wingtips. It would also be possible to have straight wingtips, pointed
wingtips, raked wingtips, sharklets, or winglets at the end of the wingtip. It is preferred

however to use wingtip fences as they provide the most stability.

The aerial vehicle comprises multiple wings. The aerial vehicle may for example comprise
two wings, such that a double wing aircraft results when the aerial vehicle is in horizontal

flight. The aerial vehicle may also comprise more than two wings.

The multiple wings may have a common wingtip fence at each wingtip as this enhances the
structural rigidity of the aerial vehicle. The aerial vehicle may also have more than four

propulsion units, for example six or eight propulsion units.

According to a preferred embodiment, four propulsion units being rigidly mounted to each
wing, so that the aerial vehicle comprises eight propulsion units,

- four of said eight propulsion units, preferably the four propulsion units that are
closest to the centre of gravity of the aerial vehicle, being mounted such that
their force vector line is substantially parallel to the X-axis of the axis system,

- the other four of said eight propulsion units, preferably the four propulsion
units that are furthest away from the centre of gravity of the aerial vehicle,
being mounted such that the force vector line, when projected on the XY-
plane, of each one of said other four propulsion units is oriented at said first
angle with respect to the X-axis, and the force vector line, when projected on
the XZ-plane further is oriented at said second angle with respect to the X-

axis.

Preferably, the propuision units that have a vertically directed force vector in hovering mode
are placed closest to the centre of gravity of the aerial vehicle, while the propulsion units that
are further away from the centre of gravity of the aerial vehicle have a propulsion unit that

generate a force vector that is inclined with respect to the X-axis. These propulsion units that
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are placed further away from the centre of gravity are able to create the largest yaw moment
thus being more efficient in initiating a yaw manoeuvre compared to the propulsion units that

are closer to the centre of gravity.

Preferably, the propulsion units are symmetrically arranged in this embodiment. A first pair of
the eight propulsion units is for example arranged symmetrically relative to the XZ-plane at a
first side of the first wing, while a second pair of the eight propulsion units is arranged
symmetrically relative to the XZ-plane at a second side of the first wing opposite to the first
side of the first wing. A third pair of the eight propulsion units is arranged symmetrically
relative to the XZ-plane at a first side of the second wing, and a fourth pair of the eight
propulsion units is arranged symmetrically relative to the XZ-plane at a second side of the

second wing opposite to the first side of the second wing.

Preferably, the two wings of the aerial vehicle are connected by common wingtip fences.
Other connections between the two wings are also conceivable, such as a connection more

inboard with respect to the wingtips.

In another embodiment of the aerial vehicle comprising two wings and eight propulsion units,
six of the eight propulsion units are mounted such that their force vector lines, when
projected on the XY-plane, are oriented at said first angle with respect to the X-axis, when
projected on the XZ-plane, are further oriented at said second angle with respect to the X-

axis.

In yet another embodiment of the aerial vehicle comprising two wings and eight propulsion
units, each one of the eight propulsion units is mounted such that its force vector line, when
projected on the XY-plane, is oriented at said first angle with respect to the X-axis, when

projected on the XZ-plane further is oriented at said second angle with respect to the X-axis.

The skilled person will understand that it is also possible to make an aerial vehicle according
to the invention comprising any number of wings and any number of propulsion units, for
example a two-wing aerial vehicle with four, six, eight, ten, or another number of propulsion
units, or a triple-wing aircraft with four, six, eight, ten, or another number of propulsion units.
Any subset of the at least two of the propulsion units can then be angularly displaced with

respect to both the XY-plane and the XZ-plane of the aerial vehicle.

These and other aspects of the invention will be more readily appreciated as the same

becomes better understood by reference to the following detailed description and
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considered in connection with the accompanying drawings in which like reference symbols

designate like parts.

Figure 1 schematically shows a front view of a first embodiment of an aerial vehicle, in a

direction of arrow | as depicted in Figure 2 and Figure 3.

Figure 2 schematically shows a top view of the aerial vehicle of Figure 1, in a direction of

arrow |l as depicted in Figure 1 and Figure 3.

Figure 3 schematically shows a side view of the aerial vehicle of Figure 1, in a direction of

arrow |l as depicted in Figure 1 and Figure 2.

Figure 4 schematically shows a cross-sectional view of a wing profile.

Figure 5 schematically shows a front view of a second embodiment of an aerial vehicle.
Figure 6 schematically shows a front view of a third embodiment of an aerial vehicle.

