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Abstract Title: A rotary wing vehicle

A rotary wing vehicle 100 comprises a plurality of
inclined rotors 102 to 112 that are arranged in pairs in
three inclined planes, referred to as disc planes. The
rotors 102 to 1112 are driven by respective motors 114
to 124. The rotor-motor combinations have a fixed
orientation relative to the body 126 of the vehicle 100.
Each rotor 102 to 112 thus provides a respective thrust
vector having fixed orientation relative to a plane of the
vehicle that comprises the centres of rotation of the
rotors 102 to 112. The plane is known as the Vehicle
Reference Plane (VRP) which is shown in Figure 7.
The vehicle body 126 comprises a central hub 128 and
a number of spokes or struts 130 to 140 extending
therefrom. The rotor-motor arrangements are mounted
to the struts 130 to 140 and are operable to provide at
least one of thrust and torque vectoring according to a
desired thrust and/or torque vectors.
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ii)Edge centered

i)Face centered

d) Orthogonal hex rotor configurations
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ROTARY WING VEHICLE

Field of the invention

Embodiments of the invention relate to a vehicle and, more particularly, to a rotary

wing vehicle.

Background to the invention

A helicopter generates lift using a rotor system. A rotor system comprises a mast, a
hub and rotor blades. The mast is coupled to a transmission and bears the hub at its
upper end. The rotor blades are connected to the hub. Helicopters are classified
according to how the rotor blades are connected and move relative to the hub. There
are three basic classifications for the main rotor system of a helicopter, which are

rigid, semi-rigid and fully articulated.

Typically, a helicopter has four flight control inputs, which are the cyclic, the
collective, the anti-torque pedals, and the throttle. The cyclic control varies the pitch
of the rotor blades cyclically, which tilts the rotor disc formed by the rotor blades in
operation in a particular direction resulting in movement of the helicopter in that
direction. For example, moving the cyclic forward tilts the rotor disc forwards,
providing a force in the forward direction and also, more significantly, a moment that
pitches the helicopter nose down such that a greater component of rotor thrust is
pointed in the direction of travel. Moving the cyclic sidewards tilts the rotor disc in
that direction, which, in a similar manner, moves the helicopter sidewards. The
collective pitch control, or collective, controls the pitch of the rotor blades collectively
and independently of their angular position. Changing the collective results in a
change in the overall thrust force of the rotor, which may be used to vary the
helicopter altitude or perform other maneuvers requiring an acceleration input. The
anti-torque pedals control the yaw of the helicopter. Helicopter rotors are designed to
operate at a specific RPM, which is, in turn, controlled by the throttle. The throttle
controls the power produced by the engine, which is connected to the rotor system
by the transmission. The throttle is used to ensure that the engine produces sufficient

power to maintain the rotor RPM within an allowable envelope to main flight.

A helicopter has two basic flight conditions; namely, hover and forward flight. To
hover, the cyclic is used to provide control forces within a horizontal plane; that is a
plane normal to gravity, and the collective is used to maintain altitude. The torque-

pedals are used to point the helicopter in a desired direction. A helicopter's flight
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controls act similarly to those of a fixed-wing aircraft during forward flight. Pushing
the cyclic forwards causes the helicopter nose to pitch downwards, which, in turn,
increases airspeed and reduces altitude. Moving the cyclic aft, causes the nose to
pitch upwards, slows down the helicopter and causes it to climb. Increasing collective
power while maintaining a constant airspeed induces a climb while decreasing
collective power cause a descent. Coordinating these two inputs, down collective
plus aft cyclic or up collective plus forward cyclic, results in airspeed changes while
maintaining a constant altitude. The pedals serve the same function in both a

helicopter and a fixed-wing aircraft, to maintain balanced flight.

Indeed, in general, to translate a generic air vehicle in an Earth fixed reference frame
(Earth axes) when the vehicle does not have thrust vectoring capability, that is, the
force vector is substantially fixed with respect to the body, it is necessary to orientate
the force vector in the direction of the required acceleration through a change in body
attitude. This couples rotational dynamics within a translation control loop, which, in
turn, leads to increased control complexity and an increased response time.
Furthermore, if the helicopter bears a directional sensor such as, for example, a
camera, that is used to track a particular activity in the Earth reference frame, then it
is necessary to introduce a potentially heavy and complex gimballing system such
that changes in vehicle attitude during maneuvering can be compensated for. The

need for such a gimballing system is demonstrated in the following.

Assume x, is three element vector providing the position in Earth axes, or reference
axes, of the origin of a set of body axes of a vehicle body and x, is the location of a
target in earth axes. The required direction vector x, to point the x axis of the

sensor-fixed axes towards the target is given by

X,=x

¥ —t_ib'

The required orientation of the sensor is given by aligning the sensor x axis with

X, and rotating the sensor y axis (sensor horizontal reference direction) to be normal
to the local gravity vector g. Given that z, is orthogonal to x,and y,, y, and z,

are given by

y,=gxx,and z, =x, xy
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giving the required sensor orientation matrix, in Earth axes, as

=
<

R — =P o’ 4 gp

” =]
Ep gp

=P

The sensor will be in general orientated at some attitude, R, , with respect to the

body axes such that the body attitude R, in Earth axes to point the sensor at the

1l

target is given by:
st = sz Rbs - sz = st RbY;

For a conventional helicopter or fixed wing aircraft R, is determined by the need to

point the thrust (or lift) vector for control of acceleration and, therefore, cannot

generally be used to point a sensor while flying an arbitrary trajectory. Therefore,
varying sensor orientation must be achieved by varying R, via a gimbal. It will be

appreciated that gimbals add significant weight, complexity and cost to sensor
systems such that they are typically only cost effective on larger vehicles with high

value sensors.

It is an object of embodiments of the present invention to at least mitigate one or

more of the problems of the prior art.

Summary of the invention

Accordingly, an embodiment of the present invention provides a rotary wing vehicle
comprising a plurality of rotors for rotation within respective rotation planes wherein

at least two of the rotation planes are inclined relative to one another.

An embodiment of the present invention provides a vehicle comprising a plurality of
powered thrust devices, preferably, rotors, capable of operating, preferably, rotating
in respective planes to provide lift and torque for maneuvering the vehicle during

flight whereby the planes are inclined relative to one another at non-zero angles.

Advantageously, embodiments of the present invention allow full or partial authority
thrust vectoring and full authority torque vectoring, where full authority refers to the
ability to point a vector in any direction in three dimensional space and partial

authority refers to the ability to point a vector over a limited range of directions in
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three dimensional space. It is understood that any practical flight vehicle that moves
in three dimensions must have full authority torque vectoring in order to arbitrarily
orientate the vehicle with respect to the Earth fixed reference frame and/or the
relative wind vector. Hence, full authority torque vectoring capability is understood to
be a necessary condition for flight vehicles, and in practice, full authority torque
vectoring can be achieved by various established means and its use is widespread.
In contrast, full authority or partial authority thrust vectoring is not a necessary
condition for flight, however for some flight applications it is of significant benefit
where it is advantageous to arbitrarily orientate the body with respect to the vehicle
acceleration vector, e.g. for super maneuverability fighter aircraft or for aircraft
carrying directional sensors that have to be pointed at targets in the Earth fixed
reference frame. Full or partial authority thrust vectoring cannot usually be achieved
without significant engineering cost. However, for embodiments of the present
invention by selecting the thrusts of the plurality of rotors, a net or resultant thrust
vector can be realised in arbitrarily selectable directions with respect to the vehicle
body, thus enabling advantageous decoupling of the vehicle acceleration vector from
the vehicle attitude, as already described, at relatively low engineering cost in terms

of reduced mechanical complexity.

In preferred embodiments, the powered thrust devices are rotors. Preferably, there
are at least 6 such rotors. More preferably, there are 6 rotors. A further embodiment
of the present invention provides a ground-mode of locomotion. Suitably, an
embodiment comprises a frame disposed outwardly of the rotors; the frame forming a
single circular rim that acts as a wheel, or a number of intersecting circular rims of

the same diameter that constitute a spherical shell.

It can be appreciated that decoupling translation and rotational control allows a
simpler and faster translation control response to be realised as compared that
achievable by vehicles that do not have thrust and torque vectoring capability. A
further advantage of embodiments of the invention is that at least one of independent
thrust and torque vectoring coupled with a suitable vehicle frame or body makes
vehicle translation along a surface possible, including pressing the vehicle against an
inclined surface such as, for example, a wall. The latter has the advantage that
hovering with reduced thrust (and hence power consumption) can be realised due to

friction coupling with the surface.
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Embodiments of the present invention enable R, to vary independently since a

required acceleration vector can be achieved using thrust vectoring, which means
that no gimballing is required thereby providing significant advantages to

embodiments of the invention.

Embodiments of the invention are able to provide vehicles with at least one of thrust

and torque vectoring concurrently with providing sufficient lift to support flight.

