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1
AIRCRAFT CONTROL METHOD

The present application is a continuation of application
Ser. No. 09/527,544, filed Mar. 16, 2000 now abandoned,
which claims priority from Provisional Application Ser. No.
60/182,165, filed Feb. 14, 2000.

The present invention relates to aircraft. More
particularly, the present invention relates to aircraft having
unique controls, and related uses thereof.

BACKGROUND

Aircraft are used in a wide variety of applications, includ-
ing travel, transportation, fire fighting, surveillance and
combat. Various aircraft have been designed to fill the wide
array of functional roles defined by these applications.
Included among these aircraft are balloons, dirigibles, tra-
ditional fixed wing aircraft, flying wings and helicopters.

One functional role that a few aircraft have been designed
to fill is that of a high altitude platform. Operating from high,
sub-orbital altitudes, such aircraft can monitor weather
patterns, conduct atmospheric research and surveil a wide
variety of subjects. Most of these remarkable aircraft have
limited flight duration due to fuel limitations. However, a
number of aircraft have been proposed that are solar
powered, and that can sustain continuous flight for as long
as sunlight is available, or even longer.

Two such aircraft were actually constructed, being the
well known Pathfinder and Centurion aircraft, which have
each set numerous flight records. The basic design under-
lying these two aircraft is discussed at length in U.S. Pat. No.
5,810,284, which is directed toward an unswept flying wing
aircraft having a very high aspect ratio and a relatively
constant chord and airfoil. While these aircraft are quite
noteworthy for their long term flight potential, they do have
limits in their available power and payload.

The Pathfinder and Centurion aircraft are designed as
flying wings that include a number of self-sufficient wing
sections, each having one or more electric motors that are
driven by power generated in solar cells mounted in that
section, and each generating enough lift to support its own
weight. To minimize weight, the aircraft structure is highly
flexible, and is designed to withstand only relatively small
torsional loads along its lateral axis. The aircraft’s wing has
little or no dihedral while on the ground. However, due to the
high flexibility, the large aspect ratio and the constant chord,
in-flight wing loads tend to cause the wing to develop a
substantial dihedral angle at the wingtips.

To minimize the torsional loads, the aircraft wing includes
elevators along a substantial portion of its trailing edge (i.e.,
the trailing edge of the flying wing). The aircraft does not
include a rudder or ailerons, and the elevators are not
designed as elevons (i.e., the can not move in contrary
directions near opposite wingtips). Instead, the aircraft turns
(and otherwise controls yaw) by using variable thrust
applied across the wingspan through the application of
different power levels to different motors. Roll is passively
controlled by the dihedral of the wing, which is developed
in flight. Sideslip is also passively controlled, both by the
dihedral of the wing, and by fins that extend down from a
number of wing segments in a direction normal to plane of
the wing at the fin’s span- wise location.

Long duration high altitude platforms that operate at
sub-orbital altitudes, such as the Pathfinder and Centurion
aircraft, have been suggested for use in a variety of func-
tions. As one example, a high altitude platform equipped
with microwave communications equipment could provide
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communication relay services between remote areas. In
another example, high altitude platforms could measure and
study winds, storms or pollutants in the atmosphere.
Similarly, governments could use these aircraft to monitor
troop movements or narcotics production. Other types air-
craft are not optimally suited to these tasks, because they are
limited by the amount of combustible fuels that they use,
which are heavy, expensive and are consumed very quickly.
Typically, these other types of aircraft cannot remain over
their desired location for any significant length of time, and
hence, are of limited utility in performing these tasks.

One way around these operational limitations is to use
satellites as high altitude platforms. However, satellites are
expensive to launch, and typically remain in a permanent,
fixed orbit. Some satellites can change their orbit to a limited
degree; however, this is done only with great difficulty and
expense, and there is a fuel limit to how many orbital
changes a satellite may make. For example, if it is desired to
measure and study a hurricane that originates in Africa and
travels towards the Gulf coast of the United States, satellites
cannot, practically-speaking, be asked to follow and track
such a storm.