Figure 7 schematically shows a front view of a fourth embodiment of an aerial vehicle.
Figure 8 schematically shows a front view of a fifth embodiment of an aerial vehicle.

Figure 9 schematically shows a front view of a sixth embodiment of an aerial vehicle.

Figure 10 schematically shows a front view of a seventh embodiment of an aerial vehicle.
Figures 1 to 3 show a first embodiment of an aerial vehicle 1. The aerial vehicle 1 is adopted
for vertical take-off and landing as well as horizontal flight, and all flight manoeuvers in
between these conditions, such as an ascend, descend, turn, roll, yaw, or hover manoeuvre,
including a combination of these flight manoeuvres. Depending on the wing profile, the
aerial vehicle 1 may even be able to fly upside-down in the horizontal orientation.

The aerial vehicle 1 has a center of gravity CG, as is indicated in all Figures. In the center of
gravity CG, an origin of an imaginary right hand sided axis system is defined. The axis

system comprises an X-axis X, a Y-axis Y and a Z-axis Z. Furthermore, an XY-plane can be

defined, spanned by the X-axis X and the Y-axis Y and going through the origin of the axis
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system. The XY-plane is recognizable in Figure 2, where a top view of the aerial vehicle 1 is

given.

Similarly, an XZ-plane and a YZ-plane can be defined. The XZ-plane is spanned by the X-
axis X and the Z-axis Z and goes through the origin of the axis system. The XZ-plane is
recognizable in Figure 3, where a side view of the aerial vehicle 1 is given. The YZ-plane is
spanned by the Y-axis Y and the Z-axis Z and goes through the origin of the axis system.
The YZ-plane is recognizable in Figures 1, 6, and 10, where a front view of the aerial vehicle

1 is given.

As stated before, the yaw manoeuvre is defined within the scope of this text as a rotation

around the X-axis X of the aerial vehicle, in both horizontal and vertical flight and any other
flight direction. A roll manoeuvre is then defined as a rotation around the Z-axis of the aerial
vehicle, and a pitch manoeuvre is then defined as a rotation around the X-axis of the aerial

vehicle, in all flight directions.

It is noted that the aerial vehicle 1 is predominantly described in its hovering mode

throughout this application.

Figure 4 shows a wing profile. This is a generic wing profile and not the only wing profile that
can be used for a wing 2 of the aerial vehicle 1. The wing profile of Figure 4 is primarily
shown to introduce some terminclogy. The wing profile of Figure 4 has a leading edge LE
and a trailing edge TE. The leading edge LE and the trailing edge TE can be connected with
an imaginary line: the chord line C. Perpendicular to the chord line C, the thickness T of the
wing profile is defined. As shown in Figure 1, a length of the wing 2 is referred to as the

span B of the wing 2, or the wingspan.

A first embodiment of the aerial vehicle 1 is shown in Figures 1 to 3. In this embodiment, the
aerial vehicle comprises a wing 2 with wingtips 2a. The wing 2 as shown in Figure 2 has a
substantially rectangular shape, but that is not necessary. A person skilled in that art will
understand that many different wing shapes are possible, including but not limited to an
elliptical shape with rounded wingtips 2a, a shape where the chord C of the wing profile is
longer near the center of gravity CG than at the wing tips 2a, or a shape where the chord C
of the wing profile is longer near the wing tips 2a than near the center of gravity CG. An
imaginary line in spanwise direction that connects the leading edges LE of different wing
profiles of the wing 2 shown in Figure 2 is substantially straight, but may also be curved.

Many different wing shapes / wing profiles are possible. However, as the shape of the wing /
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wing profile is not characterizing for the invention, the text will not further elaborate on

possible wing shapes and/or wing profile shapes.

With respect to the imaginary axis system, the at least one wing 2 of the aerial vehicle 1 is
oriented such that the wing 2 extends substantially parallel to the Y-axis Y in spanwise
direction, substantially parallel to the X-axis X in chordwise direction, and substantially
parallel to the Z-axis Z in thickness direction. The wing 2 is substantially symmetrical with
respect to the XZ-plane of the aerial vehicle 1, in other words, the left half of the wing 2 in
Figures 1 and 2 is substantially mirrored with respect to the right half of the wing 2 in Figures
1and 2.