Brief description of the drawings

Embodiments of the invention will now be described by way of example only with

reference to the accompanying drawings in which:

figure 1 shows an embodiment of a vehicle according to the present invention;

figure 2 illustrates a vehicle reference plane together with rotor disc planes;

figure 3 depicts an orthographic view of vehicle body/force and torque axes;

figure 4 shows a number of views of prior art rotary wing vehicles;

figure 5 illustrates an embodiment of a vehicle according to the present invention;
figure 6 depicts a further embodiment of a vehicle according to the present invention;

figure 7 shows a still further embodiment of a vehicle according to the present

invention;

figure 8 is a graph showing the variation of force and momemt characteristic axes

with varying disc or rotor plane angle;

figure 9 illustrates the variation in force and torque characteristic axes with varying

disc plane angle for a six rotor face centred planar embodiment;

figure 10 depicts the variation in force and torque characteristic axes with varying

disc plane angle for a six rotor face centred non-planar embodiment;

figure 11 shows the variation in force and torque characteristic axes with varying disc

plane angle for a six rotor edge centred non-planar embodiment;

figure 12 illustrates an embodiment of a vehicle according to the present invention

bearing a frame for rolling;
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figure 13 depicts an embodiment of a vehicle with an undercarriage;

figure 14 shows a further embodiment of a vehicle according to the present invention

comprising an undercarriage;

figure 15 illustrates earth and body axes;

figure 16 depicts torques and forces associated with an embodiment;

figure 17 shows characteristic differential torque vectors;

figure 18 illustrates a force envelope according to an embodiment;

figure 19 shows a control system for a vehicle according to an embodiment;
figure 20 depicts a control system for a vehicle according to an embodiment;
figures 21(a) and (b) show embodiments having a ground mode of locomotion;

figure 22 illustrates a control and communication system according to an

embodiment;

figure 23 depicts various arrangements of the rotors for embodiments of the present

invention.

Detailed Description of embodiments

Figure 1 shows a rotary wing vehicle 100 according to an embodiment of the
invention. The vehicle comprises six rotors 102 to 112. The six rotors 102 to 112 are
arranged in pairs in three inclined, planes (not shown), referred to as disc planes. For
the example shown here, the disc planes are orthogonal to each other, however note
that the angle between disc planes may be chosen arbitrarily. The rotors 102 to 112
are driven by respective motors 114 to 124. The rotor-motor combinations have a
fixed orientation relative to the body 126, or body axes, of the vehicle 100.
Therefore, each rotor 102 to 112 provides a respective thrust vector having a fixed
orientation relative to a plane (not shown) of the vehicle that comprises the centres of
rotation of the rotors 102 to 112. The plane is known as the Vehicle Reference Plane
(VRP), which is shown in Figure 7. The vehicle body 126 comprises a central hub
128 varying a number of spokes or struts 130 to 140. The rotor-motor arrangements
are mounted to the struts 130 to 140.
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Figure 2 shows a normal view 200 relative to the vehicle reference plane 201. The
vehicle reference plane 201 passes through the centres 202 to 212 of the rotors (not
shown). Figure 2 also illustrates planar discs 214 to 224 that schematically depict
rotation plane of the rotors, that is, the rotor discs. Also illustrated are the xyz

characteristic axes 226 to 230 of the vehicle 100.

Figure 3 shows an orthographic view 300 illustrating the relative orientations of the
xyz characteristic axes 226 to 230 with respect to the rotor disc planes 214 to 224
for a configuration with orthogonal disc planes. The body axes reference frame for
the vehicle is an orthogonal axes system having an origin at the centre of the vehicle.
For the special case of orthogonal disc planes, the vehicle xyz characteristic axes are
coincident with the xyz body axes and these axes systems are equivalent. It can be
appreciated that the multi-rotor vehicle involves a complex three dimensional
arrangement of rotors. To define the arrangements of the rotors a general theoretical
frame work for characterising multirotor vehicles will be presented, which will assist in
identifying differences between the prior art and the embodiments of the present
invention. To aid understanding of the principles, the following example considers
vehicles with mutually orthogonal rotor disc planes, however, it should be noted that

the same principles apply to cases where the rotor disc planes are non orthogonal.

Consider a general multirotor helicopter in which the positions and orientations of m

rotor discs with respect to the vehicle body axes are given by a 3 by m matrix, X, of
position vectors, x,i=1:m, and a 3 by m matrix, N_, of rotor normal vectors,

n,i=1:m. Assume each rotor spins with an angular velocity, @,, with positive

angular velocity defined as clockwise about the positive disc normal. Each rotor
provides a force in the rotor normal direction with a magnitude that can be varied by
either changing the angle of attack of the blades or by changing the rate of rotation,
or a combination thereof, and the force can be positive or negative. Assume that the
rotors do not have cyclic control of blade angle of attack and hence the orientation of
the rotor normal cannot be varied. Rotor forces produce a torque about the vehicle

origin associated with the cross product of the rotor force and a respective position

vector, x,, of a respective disc. Each rotor also produces an aerodynamic reaction
torque, 7, about its axis of rotation (disc normal) with a sign opposite to that of the
direction of rotation. The vehicle also experiences a torque, J@,, associated with the

time rate of change of angular momentum of each disc. The force and torque

vectors obtained from a single rotor or fan may thus be defined as, respectively,
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E,=nF (1.1)
and
T, :ﬁiri"_ﬁixﬂi +QiJia)i' (1.2)

Note that for economy of notation, the cross product term in (1.2) is written in terms
of non-unitised vectors but could have clearly been expressed in terms of n,.
However, it is implicit that the cross product is evaluated using unit vectors, n, with

appropriate scaling.

The generalised expressions for force and torque for a multi-rotor vehicle can then be

written down as

F=N/f (1.3)
and
L=N,(z+J8)+(X,xN,)f (14)
where
K T, J0 0 0 o,
/= F2 R e Py g g ‘;2 0 g Land @ = a)2 (1.5)
F T, 0o 0 0 J, o,
and

X, xN, is a3 xm matrix and each column corresponds to (x, xn,).

For the purposes of the present invention, equation (1.3) may be understood as an
equation that defines the force vectoring capability of the vehicle and equation (1.4)
as defining the torque vectoring capability. The force vectoring equation (1.3) relates
the force components acting on the vehicle to the orientation of the rotors and the
thrust force produced by each rotor. The torque vectoring equation (1.4) is more
complex since torques are obtained from three different sources (rotor forces acting
on a moment arm, rotor reaction torques, and torques due to rate of change of

angular momentum of the rotors). Note that if the rotor orientations are orthogonal,
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then the available components of force will be orthogonal. However, the components

of torque may or may not be orthogonal, depending on the rotor position matrix.

Embodiments of the present invention enable significant performance benefits to be
realised relative to conventional helicopters due to capability for full authority torque
vectoring and full (or partial) authority thrust vectoring..  Many multirotor
configurations exist that enable force and torque vectoring to be achieved on

practical embodiments of vehicles according to the present invention.

Figure 4 shows the evolution of known helicopter-like vehicles from a conventional
single main rotor helicopter through to a quad-rotor vehicle. They will be used to
demonstrate the similarities and differences between existing rotor configurations
and embodiments of the present invention in terms of force and/or torque vectoring.
The rotor position and orientation matrices, X,, and N, , will be stated and the
resulting force and torque equations (1.3) and (1.4) will be derived and discussed for

each configuration.

Single main rotor helicopter

Referring to figure 4(a), there is shown a conventional helicopter configuration. The

rotor position and orientation matrices, given in terms of vehicle body axes, are

0 -a 0 0
X =0 0|(18)and N =| 0 1|(1.7).
b 0 10

Substituting into (1.2) and (1.3) gives

0 O 0
K
F=|0 1 =| F, (1.8)
F,
-1 0 -K
0 O ) 0 -a 0 O 0
7 J\o, K )
=10 1 + S+ 0 0 x 0 1 = 7, +J,0, (1.9)
7, J,0, F, S
-1 0 -b 0 -1 0 -7, —J 0, +aF,

Equations (1.8) and (1.9) confirm that for the configuration considered, it is possible
to vector the force in the yz plane only and that control torque via application of rotor

thrust is available about the z axis only. To make a viable flight vehicle it is
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necessary to provide control moments about all three axes. In practice, this is
achieved by using cyclic control on the main rotor, which is a separate type of control

strategy to that used by embodiments of the present invention.

For the conventional single main rotor helicopter, the net angular momentum of the
rotors is non-zero and this has a significant effect on the vehicle dynamics,
introducing significant control challenges. This is in contrast to embodiments of the
present invention in which, for embodiments using an even numbers of rotors, it is
possible to arrange the rotor orientations and directions of rotation such that the net
angular momentum of the vehicle is nominally zero. Use of a configuration in which
the net angular momentum of the rotors is nominally zero is advantageous because
gyroscopic effects that make control more complex are eliminated.. Therefore, it is
assumed that in vehicle configurations according to embodiments of the invention,
there is an even number of rotors and the rotor spin directions have been chosen
accordingly. Furthermore, for multi-rotor vehicles there are practical advantages in
using the same rotor hardware for each of the rotors and thus all the rotors will have

nominally the same angular moment of inertia, J .
Twin rotor

The rotor position and orientation matrices for a twin rotor vehicle such as is shown

schematically in figure 4b, are:

-a a 0 O
X, =0 0 |(1.10)and N, =| 0 0 |(1.11).
-b -b -1 -1

and the force and torque equations are

0
F = 0 (1.12)
—(F+F,)
and
0
T= a(F,-F) (1.13)

10
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One skilled in the art will notice that the change in orientation of the second rotor of
the twin rotor configuration as compared to a conventional helicopter expands the
torque vectoring equation, enabling generation of control torques anywhere within the
yz plane. Torque control is still missing from the x axis, and in practice, this must be

provided by applying cyclic control to the rotors.
Quad Rotors

Referring to figure 4(c), it can be appreciated that the quad rotor is equivalent to two
twin rotor vehicles placed on top of each other with the fuselage axes 90 degrees

apart. The rotor position and orientation matrices for a conventional planar quad

rotor are:
1 0 -1 0
X, =al0 -1 0 1 (1.14)
0 0 0 O
0 0 0 0
N=0 0 0 0 (1.15)
-1 -1 -1 -1
and the force and torque equations are
0
F= 0 (1.16)
(B +F,+FE+F)
and
a(F, - F,)
= a(F, - Fy) (1.17)

—(7,+1,+7,+7,) = J(O, +0,+ 0D, +d,)

It will be appreciated that for multi-rotor vehicles, the size and, hence, angular
moment of inertia of the rotors decreases as compared to single main rotor vehicles.