The use of satellites is also disadvantageous for many
types of measurement and surveillance as well, because
satellites orbit outside the Earth’s atmosphere. That is to say,
satellites as a practical matter cannot use many tools which
optimally require contact with the atmosphere. Photographic
images taken by a satellite are also sometimes less than
optimal, since the target is usually a great distance from the
satellite. Finally, satellites are not easily brought back to
Earth and retrieved, e.g., for servicing, and so are typically
used only for one very expensive, special purpose task.

Given the broad range of functions that a long duration,
sub-orbital platform has the potential to perform, it is
desirable to design such platforms to be capable of handling
larger payloads and power demands. The platforms could be
variations of existing platforms, such as the Pathfinder and
Centurion aircraft, or they could be newly designed high
altitude platforms.

Likewise, given a high altitude platform with expanded
payload and power capabilities, it is desirable to find new
uses for the platform. Such new uses can increase demand
for the aircraft, and thereby cause increased production and
lower production costs. Naturally, new uses also have the
potential for new advantages for the public.

In sum, there exists a definite need for a multi-purpose
aircraft that can remain airborne for long durations without
the need to re-fuel. Preferably, such an aircraft should be
able to operate up to very high, sub-orbital altitudes.
Importantly, it is desirable for such an aircraft to have the
capability for larger payloads and/or power supply require-
ments. Furthermore, there exists a need for such an aircraft
to be inexpensive to build and operate and, furthermore,
pollution-free. Also, a definite need exists for such an
aircraft to be able to perform surveillance, testing and
measurement functions while being steerable, mobile, and
able to perform varying missions of extended duration.
Finally, with the availability of the hardware of the present
invention, it should be noted that a broad variety of com-
munications needs exist that such a high altitude platform
can fill. Various embodiments of the present invention can
meet some or all of these needs, and provides further, related
advantages.

SUMMARY OF THE INVENTION

The present invention solves the needs mentioned above
by providing a solar powered aircraft that is inexpensive to
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produce and can remain aloft almost indefinitely, that is, at
least until its parts wear out. Thus, the present invention
provides an aircraft that is perfectly suited to many appli-
cations requiring a high altitude platform. For example, the
aircraft could be guided to follow a hurricane, and using
equipment on board, study how such storms originate and
develop. Alternatively, the present aircraft provides a sub-
orbital platform that can be used to convert radio wave
signals from a ground station to optical signals directed to a
satellite, or other spacecraft, that is above sub-orbital alti-
tudes. Likewise, the aircraft can be coupled with a large
number of ground stations to create broadband and/or wire-
less networks. However, the present aircraft is not only far
less expensive to produce than satellites; it is retrievable and
may be re-used for the same or different tasks. By using solar
power, the present aircraft is completely pollution free, and
thus, provides potent promise for displacing the use of
combustion- powered aircraft in many of these applications.

The aircraft of the invention typically includes a wing,
including a first wing portion and a second wing portion,
with a solar cell array mounted on the wing. The aircraft
preferably features a hinge mechanism that is connected to
the first wing portion, and is configured to allow a pivoting
of the first wing portion relative to the second wing portion.
Each wing portion is preferably configured to generate
enough lift to carry its own weight while the aircraft is in
flight, and the pivoting is preferably limited to a value that
generally allows each wing portion to continue to generate
enough lift to carry its own weight. The aircraft can also
feature a hinge actuator configured to control the hinge
mechanism such that the dihedral of the first and second
wing portions can be altered with respect to each other
during flight. Finally, a control system is preferably con-
nected to the hinge actuator, causing it to actuate the hinge
such that the dihedral is greater during time periods when a
greater dihedral will increase the power generated by the
solar cells.