In the embodiment of Figures 1 to 3, the aerial vehicle 1 comprises four propulsion units 3,
4. 5, 8. In all shown embodiments these propulsion units are motor/propeller units, but
alternatives are also possible. For example, it is possibie 1o use some sort of jet engine as
proapulsion unit, for example a microturbing. Each propuision unit 3, 4, &, 8 is configured to
generate a thrust force which can be characterized by a forces vector F working along an
imaginary fores vector line L, The force vector line L is an elongation of tha force vector Fin
poth in the positive and negative direction. i has the same spatial orfentation as the force

vaotor F.

Each propulsion unit 3, 4, 5, 6 is rigidly mounted on the wing 2 with a respective nacelle 3a,
4a, 53, 6a. As the propulsion units 3, 4, 5, & are rigidly mounted on the wing 2, it is not
possible 1o tilt or displace the propulsion units 3, 4, 5, 6 with respect to the rest of the aerial
vehicle 1. As such, the aerial vehicle 1 is tilted when the aerial vehicle 1 transfers from
horizontal flight to vertical flight or when the aerial vehicle 1 transfers from vertical flight to
horizontal flight.

The force vector F, in vertical flight, is generally directed upwards in a direction opposite the
gravity force. Also when the aerial vehicle 1 descends in vertical flight, the force vector F is

smaller than the gravitational force, but is still directed upwards.

The force vector F has substantially the same magnitude {in absolute value) for all
propulsion units 3, 4, 5, 8 in Figures 2 and 3. The skilled person will understand that each
propulsion unit 3, 4, 5, 6 will be able to generate a range of thrust forces F. For example,
when a manoeuvre is initiated, at ieast one of the propulsion units 3, 4, 5, 6 should provide a

different thrust force. This will be described in more detail below.
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As indicated in Figures 2 and 3, the force vector line L, and thus the force vector F, is
oriented at a first angle a1, a2 with respect to the X-axis X of the XY-plane and at a second
angle 1, B2 with respect to the X-axis X of the XZ-plane for all four propulsion units 3, 4, 5,
8.

In an alternative embodiment, shown in Figures 6 and 10, only a subset of at least two
propulsion units 3, 4, 5, 6 is oriented at a first angle a1, a2 with respect to the X-axis X of
the XY-plane and at a second angle B1, B2 with respect to the X-axis X of the XZ-plane. In
Figures 6 and 10, this is the case for propulsion units 3 and 4. Alternatively, this could also
be the case for the propulsion units 3 and 6, or the propulsion units 4 and 5, or the

propulsion units 5 and 6.

In Figure 2, the force vectors F of all propulsion units 3, 4, 5, 6 converge with respect to the
X-axis X, when the force vector F is projected on the XY-plane. For this converging
orientation, the angle a1, a2 is defined as negative. The force vectors F of the propulsion
units 3, 4, 5, 6 may however also diverge with respect to the X-axis X, when the force vector
F is projected on the XY-plane, the sign of the angle a1, a2 being positive. Preferably, in the
embodiment of Figure 2, the force vectors F of all propulsion units 3, 4, 5, 6 either diverge or
converge with respect to the X-axis X, when the force vector F is projected on the XY-plane.
When some force vectors F converge and other force vectors F diverge, control of the aerial

vehicle becomes difficult.

The absolute value of the first angle a1, a2 is between 0 and 45 degrees, i.e., between -45
degrees and +45 degrees, with the exclusion of 0 degrees. Preferably, the absolute value of

the first angle a1, a2 is between 0 and 25 degrees, such as between 5 and 20 degrees.

In Figure 3, the force vectors F of all propulsion units 3, 4, 5, 6 diverge with respect to the X-
axis X, when the force vector F is projected on the XZ-plane. For this diverging orientation,
the angle B1, B2 is defined as positive. The force vectors F of the propulsion units 3, 4, 5, 6
may however also converge with respect to the X-axis X, when the force vector F is
projected on the XZ-plane, the sign of the angle 1, B2 being negative. Preferably, in the
embodiment of Figure 2, the force vectors F of all propulsion units 3, 4, 5, 6 either diverge or
converge with respect to the X-axis X, when the force vector F is projected on the XZ-plane.
When some force vectors F converge and other force vectors F diverge, control of the aerial

vehicle becomes difficult.
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The absolute value of the second angle B1, B2 is between 0 and 45 degrees, i.e., between -
45 degrees and +45 degrees, with the exclusion of O degrees. Preferably, the absolute
value of the second angle B1, B2 is between 0 and 25 degrees, such as between 5 and 20

degrees

The embodiment of Figures 1 to 3 has optional wing fences 7, 8 at the wingtips 2a of the
wing 2. It would also be possible to have straight wingtips, pointed wingtips, raked wingtips,
sharklets, or winglets at the end of the wingtip 2a. It is preferred however to use wingtip

fences as they provide the most stability to the aerial vehicle.