This greatly reduces the inertial component of the torque compared to the reaction

component such that (7, +7,+7,+17,)>>J(0 +0,+0,+0a0,). Furthermore,

observing that for a rotor with reasonable aerodynamic efficiency, e.g. a blade lift to

11
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drag ratio of at least 10, the torques due to the forces will be significantly larger than

the rotor drag torques such that equation (1.17) may be reasonably approximated as

a(F, - F,)
T=| a(F-F) (1.18)
—(r,+1,+15+7,)

From equation (1.17) or 1.18 it can be seen that the quad rotor configuration enables
control torques to be generated in all three body axes, enabling full authority attitude
control of the vehicle without use of cyclic pitch control on any of the rotors. Note
that moments in the xy plane are produced by differential rotor thrust whereas
moments about the z axis are produced from differential drag torques. The single
component of force in the z direction in the force equation (1.16) results from all of
the rotors being in a single plane. The planar quad rotor configuration, therefore, is
fully controllable without use of cyclic rotors. However, since the thrust vector is fixed
with respect to the body, that is, since there is no thrust vectoring, the body attitude

cannot be varied independently of a demand acceleration vector or vice versa.

Next an analysis of embodiments of the present invention will be undertaken for an
embodiment having 6 rotors in various configurations to achieve full authority thrust

and torque vectoring on a practical flight vehicle.

One skilled in the art will appreciate that for a 6 rotor vehicle there are a large
number of ways in which the rotors can be positioned and orientated. It is desirable
to use some engineering judgment to identify solutions with the greatest degree of
practicality. Firstly, preferred embodiments use paired planar rotors with opposite
spin directions to influence, and preferably guarantee, the existence of zero net
angular momentum, which is a significant advantage as already described.
Therefore, the embodiments described will, in general, have rotors that are so
arranged. However, it should be noted that this is not a necessary condition for a
successful 6 rotor vehicle in general. Secondly, it is assumed that the three rotor
pairs exist on three characteristic planes that pass through the origin of the vehicle
axes and whose normals define three equispaced characteristic axes, or basis
vectors. If the characteristic planes happen to be orthogonal, these basis vectors
form an orthogonal coordinate system centred at the origin and the angle between
the basis vectors is 90 degrees. The effect of using non-orthogonal planes will be

discussed further later.

12



10

15

20

25

Embodiments of three orthogonal rotor configurations will be considered in greater
detail with reference to figures 2, 3, 5, 6, 7 and figures 23(a) to 23(c). Note that the
identifiers ‘face centred’ and ‘edge centred’ relate to the way in which the rotor discs
are placed within the xyz characteristic axes defined by the intersections of the
characteristic planes, and will be discussed further as part of the discussion on the
use of non-orthogonal characteristic planes. Referring briefy to figures 23(a) to
23(b), it can be appreciated that the first two embodiments 23(a) and 23(b) are both
face centred, but differeing in that one, figure 23(a), is a planar embodiment and the
other, 23(b), is a non-planar embodiment. The centres of rotation of the rotors in
figure 23(a) are coplanar whereas only the centres of rotation of rotors 2, 3, 5 and 6
are coplanar with the centres of rotation of rotors 1 and 4 being coplanar with one
another but lying in their own plane.. Note that for the special case of orthogonal
characteristic planes, the vehicle characteristic axes are also orthogonal. For the face
centred configurations, the planar arrangement is so called because a plane can be
defined that passes through the rotor origins and the vehicle origin, known as the
Vehicle Reference Plane (VRP) as already defined above and identified and in
Figure 2. For the non-planar face centred configuration, the rotor pair 1-4 is rotated
90 degrees about the y axis, giving a vehicle of significantly different appearance to

the planar configuration, but with similar thrust and torque vectoring properties.

Referring to figures 2, 3 and 5, the rotor position and orientation matrices for the

planar face centred 6 rotor configuration are:

1 0 -1 -1 0 1
X =40 1 1 0 -1 -1 (1.19)
1 -1 0 1 1 0

and

(1.20)

=

Il
o = O
o O =
—_ o O
o = O
[
—_ o O

and, ignoring the rotor dynamic contribution to the torques on the basis that for
practical configurations the dynamic torques will typically be one or two orders of

magnitude smaller than the aerodynamic torques the force and torque equations are
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E+E
F+F, (1.21)
F+ F

™=
I

0,40, +a(F,~ F,+ F ~ Fy)
T=|7+7,+a(F,~F,+F~F) (1.22)
r,+ 7, +a(F,— F,+ F, - F,)

It can be seen from equations (1.21) and (1.22) that the embodiment of the present
invention is able to produce control force and moment components in three
(orthogonal) dimensions, and so, unlike the prior art helicopter configurations

discussed, is capable of full authority force and torque vectoring.

Referring to figure 6 and figure 23(b), the force and torque equations for the non-

planar face centred configuration are

E +E
F=|F+F, (1.23)
Fy+F,

7,47, +a(F,—F,+F, - Fy)
T=|7+7,+a(F,~F,+F~F) (1.24)
0,47, +a(F, - F,+ F, - F,)

These are identical to (1.21) and (1.22) but for a sign change to £ and Fjin the

bottom line of (1.24), demonstrating that from a control perspective, the two
embodiments are effectively interchangeable. However, it should be noted that the
aerodynamic interference between rotors for the non planar configuration is likely to
be higher and the structural arrangement less weight efficient for rolling capable
configurations due to the requirement for three separate rolling rims for the second

embodiment.

Referring to figure 7 and figure 23(c), there is shown an edge centred 6 rotor planar

embodiment. The rotor position and orientation matrices are:

00 -10 0 1
X.=a/0 1 0 0 -1 0 (1.25)
10 0 1 0 0
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010010
N=1001200 (1.26)
001001

and once again ignoring the rotor dynamic contribution to the torques, the force and

torque equations are

F, + F;

F=| F+F, (1.27)
F, + F;

and
T, +7,+a(f - F)

T=|7+7,+a(F~F) (1.28)

T, + 175 +a(F; - F)

It will be appreciated from a comparison of the equations of face centred and edge
centred rotor embodiments that they are similar but for the fact that in the face
centred embodiment each of the characteristic components comprises contributions
from two rotor pairs, whereas for the edge centred embodiment the characteristic
torque components contains contributions from only a single rotor pair. As a result of
this, a key difference is that for the face centred embodiments with orthogonal
characteristic (force) axes, the torque characteristic axes are not orthogonal,
whereas for an edge centred configuration with orthogonal characteristic axes, the
torque characteristic axes are orthogonal. This is discussed further in the description

of the control analysis section given below.

Analysis of the effect of characteristic axes orientation for embodiments of the

present invention

The above embodiments are multi-rotor configurations for which the planes in which
the rotors are orientated are orthogonal. This means that the components of force
from the rotors will also be orthogonal even though the components of torque will, in
general, not be orthogonal. Orthogonality of control force and torque components is
advantageous because it at least reduces and preferably minimises the energy (or
effort) required to achieve a given force or torque vector. For highly non-orthogonal

systems, i.e. cases where « and or £ are significantly different to 90 degrees (see
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equations 1.29 and 1.35) it is possible that significant energy or effort is used by one
or more than one rotor to cancel out competing force or torque components. Such a
highly non-orthogonal embodiment might also suffer from reduced control authority
due to rotor thrust saturation limits being reached at lower overall body axis force

levels.

In the following, a general result will be derived for a six rotor vehicle with fan or rotor

disc pairs on non-orthogonal planes.

Let three unit vectors n ,n ,n. equispaced by the angle « define a coordinate

system for the characteristic force axes of a multirotor vehicle. Note that this axis
system will in general not be orthogonal apart from the case where o =7/2. The

angle « is by definition given by
a = arccos(n,.n, ) = arccos(n,.n, ) = arccos(n, .11, (1.29)
where “.” represents the dot product of two vectors.

Let the lines of intersection between the three planes defined by n,n 0, and the

vehicle origin define a characteristic axis system, xyz, for the vehicle. Note that this
coordinate system will also in general not be orthogonal except for the case where

a = /2. The basis vectors for the xyz characteristic axis system are by definition:
X=n,xn, y=nxn and z=n xn, (1.30)
where “x” represents the cross-product of two vectors.

For the special orthogonal case when a =7/2,

x=n,, y=n,and z=n, (1.31)
which corresponds to the configuration shown in figure 3.

The following analysis considers the effect of using non-orthogonal planes for the
layout of rotors for the face centred configurations shown in figure 3. Following on
from the above, the Vehicle Reference Plane VRP is defined by the unit normal

vector
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xty+z

n (1.32)

S

A derived reference angle ¢ that represents the angle between the rotor planes and

the VRP will be defined and will be referred to as the disc plane angle. Note that for
the non planar face centred configuration and the (non planar) edge centred
configuration the VRP is defined as a plane parallel to the VRP of the equivalent face
centred planar configuration constructed on the same characteristic axes, i.e. same
disc plane angle This angle is influential from a design perspective. It represents an
intuitive means of trading between propulsive efficiency of embodiments and the
degree of orthogonality between the characteristic force and torque axes. The
degree of orthogonality between the characteristic force axes can be shown to be

equal to the disc plane angle defined above, where

@ = arccos(n ) =arccos(n,.n, ) =arccos(n,.n,,. ) (1.33)

X 'Exyz XYz

The relationship between the disc plane angle and the angle « between the

characteristic force axes is defined by geometry and can be shown to be given by
o = arccos [—%sinz ¢+ cos’ ¢J (1.34)

The angle, [, between the characteristic torque axes and the disc plane angle can

be defined in a similar way and is given by
1 2 2
f = m —arccos [ECOS @+ sin ¢J (1.35)

Note that the angle § defined above is based on the principal moments obtained

from the cross product of rotor forces and position, and does not take into account of
the aerodynamic and inertial torques produced by the rotors as defined by equation
1.4. As such it is only a partial measure of orthogonality of torque principal axes,
however, since the force-distance cross product term will typically be an order of
magnitude greater than the aerodynamic and dynamic torques, it provides a useful
metric to guide choice of the disc plane angle based on specified operational

requirements.
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The relationships given by equations (1.34) and (1.35) are shown in the graph 800 of
figure 8. Figure 8 identifies, for a six rotor vehicle, the trade-offs between
orthogonality of force and torque characteristic axes and the disc plane angle with
respect to the vehicle reference plane. The line 802 represents the angle between
torque axes. The line 804 represents the angle between the force axes. Efficiency in
hover drives the disc angle towards zero. However, this would lead to a fully planar
embodiment in which the force characteristic axes are aligned, which, in turn, leads
to zero thrust vectoring capability. For a disc angle of 45 degrees, the inter-axis
angles for the force and torque axes are both equal to 75.5 degrees. This provides
an embodiment with a reasonably efficient hover, and thrust and torque characteristic
axes with inter axis angles reasonably close to the ideal of 90 degrees for efficient
actuation.. In passing, one skilled in the art will understand that authority refers to
the region of three d space over which a force or torque vector can be pointed,
whereas orthogonality is a measure of actuation system efficiency, with an
orthogonal arrangement of the force and torque principal axes being the most
efficient. The highest authority and most energy efficient thrust vectoring occurs
when the force characteristic axes are orthogonal (alpha = 90 degrees) (. For this
case, the disc plane angle is 54.7 degrees and the angle between characteristic

torque axes is 60 degrees.

The effect of varying disc plane angle on the geometric configuration of a 6 rotor
vehicle for the face centred planar, face centred non planar and edge centred non-
planar embodiments is illustrated in figures 9 to 11. For a disc plane angle of zero,
all three configurations are equivalent, with all six rotors lying on the same horizontal
plane. At a disc plane angle of 45 degrees, the configurations are similar to the
orthogonal force configurations introduced in figures 5 to 7. At 90 degrees, the face
centred planar configuration is physically viable. However, the torque vectoring
capability (within the constraints identified in the discussion beneath equation 1.35) is
reduced to zero and hence the vehicle has limited practicality for three dimensional
flight. At 90 degrees, the other two configurations are not physically realisable due to

intersecting rotors.

Referring to figure 9, there is shown a series of diagrams 900 illustrating the force
and torque characteristic axes for six rotor face centred planar embodiments for
various angles of ¢=0,7/4,7/2. The rounded arrows, 908, 910, 912 show the
torque characteristic axes. The legend for the figure indicates that the force

characteristic axes are shown in red, green and blue, which correspond to labels
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902, 904, 906. The legend for the figure indicates that the torque characteristic axes
are shown in cyan, magenta and yellow, which correspond to labels 908, 910, 912.

Referring to the embodiment in which ¢ =0, it can be appreciated that the force

characteristic axes are collinear, indicating that the thrust vectoring authority is zero,
i.e. forces can only be produced in a direction normal to the vehicle reference plane,
which, for this configuration, is parallel to the plane of the rotors. On the other hand,
the torque characteristic axes are coplanar, indicating that torque vectoring via
modification of rotor thrusts is only possible in a single plane parallel to the vehicle
reference plane. Note, however, that in practice full authority torque vectoring is
achievable if the rotor drag torques, which are normal to the vehicle reference plane,
are also included as part of the control strategy. From the above discussion it can be
understood this configuration is equivalent to a conventional quad rotor with respect

to its force and torque vectoring capability.

Referring to the embodiment in which ¢=x/4, it can be appreciated that the
characteristic axes are neither collinear nor coplanar indicating that full authority
thrust and torque vectoring is available from this configuration. Referring to the
embodiment in which ¢ =7/2, it can be appreciated that the torque characteristics
axes are collinear and the force characteristic axes are coplanar. This means the
configuration is able to provide thrust vectoring in the vehicle reference plane and
rotor thrust based torque vectoring about an axis normal to the vehicle reference

plane .

Referring to figure 10, there is shown a series of diagrams 1000 illustrating the force
and torque characteristic axes for six rotor face centred non-planar embodiments for
various disc plane angles of ¢ =0,7/4,7/2.Comparison of figure 10 with figure 9
shows that general arrangement of force and torque characteristic axes for disc
plane angles of ¢ =0 and ¢ =x/4is essentially similar for both face centred planar
and face centred non planar configurations, and hence the force and torque vectoring
characteristics are similar. However, in the limit as ¢ = /4, there is a difference in
that for the face centred non planar configuration both the force and torque

characteristic axes become coplanar, though note that this latter configuration is of

limited physical practicality as already mentioned
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Referring to figure 11, there is shown a series of diagrams 1100 illustrating the force
and torque/e characteristic axes for six rotor edge centred non-planar embodiments

for various angles of ¢=0,7/4,7/2. It can be seen that the ¢=0and ¢g=7x/2

cases are identical to the face centred non planar configuration shown in figure 10
{incorrect figure number} and thus will have the same thrust and torque vectoring

capability. For the ¢ = 7 /4 case the characteristic force and torque axes provide the

capability for full authority thrust and torque vectoring but are slightly different to that

for the face centred planar and face centred non planar configurations at g =7/4 ..

The benefit of the understanding demonstrated with respect to the above
configurations for 6 rotor vehicles is that one skilled in the art can chose or design an
embodiment that meets the overall needs of the vehicle. For example, the face
centred planar configuration shown in figure 9 provides a compact solution with the

structure being concentrated in a single plane.

Referring to figure 12, it can be appreciated that this provides a vehicle 1200 having
a weight efficient means of providing a rim structure 1202 via which the vehicle 1200

could roll along the ground.

Referring to figure 13, there is shown a further embodiment of a face centred planar
configuration vehicle 1300 bearing a number of relatively short and hence low mass
undercarriage legs 1302, 1304, 1306 attached to a central body 1308 of the vehicle
1300 for flight only operation. On the other hand, the edge centred non-planar
configuration enables full orthogonal torque and thrust vectoring, and, therefore,
provides a good solution for a vehicle that spends most of its time on the ground and
needs to roll efficiently on a number of rims. Embodiments can be realised that use 3
orthogonal rims or 4 rims such as can be seen in figure 21(b) However,
embodiments are not limited thereto. However, embodiments can be realised in

which some other number of rims can be used.

Figures 12 and 13 show embodiments of face centred planar 6 rotor configurations in
which fixed pitch propellers are used such that thrust control is realised via angular
speed control. It will be appreciated that using positive and negative angular
velocities enables full authority torque and force vectoring, even though fixed pitch

propellers might have limited performance when working in reverse.

Referring to figure 14, there is shown an embodiment of a vehicle 1400 that was

physically realised.

20



10

Preferred performance constraints or criteria will now be described. Vehicles
according to the present invention are capable of hovering using the thrust of just two
rotors.  Additionally, or alternatively, vehicles are capable of carrying a payload.
Some embodiments are capable of carrying a payload weighing 500 grams. The
vehicle’s take off mass is less than 7 kg.

An embodiment of a vehicle was realised using Orbit 30 type motors available from
Pletenberg GmbH. Future Jazz 32.55K speed controllers were used. The mass of a
motor and speed controller was 0.373 kg and the typical motor operating power was
440W, which was used to estimate a propulsive specific power of kmsc=1184.6Wkg-
1. The rotors were Zinger 15” x 10” propellors. Table 1 below provides a summary

of the constants associated with this embodiment of the present invention.

Category Parameter Value
Propulsion Typical specific power k. =1 184.6Wkg ™
Typical motor operating efficiency | 7 = 0-82
n,=09
Typical controller efficiency
E, =514000Jkg ™"
Battery specific energy density 7, =08
Battery discharge efficiency
Contrainsts Payload mass M, = 0.5kg
Vehicle mass M =5.5kg
Aerodynamic | Air density p=1.225kgm™
Figure of Merit for rotor FOM =0.6
Structural Structural constant k =05m"
Intertial Gravitation constant g=9.81ms™’

1. Mathematical analysis and controller design
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A detailed mathematical analysis of the kinematics, dynamics and control of an
embodiment comprising orthogonal face centred rotors will be now be presented.
The analysis provides theoretical evidence for the existence of algorithms for control
of a practical vehicle, and presents a number of theoretical results relevant to vehicle

design and operation.