Further visible in Figures 2 and 3 is an imaginary mounting line M. The mounting line M
defines the orientation of the propulsion unit 3, 4, 5, 6 with respect to the X-axis X of the axis
system. In Figure 2, the projection of the mounting line M on the XY-plane coincides with the
force vector line F. The mounting line M can however also be oriented at a different angle

than the force vector line F with respect to the X-axis X of the axis system.

In Figure 3, the mounting line M is substantially parallel to the X-axis X in the projection of
the mounting line M on the XZ-plane, while the force vector line L is inclined with respect to
the X-axis X. It is also conceivable that the force vector line L and the mounting line M
coincide in the XZ-plane, i.e. that they are both inclined with respect to the X-axis at the

same angle.

When the force vector line F and the mounting line M coincide, and when the propulsion
units 3, 4, 5, 6 comprise propellers, the rotors / propellers extend perpendicularly with
respect to the mounting line M of the propulsion units 3, 4, 5, 6. When the force vector line F
and the mounting line M are at a different inclination compared to the X-axis X, and the
propulsion units 3, 4, 5, 6 comprise propellers, the propellers are displaced from their
perpendicularly extending position with respect to the mounting line M of the propulsion units
3, 4, 5, 6. In that case, the propellers may for example be tilted forward with respect to an

imaginary line perpendicular to the mounting line M.

In the embodiment of Figures 2 and 3, the mounting line M coincides with the force vector
line L when the force vector F is projected on the XY-plane and the mounting line M diverges
from the projection of the force vector F on the XZ-plane. This is just an exemplary
embodiment. The mounting line M and the force vector line L may coincide or may diverge in
any projection on any plane of the axis system. It is also possible that the mounting line M

and the force vector line L of some of the propulsion units 3, 4, 5, 6 coincide, while the
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mounting line M and the force vector line L of some of the propulsion units 3, 4, 5, 6 do not

coincide.

In Figures 2 and 3, the first angle a1, a2 respectively the second angle p1, B2 of all force
vectors F generated by the propulsion units 3, 4, 5, 6 with respect to the X-axis X of the XY-
plane and to the XZ-plane, respectively, is different. The first angle a1 is different from the
angle a2. In particular, the angle a2 of the outboard pair of propulsion units 3, 6 is larger
than the angle a1 of the inboard pair of propulsion units 4, 5. The value of the first angle a1,
a2 may for example be proportional to the distance between the centre of gravity CG of the
aerial vehicle 1 and the respective propulsion unit 3, 4, 5, 6. The angles a1 and a2 may
however also be the same for all propulsion units 3, 4, 5, 8. In one embodiment (not shown)
the angle B1, B2, the angle between the projection of the force vector F on the XZ-plane and
the X-axis X of the XZ-plane, is larger for the propulsion units 3, 8 that are placed at a larger
distance from the wing 2 than for the propulsion units 4, 5, which propulsion units 4, 5 are
placed closer to the wing 2. In the shown embodiment, the angle 1, B2 is substantially the

same for all propulsion units 3, 4, 5, 6.

Figures 6 and 10 show an embodiment wherein the force vectors F of the subset of two
propulsion units 3 and 6 are inclined with respect to the XY-plane and with respect to the
XZ-plane. The force vectors F of the subset of two of the propulsion units 3, 6 are projected
on the YZ-plane, wherein imaginary lines | are defined between the locations of the
propulsion units 3, 6 and the centre of gravity CG of the aerial vehicle, which lines | are
perpendicular to the force vectors F. In the embodiment of Figures 6 and 10, the force
vector F of the other propulsion units 5, 6 are not inclined with respect to any plane of the
axis system, and point substantially in the vertical direction. For the propulsion units 3 and 6,
when this imaginary line | is perpendicular to the force vector F, the generated moment of
the thrust force F is found to be optimal in its contribution to the yaw movement. When this
line | is not perpendicular to the thrust force F, but when the thrust force F is inclined with
respect to the X-axis, this is in general also beneficial for the yaw movement, but the optimal
configuration, considering manoeuvrability, is when the imaginary line | between the location
of the propulsion unit 3, 8 and the centre of gravity CG of the aerial vehicle is perpendicular

to the force vector F.

The location of the propulsion units 3, 4, 5, 6 is defined by their offset with respect to the

centre of gravity CG of the aerial vehicle in the projection on the YZ-plane YZ.
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In the embodiments of Figures 6 and 10, the propulsion units 3, 4, 5, 6 comprise propellers

or rotors.

In Figure 10, the propulsion unit 3 is arranged in a first quadrant Q1 of the YZ-plane. The
rotor of the propulsion unit 3 is rotating in a clockwise orientation. As is common for
quadcopters, the propulsion unit 5 in a third quadrant Q3 of the YZ-plane is then also
rotating in a clockwise direction and the propulsion units 4 and 8, arranged in the second
and fourth quadrants Q2 and Q4 of the YZ-plane are rotating in a counter-clockwise
direction. As a reaction force to this rotating motion, the propellers of the propulsion units 3,
4,5, 6 introduce a natural moment M3, M4, M5, M6 around the centre of gravity CG of the
aerial vehicle 100, in the opposite direction of the rotating direction of the rotors. The
moments M3 and M5 of the propulsion units 3, 5 in the first and the third quadrant Q1, Q3 of
the YZ-plane are counter-clockwise moments; the moments M4 and M8 of the propulsion
units 4, 6 in the second and the fourth quadrant Q2, Q4 of the YZ-plane are clockwise
moments. In equilibrium flight, these natural moments M3 — M6 are balanced, resulting in a
net moment of zero around the centre of gravity CG. The moments M3 — M6 are indicated in

Figure 10 by means of an arrow.

As visible in Figure 10, the propulsion units 3 and 4 are mounted to the wing 2 of the aerial
vehicle 100 such that their force vectors F diverge with respect to the XY-plane and
converge with respect to the XZ-plane. This way of mounting introduces an additional,
artificial, moment around the centre of gravity CG of the aerial vehicle 100, with a magnitude
of F times |. The artificial moment generated by one propulsion unit 3 is counter-clockwise;
the artificial moment generated by the other propulsion unit 4 is clockwise. The artificial

moments of the propulsion units 3 and 4 counteract each other in equilibrium flight.

When a pilot wants to perform a counter-clockwise yaw manoeuver, in the embodiment of
Figure 10, the propulsion unit indicated by reference number 3 may increase its thrust force.

By increasing its thrust force, two simultaneous, co-working effects take place.

Firstly, the natural counter-clockwise moment M3 around the centre of gravity CG of the
aerial vehicle is increased, giving the aerial vehicle the tendency to make a counter-

clockwise yaw manoeuvre.

Secondly, the thrust vector F of the propulsion unit 3 is increased, yielding a larger artificial
counter-clockwise moment around the centre of gravity CG of the aerial vehicle. This also

gives the aerial vehicle the tendency to make a counter-clockwise yaw manoeuvre.
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As the two effects support each other, this leads to an improved (faster) yaw manoeuvre.

In a similar way, to make a clockwise yaw manoeuvre in the embodiment of Figure 10, the
thrust force of the other propulsion unit 4 of the subset of the propulsion units should be

increased.

By contrast, Figure 6 shows an aerial vehicle where the propulsion units 3 and 5 in the first
quadrant Q1 and the third quadrant Q3 of the YZ-plane are rotating in a counter-clockwise
orientation, leading to a reaction force with respect to the centre of gravity of the aerial
vehicle: the clockwise moment M3, M5 from the propulsion units 3, 5, and where the
propulsion units 4 and 8, arranged in the second and fourth quadrants Q2 and Q4 of the YZ-
plane are rotating in a clockwise direction, leading to a counter-clockwise moment M4, M6

from the propulsion units 4, 6 with respect to the centre of gravity of the aerial vehicle.

In Figure 8, the propulsion units 3 and 4 are mounted to the wing 2 of the aerial vehicle 110
such that their force vectors F converge with respect to the XY-plane and diverge with

respect to the XZ-plane: opposite of the orientation of the propulsion units 3, 4, in Figure 10.

When a pilot wants to perform a clockwise yaw manoeuver, in the embodiment of Figure 6,
the propulsion unit indicated by reference number 3 may increase its thrust force F. By
increasing its thrust force F, two simultaneous, co-working effects take place.

Firstly, the natural clockwise moment around the centre of gravity CG of the aerial vehicle is
increased, giving the aerial vehicle the tendency to make a clockwise yaw manoeuvre.
Secondly, the thrust force F of the propulsion unit 3 is increased, yielding a larger artificial
clockwise moment around the centre of gravity CG of the aerial vehicle. This also gives the
aerial vehicle the tendency to make a clockwise yaw manoeuvre.