Referring to figures 15a and 15b, there is shown a diagram 1500 of a pair of axes;

namely, Earth axes 1502 and body axes 1504.

Let r, be any vector (not shown) in the earth axes and r, be the same vector (not
shown) in body axes. Let R be a rotation matrix such that it maps all r, into r,, that
is,

ry=Rr, (2.1)

One skilled in the art appreciates that the three columns of R are the body axes
vectors when read in the earth axes. Consequently, R represents a rotation from the

earth axes to body axes with everything being read in earth axes.

One skilled in the art also appreciates that it is possible to express the attitude of the

body axes as a normalised quaternion ¢ read in the earth axes. Let:

w a
. cosz
q= = a (2.2)
Y n sin—
z
where
wHx +y +z =1 (2.3)
and
Ae R’ satisfies 4] =1 (2.4)

In the above representation, 7 is a unit vector read in the earth axes and « takes

values in the range of (-, ), thatis, o € (—x, ), which is the rotation angle about
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7, in a right hand sense, needed to bring the earth axes on the body axes, with

everything read in earth axes. Therefore,

0 0 .
( j:qo( jog (2-5)
o) = \I»

where:
> is a quaternion multiplication and ¢ is the quaternion conjugate of ¢ .

It is possible to convert from normalised quaternion representations to rotation matrix

representations via the following formulae:

w 2 2
1-2y" =2z 2xy-2wz 2zx +2wy

X
q= & R=| 2xy+2wz 1-2x"-22"  2yz—2wx (2.6)

4 2zx 2wy 2yz+2wx  1-2x"-2y°

z
where
w+x +y 4z =1 (2.7)
and
RR" =1,detR=+1 (2.8)
2. Analysis of forces and moments

There will now follow an analysis of the forces and moments associated with
embodiments of orthogonal face centred rotor vehicles. The analysis will be
conducted firstly for control via constant speed variable pitch rotors and, secondly, for

variable speed fixed pitch rotors.
2.1 Control via constant speed variable pitch rotors
211 Forces

Figure 16 depicts a pair of diagrams 1600 showing the torques, spin directions and
forces associated with the rotors of an embodiment of an orthogonal face centred

rotor vehicle.
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Referring to figure 16, there is shown the torques associated with rotors according to
an embodiment. It can be appreciated that the rotors are arranged is pairs in three
mutually orthogonal planes as was discussed with reference to figures 2 and 3. |t
can be seen that the first 1602 and fourth 1604 rotors have opposite torques, t and
t4, and opposite spin directions. The same applies to the second 1606 and fifth 1608
rotors, which have opposite torques, t> and ts, and opposite spin directions. The third
1610 and sixth 1612 rotors have oppositely directed torques, t3 and ts, and spin

directions.

Referring to figure 16, there is shown the forces associated with the rotors according
to the embodiment. It can be appreciated that the forces or thrusts generated by the

first 1602 and fourth 1604 rotors operate at a distance of / from the origin of the
vehicle axes x,y,z,and are in the same direction. It will be appreciated that the “a”
described above with reference to figure 3 and the present “/” are one and the same.
Similarly, the forces associated with the second 1606 and fifth 1608 rotors operate at
a distance of / from the origin of the vehicle axes x,y,z,and are in the same

direction. The same applies to the forces associated with the third 1610 and sixth
1612 rotors.

The variable pitch control strategy can produce forces in the positive and negative

directions. The force varies with the rotor collective pitch angle, «,. Therefore, for a

given fan or rotor, i, the force or thrust generated for a constant speed of rotation is
| =kae, (2.11)

Note that £ is a scalar constant coefficient of proportionality that relates rotor pitch

angle to force as in (2.11) and hence has units N/rad.

Referring to figure 16, the forces in the body axes are given by:

"
/>
2
/i
Js
s

(2.12)

S O =
—_ 0 O
S = O
(=
— o O
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The forces in the earth axes are given by:

al
@,
010010
(04
S, =kR|1 0 0 1 0 0 ’ (2.13)
B 00100 1/|*
c15
1223

It will be appreciated that the force J_fo is the resultant force or overall thrust vector

acting on the vehicle.
2.1.2 Torque

Next the torques will be considered. Figure 17 shows a diagram 1700 of the torque

x, v,z and body axes x,y,z, of the vehicle. One skilled in the art will appreciate that

the propulsive reaction torque for a given rotor, i, is given by:
t, =k, ko (2.14)

Note that £,is a scalar constant coefficient of proportionality that relates rotor pitch

angle to aerodynamic reaction drag experienced by the rotor as given in (2.14) and

hence has units Nm/rad”. On the other hand, %, is the residual aerodynamic reaction

drag experienced at zero rotor pitch angle with units Nm.

The motor reaction torques about the body axis is given by:

2 2
o, — O

b, =k | a;—af (2.15)

2 2
oy — 0

The differential force moments about the principal torque axes x,,y, z, , which are not

orthogonal, is given by:
t. =1(f;=fe) (2.16)

t, =I(f:— 1) (2.17)
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t, =Ih-12)

The differential force moments can be expressed in the body axes as:

- &= 5l
5l 51

1
V2
0

1

V2

k(o —ag)
kl(as —a,)
kl(a, —a,)

(2.18)

(2.19)

Combining both types of torques and rotating into earth axes gives a total torque, ¢,,

of:

which reduces to:

LN

Kl
V2

1
0
1

0 1
-1 1
-1 0

-1 0
0 1
-1 1 0

2.1.3 Combined forces and torques

o
2
01 0 0 -1 0]
100 10 0%
00 -100 1)“
aS
o
(2.20)
el
2
0 -1 0"
0 0‘32 (2.21)
o,
a;
o )|

From the above analysis it can be appreciated that the forces and torques acting on

the vehicle are given by:
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a, 0(22
R 0\ (P P 0 0 2
Lo|_ %y ] “ (2.22)
t, 0 R)I\Q -0) S -5 a,
a; o
i o o )|
o a;
a, a22
[ [ P*IRT a 7IS 2
ot 0 fol_| % |, L 501 % | @223
AN 0 O Ny a,| 2\-0°S a,
s 0{52
(0 a62
where
010
P=k|1 0 0 (2.24)
0 0 1
kll 0 1
5 =200 -1 1 (2.25)
=7
1 -1 0
0 1 0
S=k|-1 0 0 (2.26)
0 0 -1

In directing or controlling the vehicle, assume that the following net or resultant force,

/- and torque, £,, are desired

10  and setting
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u, v
u, v,

uy | 11 I P'R" 0 ) 2.27)
u, | 20 I 0 0w '
us v,

U Vg
to give

u &, 0512

u, a, o

u a ) ’

S I T (2.28)
u, a,| 2\-0°S a,

U a, ol

Ug s s

Solving equation 2.28 for the pitch angles, «,, gives

-1 2
a, u +u, 0 0 u, . (u, +uy)
a, |=|1+07'S| 0 wu,+u; 0 U +EQ’1S (uy +u5)’
X 0 0 Us + g Us (u3 +u )2
(2.29)
and
a u +u, ) (a,
a, | =| u, tus |—| & (2.30)
) \uy+ug) \a

Therefore, setting the pitch angles or angles of attack as indicated by the solutions

for «, will achieve the vehicle’s desired acceleration and torque vectors. One skilled
in the art will appreciate that for «, >0 there is expansion of the torque axes via the
motor reaction torques and for «, <0 there is contraction of the torque axes via the

motor reaction torques, that is, the orthant defined by the torque axes x,y,z,

increases and decreases in size respectively.

2.2 Control via variable speed fixed pitch rotors
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Next an embodiment of a vehicle, comprising 6 orthogonal face centred planar rotors,
in which the pitch of the rotor blades is fixed and the speed of rotation can be varied

will be considered.
2.2.1 Forces

The variable speed control strategy relies on producing forces in the positive
direction only, that is, forces are restricted to the positive orthant. One skilled in the
art appreciates that an orthant is one of the regions enclosed by the semi-axes, e.g.
in 2 dimensional space, an orthant is one of the four quadrants enclosed by the semi-
axes; and in 3 dimensional space, an orthant is one of the eight octants enclosed by
the semi-axes) as can be appreciated from, for example, I.N Branshtain, K.A.
Semendyaer, "Mathematics Handbook for Engineers”, Moscow, Nauka, 1980, p. 235,

which is incorporated herein by reference for all purposes.
One skilled in the art also appreciates that the force of a given rotor, i, varies as the
square of rotor rotational velocity, u,, in rad/sec, that is:

£ =k (2.31)

I

Note that £, in this subsection, is a scalar constant coefficient of proportionality and

relates rotor spin speed in rad/sec to force in N as given in (2.31).

The forces in the body axes are given by:

Si
b2
/s
i
Js
s

(2.32)

S O =
—_ O O
o = O
(=
—_ O O

The forces in the earth axes are given by:
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(2.33)

[~
Il
R
=
o = O
[
—_— O O
o = O
o O =
—_ 0 O

Although embodiments described herein use the same £ , vehicles are not limited

thereto. Embodiments can be realised that use values of £, for each of the rotors.