As the two effects support each other, this leads to an improved (faster) yaw manoeuvre.

In a similar way, to make a counter-clockwise yaw manoeuvre in the embodiment of Figure
6, the thrust force F of the other propulsion unit 4 of the subset of the propulsion units

should be increased.

It is noted that the above gives a simplified description of what happens in reality. When one
or more propulsion units 3, 4, 5, 6 increase the thrust force thereof, the aerial vehicle will not
only have the tendency to yaw, but also to roll, to pitch, and to climb. For example, in the
embodiment of Figure 10, when only the thrust force F of propulsion unit 3 is increased, the

aerial vehicle want to climb because there is a larger thrust force, the aerial vehicle wants to
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yaw because there is a larger moment around the X axis, the aerial vehicle wants to roll
because the thrust force delivered by the right propulsion units 3, 4, is larger than the thrust
force delivered by the left propulsion units 5, 6 and the aerial vehicle wants to pitch as the
thrust force delivered by the forward propulsion units 3, 6 is larger than the thrust force
delivered by the aft propulsion units 4, 5. Typically, control software is implemented to
counteract these effect; by not only increasing the thrust force of propulsion unit 3, but also
adapting the thrust force of the other propulsion units 4, 5, 6, such that a smooth handling is

experienced by the pilot.

The embodiment of Figures 1 to 3 has its propulsion units 3, 4, 5, 6 mounted in a tractor
configuration. Alternatively, the propulsion units 3, 4, 5, 6 could also be placed in a pusher

configuration.

In the embodiment of Figures 1 to 3, a first pair 3, 6 of the at least four propulsion units 3, 4,
5, 6, is arranged symmetrically relative to the XZ-plane at a first side of the at least one wing
2, and a second pair 4, 5 of the at least four propulsion units 3, 4, 5, 6 is arranged
symmetrically relative to the XZ-plane at a second side of the at least one wing 2 opposite to
the first side.

The propulsion units 3, 4, 5, 6 can however also be arranged in another arrangement, i.e.,

not symmetrically.

Figure 5 shows an embodiment of an aerial vehicle 50 according to the invention. In this
embodiment, the aerial vehicle comprises two wings 31, 31, each wing 31, 32 having
respective wingtips 31a, 32a. These wingtips 31a, 32a have common wingtip fences 37, 38
at each wingtip 31a, 32a. Four propulsion units 3, 34, 35, 6 are rigidly mounted on wing 31
through nacelles 3a, 34a, 35a, 6a, respectively. Four further propulsion units 33, 4, 5, 36 are

rigidly mounted on wing 32 through nacelles 33a, 4a, 5a, 36a, respectively.

Of these eight propulsion units 3, 4, 5, 6, 33, 34, 35, 36, four propulsion units 33, 34, 35, 36
are mounted in such a way that their force vector F is substantially parallel to the X-axis X of
the axis system. In the embodiment of Figure 5, the propulsion units 33, 34, 35, 36 are

placed between the wings 31, 32.

The other four propulsion units 3, 4, 5, 6 are mounted in such a way that their force vector F,
when projected on the XY-plane, is oriented at a first angle a1, a2 with respect to the X-axis
X and, when projected on the XZ-plane, is oriented at a second angle g1, B2 with respect to
the X-axis X.
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In the embodiment of Figure 5, four propulsion units 3, 4, 5, 6 are inclined with respect to the
X-axis X, but it is also possible that more propulsion units are inclined with respect to the X-
axis X, for example two or six or eight of the propulsion units 3, 4, 5, 6, 33, 34, 35, 36. ltis
also possible that the aerial vehicle 50 of Figure 5 is adapted to contain another number of

propulsion units, for example four, or six, or ten.

Yet other multi-wing embodiments are possible, although these are not shown. It would for
example be possible to design an aerial vehicle with three wings and at least four propulsion

units.