2.2.2 Torgues

Referring again to figures 16 and 17, the propulsive reaction torque, ¢,, for a given

rotor, i, is given by:
t, =k (2.34)

Note that £,, in this subsection, is a scalar constant coefficient of proportionality and

relates rotor spin speed in rad/sec to torque in Nm as given in (2.34).

The motor reaction torques, ¢, , about the body axis is given by:

u2 —Z/lz
2 5
t, =ky| uy —uj (2.35)

2 2
Ug —Us

The differential force moment about the moment axes, which are not orthogonal, is

given by:
t, =I1(f;=f) (2.36)
t, =I(f;—1>) (2.37)
t, =Ifi—12) (2.38)

These differential force moments can be expressed in body axes as:
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1o, L
\/5 \/5 kl(u2 _u2)
l 1 1 3 6
t, == —= 0 | ki -u) (2.39)
JE \/15 1 k1l(7”12 _u42)
0 — —
V2 2

Combining both torques and rotating into earth axes gives:

) y .
1o 1o 0o 1 0 0 -1)" 01 0 0 -1 0)"=
;OZR%1100—10010”32+1¢2—100 0o of"“
o1 1){1 00 -10 0)“ 0 0 -1 0 “
Us Us
2 2
L Ug Ug i
(2.40)
which reduces to:
) p o
u2 u2
10 1 -1 0 -1N7 01 .0 0 -1 0) 2
LO:R%O 110 1 1B |+kl-1 0 0 1 0 of5]@41)
a0 11 o)™ 0 0 -1 0 ”‘;
us Us
u2 uz

2.2.3 Combined forces and torques

From the above analysis one skilled in the art appreciates that the forces, L), and

torques, t,, acting on the vehicle are given by:

( P P ]ui
(2.42)
©@+8) ~(Q+8))|u;

Lo

where
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010
P=k[1 0 0 (2.43)
00 1
kll 0 1
O=-Ll0 -1 1 (2.44)
‘/51 -1 0
0
S=k|-1 0 0 (2.45)
0 0 -1

It will be appreciated by those skilled in the art that expansion (and contraction) of the
torque characteristics axes can be realised by appropriate selection of spin

directions. This expansion or contraction of torque axes depends on the relative

values of k, and k/.

In directing or controlling the vehicle, assume that the following net or resultant force,

io, and torque, ¢,, are desired

V3 Ve
and setting
u12 el
1/[; V2
2 I I P—IRT
“oL 0 " (2.46)
| 2 -1 0 ©+8) )| v
u; 12
ué Vs

To get the rotational speeds for reach rotor, u,, take the square-root of each

component in the vector.
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Alsonote that P'=—|1 0 0 (2.47)
ki 0 0 1
and
3 2
det(Q+8) = (1315) +3(k112) by -k (2.48)
3 2
det(Q+S):(]j}l§) +kz(3(k211) —kfj (2.49)

Therefore, for

k, < \Eklz (2.50)

gives
det(Q+S5)>0 (2.51)

This is indeed the case in practice as k, is negligible compared to k/. Then,

det(Q+S) >0 guarantees that (Q+S) is invertible.

3. Boundary envelope for maximum force

Referring to figure 18, there is shown the boundary envelope 1800 for maximum
force from an orthogonal face centred planar rotor vehicle according to an

embodiment. The boundary envelope is a cube 1802.

One skilled in the art appreciates that the maximum force is given by:

S = \/(2f)2 +(2f) + @) =23f (2.52)
The minimum force on the boundary envelope is given by:
fmin = Zf (253)

If the maximal force direction in the positive orthant of the body axes is desired to be

pointing upwards then the vector for that force is given by
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(2.54)

Sl- - -

If additionally, x, is to be in the (xo,2o) plane in the positive x, and negative z, orthant

then:
o 1
3 J6 6
1 1
_ . 2.
R 0 5 B (2.55)
11
B3 B

This is equivalent to a normalised quaternion:

0.3648
| -0.8806
271 0.1159
0.2798

4. Kinematics

Let the current position, g(t), read in earth axes, of the vehicle at a given time, ¢, be

COS&

given by g(1) = 2a(t) (2.57)

n(t) sin—=
a(?) 5

where this given normalised quaternion is parameterised in terms of an angle « and

a unit vector 7.

Suppose the vehicle is rotating with angular velocity @, read in the earth axes, then,

after time o¢, there is an additional change in attitude given by a normalised

quaternion r(¢) as:
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Cos[ugouwt)j

2
7 o o(lel) -
— Sin
2N 2
Consequently;

lim r(t)° g(t)—q(?)

10=5 o0~ & (2.59)
1
r0-|°
O
, lim 0
10= 5 o5 |"4® (2.60)

which gives velocity for the vehicle, expressed in quaternions, of

0
qg@=11 |oq(® (2.61)
72
Therefore;
. 1/ 0
q(t)=—[ jog(t) (2.62)
- 2\ @,

One skilled in the art appreciates that

0 0 .
( j:qo( joz (2.63)
Do) T\

It, therefore, follows the velocity, ¢(¢), of the vehicle at time ¢ is given by

. 1 0
4() = Eg(t){ j (2.64)
[0

=b
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5. Dynamics

5.1 Variable Pitch Rotors

The dynamic analysis for embodiments that use variable pitch rotors now follows. Let

r, be the current position of a vehicle according to an embodiment and let @, be the

current angular velocity such that

Xo w,

WX

ry=|y |ad o, =|0o,,

Zy @y,
Also define:
0 —0,. O,
s(w,)=| w,. 0 -, (2.65)
—0,, @, 0
The Newton-Euler Equations (assuming negligible aerodynamic drag - this

assumption is acceptable because drag forces tend to only slow down performance

but do not have any destabilising effect) give

d
Ly :E(‘JOQO) (2.66)

b= (RIR 0,) 2.67)

, r r r
since @,.J,0, =@, RI,R' @, =0,J,0,

ot :%(RJbe) (2.68)
< Rt,=RJ,0), +RJ, 0, (2.69)
< Rt, =RJ,0, +s(@,)RJ,0, (2.70)
ot,=J,0,+R s(w)RJ, 0, (2.71)
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since R'=R"

ot =J,0,+s(0,)],0, (2.72)
which is the torque dynamical equation body axes.

One skilled in the art appreciates that for translational dynamics, one has:

0

fo +| 0 |=mF, (2.73)
mg

where m is the mass of the vehicle.

5.2 Variable Speed Rotors

The dynamic analysis for embodiments that use variable speed rotors now follows.

Again, let r, be the current position of a vehicle according to an embodiment and let

o, be the current angular velocity such that

Xo @,

WX

ro=| Y% |and @, = o,,

Zy Dy .
Also define:
0 0, O,
s(w,)= @, . 0 —0, (2.74)
—0,, O, 0
The Newton-Euler Equations (assuming negligible aerodynamic drag - this

assumption is acceptable because drag forces tend to only slow down performance

but do not have any destabilising effect) are given by

u —u (2.75)
1 4
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where J, is the scalar moment of inertia of a single rotor about its shaft or mast axis,
R is the rotational matrix for transforming between body and earth axes, J,@, is the

angular momentum in earth axes.

Us =,
d
@sz:; RJ,0,+RJ | u —u, (2.76)
t
Uy —Ug
z’.ls_az Us =i,
< Rt,=RJ,0,+RJ | u,—u, |+RJ,0, +RJ | u —u, (2.77)
Uy — g Uy —Usg
us —u, us —u,
b, =9J,0, +J, |~y |+ R s(@)RJ,@, +J, | U, —u, (2.78)
| Uy — g | Uy — U
us —u, Us —u,
Sty =3y @y + |ty —ty |+ s(@,)9 )0, +J, | U —uy (2.79)
| Uy — g | Uy — U

Since in practice J, will typically be several orders of magnitude larger than J, , then

gyroscopic effects will have negligible effects on the dynamics and hence can be
safely ignored. Additionally, even when this assumption is not fulfilled, gyroscopic
effects tend to have a stabilising effect on attitude due to conservation of angular
momentum rather than a detrimental effect. Consequently, henceforth, it will be

assumed that:

J, @, is greater (component-wise) than J | u, —u,

2. J,w, is greater (component-wise) than J | u, —u,

b=b

so that gyroscopic effects can be ignored to give:
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t, =J,0, +s(w,)J,0, (2.80)

Considering translational dynamics gives:

0
10 +| 0 |=mi, where mis the mass of the vehicle. (2.81)
mg
0. Translational Control

Translation control of embodiments of the present invention are governed by the
Vi

following. Consider a desired force | v, |or thrust for the vehicle expressed as

V3
follows:
2 0
_ d . .d 2 d
v,|==| 0 [+m KO_z":C(Ko_Ko)_C (ro—r9) (2.82)
Yy mg

which gives the following closed loop translational dynamics
(Fo—Fg)+26e(i —Fy) +¢*(rg —15) =0 (2.83)

where 7, is a desired acceleration, 7jis a desired velocity and rjis a desired
position of the desired trajectory, £is the damping factor and ¢ is the natural

frequency (related to the time-constant).

Embodiments can be realised in which & =%F and ¢ =3 to achieve
acceptable closed-loop pole placement. For a stable system the poles are preferably
in the left-hand plane of the Argand (i.e. pole-zero) diagram. However, one skilled in
the art appreciates that the pole positions can be varied according to desired

performance characteristics.
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0
If the weight vector is not perfectly cancelled and leaves a residue of | 0 |and if

B

additionally if there is also a drag, y7,, then the transfer function from input to output

is:
s’ +28es+¢’ 1 0
ro(s)= ro(s)+ 0 (2.84)
s2+(2§c+l)s+c2 s{s2+(2§c+1)s+cz} B/ m
m m

If gg’ (s) is a step on one of the input channels (i.e. in one of the elements of the input

vector 7 (s) ), then

0
lim lim p
ro(wo)= ry(t)= sro(s)=ry + 0 (2.85)
t— S —> ,6’2 I
m

This is acceptable steady-state behaviour for the above postulated mistmatches.

7. Rotational Control

V4

Let | v, | be desired torques of a vehicle according to an embodiment, which are

Ve
given by
v,
vs |=s(@,)J,0, +d], (@ - w,) (2.86)
Ve
where

d determines the closed-loop time constant, (see (2.87) below why this is indeed the
case) the particular embodiment has d =27(0.2) for a 5 second time so that the

following closed-loop angular velocity dynamics are:

0,+do,=do;""" (2.87)
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reference

and @, is the required reference trajectory for the body axes angular velocity.

Now define a normalised error attitude quaternion ge to be given by:
4 =(q"°q) (2.88)

where gd represents a desired vehicle attitude and g*is the quaternion conjugate of

the current vehicle attitude.

Therefore, one skilled in the art will appreciate that an attitude/rotational feedback

control system 1900 can be realised as shown in figure 19. A desired position

qd 1902 expressed as a quaternion is an input to the control system 1900. The

normalised quaternion error attitude 1904 is calculated by a block implementing

equation 2.88. The vector part of the normalised error attitude quaternion is

correction

extracted at block 1908 to produce a desired correction of angular velocity, @, ;

1910 expressed in earth axes, which is transformed into body coordinates by R’ in

correction

block 1912 to give a desired angular velocity, @, , 1910 expressed in body

correction

axes. The desired angular velocity correction, @, , expressed in body axes, is

combined with closed loop angular velocity dynamics, expressed in equation 2.87

reference

above, to produce a reference angular velocity, @, , Which is process by block
1914 to produce the vehicle’s current angular velocity, @, ,expression in body axes.

The vehicle’s current angular velocity, @,, is processed by block 1916, which
implements equation 2.64, to produce a quaternion expressing the current

position/attitude, q, of the vehicle.
Defining a mismatch normalised quaternion 2’" by

q"=q °q",

one skilled in the art appreciates that since
0 . o
go °q = (2.89)
“\z Rn
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for any arbitrary real scalar ¢ and any arbitrary vector =, it follows that

q"=4°q"=¢ °q4"°q °q (2.90)
~q oq og (2.91)
« (O
=g o % |og (2.92)
4,
= o (2.93)
 a |

so that
[g’"]m = RT[Ze]m

Therefore, figure 19 can be simplified as indicated in 2000 expressed in figure 20.

8. Stability Analysis of attitude and angular velocity control

A stability analysis for the above attitude and angular velocity control will be given

below.

Let the Lyapunov function V' be defined as:

(2-2) (e -2)

e T P R P (P ) 0

m

Note that V>0V @, , ¢

and V' =0 ifand only if @, :QZ and g =¢°.

Since "gm" =1, V' can be re arranged as:

V:(Qb—lejgb—ﬁb)”e(l_[gm]o) (2.95)

Therefore,

42



=>V= _(Qb _QZ)T (Qb _QZ)+6(Qb _QZ )T [2’”123 _Ze[zm]o

5 Therefore, V <0 Vo, # 0| since (Qb —QZ)T [gm]m —2[2””]0 =0

(2.100)
The latter fact is because

m

q"=q °¢"and |q" | =¢'¢’

Therefore

0 [¢],=4'¢ +(¢) 4

15 :%(Qb_QZ) [zm]m
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One skilled in the art will appreciate that 7' (¢) gets stuck at an equipotential wherever
w,(t) = w; (H)Vt since V()=0. Now it will be shown that
0,(t)= QZ(t)Vt =q() = gd(t)Vt and, consequently, such an equipotential

corresponds to ¥ (¢) =0, which is a desired equilibrium.

0,(t) =) (V1 (2.108)
= 0,() =0, (V! (2.100)
— a);‘orreczion (t) — O (21 10)

reference

via @, +dw, =da,

1
" 0
=>q )= 0 (2.111)
0
= q()=¢"() (2.112)
9. Trajectory Planning
One skilled in the art appreciates that
0
q‘dzlqd{ d} (2.113)
- 27 o,
which gives
0 .
{ d}:zgd °g" (2.114)
@,
then
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0 . X
{ d}:2qd o’ +2¢" o4’ (2.115)

so that
d|P?
||
d* ..d
{d}:zg og'+2| 0 (2.116)
@, 0
0
thereby giving
2
||
s a1
ﬂd}:zgd oj’+= 0 (2.117)
[ 2 0
0
that is:
Angular position qd

Angular Velocity QZ = Z[Qd* °Z'd :|123

Angular acceleration @} = 2[901* °g" 123

The above described control systems also supports a ground or, more generally, a
surface mode of locomotion by providing torque about the contact point between an
airframe and the surface. The surface might be, for example, the ground, a roof, a

wall, a ceiling etc.

Referring to figure 21 there is shown a preferred embodiment of a vehicle that also
has a ground or surface mode of locomotion. It can be appreciated that the vehicle
comprises a number of rims 2102 to 2108 that define a spherical frame that can be

used for rolling.

It will be appreciated that rolling is different to air borne flight in that during rolling the

weight of the vehicle is supported by a ground reaction force. Translation control is
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similar in both cases in that a force vector in the required direction of motion is
applied to the vehicle centre of gravity. However, during rolling, friction between the
ground and the vehicle causes a torque about the centre of gravity and causes the

rotation associated with rolling (with no friction the vehicle will slide instead of rolling).

A challenge in implementing rolling control is that of synthesising a correct attitude
demand as the vehicle rolls along. The correct attitude is defined as when the plane
of the wheel is aligned with gravity and also aligned with vehicle ground velocity
vector. This means the wheel is ‘upright’ and that the torque vector due to ground
friction is normal to the plane of the wheel (i.e. friction causes the wheel to rotate
about its axis, which is equivalent to the ‘no tyre scrubbing’ condition). As the ground
velocity vector tends to zero it is necessary to ‘wash out’ the velocity alignment

attitude to identity so that the vehicle remains steady and upright when not moving.

Figures 24, 25 and 26 illustrate the rotation steps to synthesise the correct attitude
demand for the vehicle attitude control system. The basic structure of the attitude
control system will be the same as for the flight vehicle case. However, the vehicle

dynamics will be different due to the influence of the contact point with ground.

S, rimoof wheel

o

Cube defined by
X.¥.Z, Earth axis

- poordinale system and
the x.v.z, coardinate
system for the wheel are
superimposed

Wheel shown with the wheel
body axis coordinate system
aligned with the Earth axis
conrdinats system

Figure 24 Definition of a generic wheel with initial body axes aligned with the Earth
axes. Axis yb is normal to the plane of the wheel and axis zb is aligned with the local

gravity vector (ze).
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Koyl body wkiy
cotrdinate sysgtam
3,

B

Desirad
wheel
valaoily
CROIE A

Cube defined b
Xyote Enrth axis
cogrdinatn system

1) Wheel {pink girole} et adbiirary
origniation with respect o gravity
vector and veloaity veotsy

RN

Yoo Earth axis
courdirate system

R,

2y VWheet Xz "dise’ plane ooincident
with grasity vector {wheel ‘upright’)
{aking sharest pati fras 1) sbout
an akis aorenl oyl (oD whest
retation)

B Wheet xz 'dise’ plane sligned
with velocity vesior ¥V and
gravity vartor (ahael K plane
cxnpiten with Vg piang,
Hotation & by Resta abaut g

Figure 25 lllustration of the steps necessary to correctly synthesize attitude demand

for a rolling vehicle. A wheel at an arbitrary attitude 1) is first orientated such that

wheel disc is aligned with the local gravity vector by rotating around the point of

contact of the wheel with the ground 2). The wheel is then rotated about the gravity

vector to align the wheel disc with the ground velocity vector.

Retationrs 1) 23 ared 3) shown
supstimposed

47



10

15

20

25

30

Figure 26 Superposition of the three rotation states illustrated in figure 25.

A further advantage of the vehicle having a frame that is outwardly disposed relative
to the rotors is that the torque and thrust vectoring can be used to press the vehicle
against a surface, which enables hovering with reduced thrust (and hence reduced
power consumption) to be realised due to frictional coupling with the surface to assist
in supporting the weight of the vehicle. In the case of a vertical wall and a
component of at least one of thrust and torque being normal to the wall, the forces
required to hover freely and to hover when the vehicle is frictionally coupled to the

wall are given by

F =mg and £

— free _hover

respectively,

mg
wall — T
N+ )
where y is the coefficient of friction.