Other embodiments of the aerial vehicle are shown in Figures 7, 8 and 9. The Figures show
an aerial vehicle 70, 80, 90, respectively, adopted for vertical take-off and landing as well as
horizontal flight, wherein an imaginary right-hand sided axis system is defined, wherein an
origin of the axis system is arranged at a centre of gravity CG of the aerial vehicle, wherein
said axis system comprises an X-axis X, a Y-axis Y and a Z-axis Z, wherein an XY-plane
through said origin is spanned by said X-axis X and said Y-axis Y, wherein an XZ-plane
through said origin is spanned by said X-axis X and said Z-axis Z, and wherein a YZ-plane
through said origin is spanned by said Y-axis Y and said Z-axis Z. The aerial vehicle
comprises one wing 2 (Figure 7) as an exemplary embodiment, or two wings 31, 32 (Figures
8, 9), as an embodiment according to the invention, said wings 2, 31, 32 extending
substantially parallel to the Y-axis Y in spanwise direction, said wings 2, 31, 32 extending
substantially parallel to the X-axis X in chordwise direction, and said wings 2, 31, 32
extending substantially parallel to the Z-axis Z in thickness direction. The wings 2, 31, 32 are
substantially symmetrical with respect to the XZ-plane of said axis system. The aerial vehicle
60, 70, 80, 90 further comprises at least four propulsion units 3, 4, 5, 6, each propulsion unit
3, 4, 5, 6 being rigidly mounted to the wing 2, or to the wings 31, 32, respectively, with a
respective nacelle 3a, 4a, 5a, 6a and configured to generate a force vector F along a
respective imaginary force vector line L, said force vector line L, for a subset of at least two
of the propulsion units, when projected on the XY-plane, being oriented at a first angle a1,
a2 with respect to the X-axis X, the absolute value of said first angle a1, a2 being between 0
and 45 degrees, and said force vector line L, for the subset of at least two of the propulsion
units, when projected on the XZ-plane, further being oriented at a second angle 1, B2 with
respect to the X-axis X, the absolute value of said second angle 1, B2 being between 0 and

45 degrees.

In the embodiment of the aerial vehicle 70 as shown in Figure 7, a first pair of propulsion

units 3, 6 and a second pair of propulsion units 4, 5 are arranged symmetrically relative to
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the XZ-plane of the axis system. At the same time, the propulsion units 3, 4 and the
propulsion units 5, 6 are arranged symmetrically relative to the XY-plane of the axis system.
In the embodiment of the aerial vehicle 80 as shown in Figure 8, the wings 31 and 32 are
fixed to each other at the centre of gravity CG at an angle larger than O degrees relative to
each other. The four propulsion units 3, 4, 5, 6 are mounted at the ends of the wingtips 313,
32a.

In the embodiment of the aerial vehicle 90 as shown in Figure 9, the wings 32, 31 are
substantially parallel to each other. Wings 31, 32 are connected to each other through a
connection member 92 arranged at the XZ-plane of the aerial vehicle 90. The four

propulsion units 3, 4, 5, 6 are mounted at the ends of the wingtips 31a, 32a.

Although all shown embodiments comprise an even number of propulsion units 3, 4, 5, 8,
33, 34, 35, 36, aerial vehicles with an odd number of propulsion units are also conceivable,
although this will make the control of the aerial vehicle more difficult.

As explained in detail above, an aerial vehicle for vertical take-off and landing and horizontal
flight comprises at ieast one wing extending subsiantially parailel 1o a Y-axis in spanwise
direction, subslantially paraliel o an X-axds in chordwise direction, and extending
substantially paraliel to a Z-axis in thickness direction. The wing is substaniially symmetrical
with respect to a XZ-plane. The aerial device comprises at lzast four propulsion units, sach
propulsion unit being rigidiy mounted 1o the at least one wing with a respective nacsile and
configured o generate a force vector along a respective imaginary force vector line, said
force vector line, for a subset of at least two of the propulsion units, when projected on the
XY-plane, being oriented at a first angle with respect to the X-axis, and when projecied on

the XZ-plane, is further oriented gt a second angle with respect to the X-axis.

As required, detailed smbodiments of the present invention are disclossd herein; howsver, it
is 10 be understood that the disclosed embodiments are marely exemplary of the invention,
which can be embodied in various forms. Therefore, specific structural and functional details
disciosed hargin are not 1o be interpreted as limiting, but merely as a basis for the claims
and as g represantative basis for teaching one skilled in the art to variously employ the
present invention in virtually any appropriately detailed structure. Further, the terms and
phrases used herein are not intended 0 be limiting, but rather, o provide an understandable

description of the invention.

The terms "g"/"an”, as used herein, are defined as one or more than one. The term plurality,

as usad herein, is defined as two or more than two. The term ancther, as used hersin, is
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defined as at least a second or more. The terms including and/or having, as used herein, arg
defined as comprising (i.e., open language, not excluding other elements or steps). Any
reference signs in the claims should not be construed as limiting the scops of the claims or

the invention.

The mere fact that certain measures are recited in mutually different depsndent claims doss

not indicate that a combination of these measures cannot be ussed to advaniage.
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1.

2.

3.

4.

CLAIMS

An aerial vehicle adopted for vertical take-off and landing as well as horizontal flight,
wherein an imaginary right-hand sided axis system is defined, wherein an origin of
the axis system is arranged at a centre of gravity of the aerial vehicle, wherein said
axis system comprises an X-axis, a Y-axis and a Z-axis, wherein an XY-plane
through said origin is spanned by said X-axis and said Y-axis, wherein an XZ-plane
through said origin is spanned by said X-axis and said Z-axis, and wherein a YZ-
plane through said origin is spanned by said Y-axis and said Z-axis,,

wherein the aerial vehicle comprises:

- two wings, extending substantially parallel to the Y-axis in spanwise direction,
extending substantially parallel to the X-axis in chordwise direction, and
extending substantially parallel to the Z-axis in thickness direction, said at
least one wing being substantially symmetrical with respect to the XZ-plane of
said axis system;

- at least four propulsion units, each propulsion unit being rigidly mounted to
the wings with a respective nacelle and configured to generate a force vector
along a respective imaginary force vector line,

wherein said force vector line, for a subset of at least two of the propulsion units,

when projected on the XY-plane, is oriented at a first angle with respect to the X-

axis, the absolute value of said first angle being between 0 and 45 degrees, and

wherein said force vector line, for the subset of the at least two of the propulsion
units, when projected on the XZ-plane, is further oriented at a second angle with

respect to the X-axis, the absolute value of said second angle being between 0

and 45 degrees.

The aerial vehicle according to claim 1, wherein a first pair of the at least four
propulsion units is arranged symmetrically relative to the XZ-plane at a first side of
one of the wings, and a second pair of the at least four propulsion units is arranged
symmetrically relative to the XZ-plane at a second side of said wing opposite to the

first side.

The aerial vehicle according to claim 1 or 2, wherein the force vectors of the subset

of the at least two of the propulsion units diverge with respect to the XY-plane.

The aerial vehicle according to claim 1 or 2, wherein the force vectors of the subset

of the at least two of the propulsion units converge with respect to the XY-plane.
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5.

10.

11.

12.

13.

14.

The aerial vehicle according to any one of the preceding claims, wherein the force
vectors of the subset of the at least two of the propulsion units diverge with respect

to the XZ-plane.

The aerial vehicle according to any one of claims 1 to 4, wherein the force vectors of
the subset of the at least two of the propulsion units converge with respect to the XZ-

plane.

The aerial vehicle according to one of the preceding claims, wherein the absolute
value of said first angle is between 0 and 25 degrees, in particular between 5 and 20

degrees.

The aerial vehicle according to one of the preceding claims, wherein the absolute
value of said second angle is between 0 and 25 degrees, in particular between 5 and

20 degrees.

The aerial vehicle according to any one of the preceding claims, wherein the absolute

value of the second angle is larger than the absolute value of the first angle.

The aerial vehicle according to any one of the preceding claims, wherein the force
vectors of the subset of the at least two of the propulsion units are projected on the
YZ-plane, wherein imaginary lines can be defined between the locations of the
propulsion units and the centre of gravity of the aerial vehicle, which lines are

perpendicular to the force vectors.

The aerial vehicle according to any one of the preceding claims, wherein the
propulsion units are motor/propeller units, blades of said motor/propeller units

preferably being arranged substantially perpendicular to said force vector line.

The aerial vehicle according to claim 11, wherein the propulsion units are arranged in

a tractor configuration during horizontal flight.

The aerial vehicle according to any one of the preceding claims, wherein each wing

of the aerial vehicle comprises two wingtips and a wingtip fence at both wingtips.

The aerial vehicle according to claim 13, wherein said two wings of the aerial vehicle

have common wingtip fences at each wingtip.
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15. The aerial vehicle according to any one of the preceding claims, wherein four

propulsion units are rigidly mounted to each wing, so that the aerial vehicle

comprises eight propulsion units,

four of said eight propulsion units, preferably the four propulsion units that are
closest to the centre of gravity of the aerial vehicle, being mounted such that
their force vector line is substantially parallel to the X-axis of the axis system,
the other four of said eight propulsion units, preferably the four propulsion
units that are furthest away from the centre of gravity of the aerial vehicle,
being mounted such that the force vector line, when projected on the XY-
plane, of each one of said other four propulsion units is oriented at said first
angle with respect to the X-axis, and the force vector line, when projected on
the XZ-plane further is oriented at said second angle with respect to the X-

axis.
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