Figure 22 shows a schematic view 2200 of the communication and control system.
The administration and control system 2200 comprises a number of distinct
subsystems. A thrust vector controller 2202 is provided to drive the rotors, via motor
drivers 2204, in response to data 2206 received from an inertial navigation system
(INS) controller 2208. A sensor payload subsystem 2210 is arranged to contain one
or more than one sensor. In the illustrated embodiment, a GPS system 2212 is used
to provide GPS data to the INS controller 2208. Similarly, an inertial measurement
unit 2214 provides data to the INS 2208. The thrust vector controller 2202 comprises
an embedded controller that is used to implement a six axis inertial navigation

system.

Optionally, the sensor payload subsystem 2210 may additionally comprise a sonar
sensor subsystem 2216 that is used, primarily, for proximity measurements used for
obstacle or ground detection. Still further, the sensor payload subsystem 2210 may
additionally or alternatively comprise one or more than one video camera subsystem
2218. A preferred embodiment of the present invention comprises one or more than
one video camera having a fixed attitude or orientation relative to the vehicle
reference plane. Additional or alternative senses may be accommodated in the
sensor payload subsystem 2210 as can be appreciated from figure 22, which shows

additional sensors 2220.
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A sensor controller 2222 is provided to manage the operation of the sensors forming

part of the sensor payload subsystem 2210.

A battery and power management system 2224 is provided to supply the power
needed and to power the various subsystems shown in figure 22. Preferably, a small
rechargeable battery is used to power the vehicle's electronics. Power for the
vehicle's electronics is separate to the supply that is used for the rotors and motors to
reduce the risk of failure due to electrical noise. The autonomy controller 2226 is
arranged to monitor both its own supply and the supply the motors with a view to
automatically returning to base or performing a controlled landing in the event of a

depleted supply.

A UAV autonomy controller 2226 is used to manage the operation of all of the
subsystems shown in figure 22. The UAV autonomy controller 2226 is responsible
for tasks such as hosting the communications protocol stack, flight plan management
including waypoint and pose dispatch, sensor data collection, collision avoidance,

systems monitoring and failsafe control.

Finally, a communication subsystem 2228 is used to receive telemetry, command
and control information from a remote control base station (not shown) via a data
transceiver 2230. A video transmitter 2232 is arranged to transmit video data
supplied by the one or more than one video camera 2218 to the remote control base

station or to any other designated receiver.

Referring to figures 23(a) to (c), there is shown an number of views 2300 of
arrangements of rotors and rotor disc planes. One skilled in the art will recognise
that the views illstrated in figures 23(a) to (c) correspond to those shown in and
described with reference to figures 5, 6 and 7. The centres of the rotors are all at a

distance a from at least one axis of the xyz vehicle axes.

Although embodiments of the invention have been separately described with
reference to variable pitch angle and variable rotor speeds, vehicles according to the
invention are not limited thereto. Embodiments can be realised that use a

combination of variable pitch and variable rotor speed.

Embodiments of the invention have been described with reference to each rotor
having a respective motor. However, embodiments are not limited to such
arrangements. Embodiments can be realised in which fewer motors, preferable one,

than there are rotors are used together with a transmission mechanism for driving the
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rotors using the fewer motors or using the single motor. Preferably, the transmission
mechanism could be geared to allow at least one of the spin direction and angular

velocity of the rotors to be controllable independently.

It will be appreciated from the above that embodiments of the present invention have
impressive performance in which the vehicle can fly with an arbitarily selectable

attitude due to the thrust vectoring.

Embodiments of the present invention provide 6 degrees of freedom to support
arbitrary 3D thrust and/or torque vectoring. A still further impressive flight
performance characteristics is that the thrust and torque vectoring are operable
independently so that, for example, control over torque vectoring can be maintained

simultaneously with control over thrust vectoring and vice versa.

The embodiments described above have been realised using electric propulsion.
However, embodiments are not limited thereto. Embodiments can be realised using
one or more than one liquid fuelled turbine or internal combustion engine, which will
have an improved specific energy density. However, one skilled in the art will
realised that the dynamics of the vehicle will change as the total mass changes due

to fuel depletion.

The reader's attention is directed to all papers and documents which are filed
concurrently with or previous to this specification in connection with this application
and which are open to public inspection with this specification, and the contents of all

such papers and documents are incorporated herein by reference.

All of the features disclosed in this specification (including any accompanying claims,
abstract and drawings), and/or all of the steps of any method or process so
disclosed, may be combined in any combination, except combinations where at least

some of such features and/or steps are mutually exclusive.

Each feature disclosed in this specification (including any accompanying claims,
abstract and drawings), may be replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated otherwise. Thus, unless
expressly stated otherwise, each feature disclosed is one example only of a generic

series of equivalent or similar features.
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The invention is not restricted to the details of any foregoing embodiments. The
invention extends to any novel one, or any novel combination, of the features
disclosed in this specification (including any accompanying claims, abstract and
drawings), or to any novel one, or any novel combination, of the steps of any method

or process so disclosed.
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CLAIMS

1. A rotary wing vehicle comprising a plurality of rotors for rotation within
respective rotation planes wherein at least two of the rotation planes are inclined

relative to one another.

2. A rotary wing vehicle as claimed in claim 1 in which the plurality of rotors
comprises a plurality of pairs of rotors wherein the rotation planes of the rotors in

each pair of rotors are coplanar.

3. A rotary wing vehicle as claimed in any preceding claim in which the plurality
of rotors have respective axes of rotation and the points of intersection of the axes of

rotation with respective rotation planes are coplanar.

4. A rotary wing vehicle as claimed in any of claims 1 to 2 claim in which the
plurality of rotors have respective axes of rotation and at least two of the points of

intersection of the axes of rotation with respective rotation planes are non-coplanar.

5. A rotary wing vehicle as claimed in any preceding claim comprising a body
bearing the plurality of rotors in a fixed relationship to the body; the vehicle

comprising a control system for controlling the rotors.

6. A rotary wing vehicle as claimed in claim 5 in which the plurality of rotors have
one or more than one motor for rotating the rotors to produce respective rotor thrust
vectors wherein the control system controls the plurality of rotors to produce an

arbitrary selectable or desired net thrust vector.

7. A rotary wing vehicle as claimed in either of claims 5 and 6 in which the
plurality of rotors have one or more than one motor for rotating the rotors to produce
respective rotor thrust vectors wherein the control system controls the plurality of
rotors to produce an arbitrary selectable or desired net thrust vector relative a first
frame of reference fixed relative to the vehicle while maintaining a fixed vehicle

attitude of the first frame of reference relative to a second frame of reference.

8. A rotary wing vehicle as claimed in either of claims 6 and 7 in which the
control system controls the plurality of rotors to produce an arbitrary selectable or

desired net thrust vector by varying the respective pitches of the blades of the rotors.
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9. A rotary wing vehicle as claimed in any of claims 6 to 8 in which the control
system controls the plurality of rotors to produce an arbitrary selectable or desired

net thrust vector by varying the respective angular velocities of the rotors.

10. A rotary wing vehicle as claimed any of claims 6 to 9 in which the control
system controls the plurality of rotors to produce an arbitrary selectable or desired

net thrust vector by varying the respective spin directions of the rotors.

11. A rotary wing vehicle as claimed in any of claims 5 to 10 in which the plurality
of rotors have one or more than one motor for rotating the rotors to produce
respective rotor thrust vectors wherein the control system controls the plurality of

rotors to produce an arbitrary selectable or desired torque vector.

12. A rotary wing vehicle as claimed any of claims 5 to 11 in which the plurality of
rotors have one or more than one motor for rotating the rotors to produce respective
rotor thrust vectors wherein the control system controls the plurality of rotors to
produce the arbitrary selectable or desired torque vector relative a first frame of
reference fixed relative to the vehicle while maintaining a fixed vehicle attitude of the

first frame of reference relative to a second frame of reference.

13. A rotary wing vehicle as claimed in either of claims 11 and 12 in which the
control system controls the plurality of rotors to produce an arbitrary selectable or

desired torque vector by varying the respective pitches of the blades of the rotors.

14. A rotary wing vehicle as claimed in any of claims 11 to 13 in which the control
system controls the plurality of rotors to produce an arbitrary selectable or desired

torque vector by varying the respective angular velocities of the rotors.

15. A rotary wing vehicle as claimed any of claims 11 to 14 in which the control
system controls the plurality of rotors to produce an arbitrary selectable or desired

torque vector by varying the respective spin directions of the rotors.

16. A rotary wing vehicle as claimed in any preceding claim in which the rotor

planes are orthogonal.

17. A rotary wing vehicle as claimed in any of claims 1 to 15 in which the rotor

planes are non-orthogonal.

18. A rotary wing vehicle as claimed in any preceding claim in which the plurality

of rotors comprises at least six rotors.
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19. A rotary wing vehicle as claimed in claim 18 in which the six rotors are
operable in pairs wherein the rotations planes of the rotors in each pair are coplanar
rotation planes and wherein the coplanar rotation planes of the three pairs of rotors

are orthogonal.

20. A rotary wing vehicle as claimed in claim 19 in which the six rotors are
operable in pairs wherein the rotations planes of the rotors in each pair are coplanar
rotation planes and wherein the coplanar rotation planes of the three pairs of rotors

are non-orthogonal.

21. A rotary wing vehicle as claimed in any of claims 5 to 20 comprising a frame
adapted to support locomotion on a surface wherein the control system is arranged

to operate the plurality of rotors to provide such locomotion.

22. A rotary wing vehicle substantially as described herein with reference to

and/or as illustrated in the accompanying drawings.
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