Preferably, the aircraft is a flying wing aircraft including
a plurality of sequentially connected, unswept, wing seg-
ments (most preferably five or more wing segments). Also,
preferably the hinge actuator includes a mass actuator con-
figured to translate the center of gravity of a mass carried by
the wing, and wherein the wing and the mass are configured
such that the location of the center of gravity of the mass can
drive the rotation of the hinge mechanism when the wing is
in flight conditions. To drive the rotation, the mass’s chang-
ing center of gravity location may deform the wing, creating
aerodynamic forces.

The aircraft may also feature a laterally extending wing
configured to have dihedral during flight, and a plurality of
motors mounted on the wing. The wing’s dihedral is con-
figured to cause at least one motor to produce thrust along
a line passing above the aircraft’s center of drag, and at least
one motor to produce thrust along a line passing below the
aircraft’s center of drag when the aircraft is in flight
conditions, the motors causing downward and upward pitch-
ing moments, respectively. The aircraft also includes a
control system connected to the throttle of each motor, and
it controls at least one of the throttles to control the pitch of
the aircraft. A remote pilot can control the aircraft through
the use of redundant combinations of existing communica-
tions networks.

Other features and advantages of the invention will
become apparent from the following detailed description of
the preferred embodiments, taken in conjunction with the
accompanying drawings, which illustrate, by way of
example, the principles of the invention. The detailed

10

15

20

25

30

35

40

45

50

55

60

65

4

description of particular preferred embodiments, as set out
below to enable one to build and use an embodiment of the
invention, are not intended to limit the enumerated claims,
but rather, they are intended to serve as particular examples
of the claimed invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an elevational view of a preferred embodiment
of an aircraft embodying the invention, in a zero stress
position.

FIG. 2 is a plan view of the aircraft depicted in FIG. 1.

FIG. 3 is a perspective view of the aircraft depicted in
FIG. 1, in a flexed position typical of loading under flight
conditions.

FIG. 4 is a perspective view of the aircraft depicted in
FIG. 1, in a flexed position typical of loading while the
aircraft is at rest on the ground.

FIG. 5A is a perspective, cutaway view showing the
construction of one segment of the wing of the aircraft
depicted in of FIG. 1.

FIG. 5B is a cut-away plan view of the wing segment
depicted in FIG. 5A, with a regenerative fuel cell structured
within the wing.

FIG. 5C is a cross-sectional side view of the segment of
FIG. 5A, taken along lines C—C of FIG. 5B.

FIG. 6A is a front elevational view of the aircraft depicted
in FIG. 1, having five wing segments, the aircraft being
depicted in a position typical of loading while the aircraft is
in flight.

FIG. 6B is a front elevational view of the aircraft depicted
in FIG. 6A, having two hinge actuators that have rotated to
allow two wing segments on either side of the plane to
increase in dihedral.

FIG. 6C is a front elevational view of the aircraft depicted
in FIG. 6A, having two hinge actuators that have rotated to
allow one wing segment on either side of the plane to
increase in dihedral.

FIG. 6D is a front elevational view of the aircraft depicted
in FIG. 6A, having six wing segments rather than five, and
having one hinge actuator that has rotated to allow three
wing segments on either side of the plane to increase in
dihedral.

FIG. 6E is a perspective view of the aircraft depicted in
FIG. 6B and the sun, wherein the sun is low on the horizon
and off one wingtip of the aircraft.

FIG. 6F is a perspective view of the aircraft depicted in
FIG. 6A, having four wing segments rather than five, having
a varied vertical fin configuration, and having three hinge
actuators rotated to allow the four wing segments to form a
“W” shape.

FIG. 7A is an elevational cross-sectional view of a hinge
in the aircraft depicted in FIG. 6B.

FIG. 7B is an elevational, cross-sectional view of a first
variation of the hinge depicted in FIG. 7A.

FIG. 7C is an elevational, cross-sectional view of a
second variation of the hinge depicted in FIG. 7A.

FIG. 7D is an elevational, cross-sectional view of a third
variation of the hinge depicted in FIG. 7A, in a flexed
position, and including an attachment for a fin.

FIG. 7E is a plan view of the hinge depicted in FIG. 7D.

FIG. 8 is a top, cut-away view of one section of the wing
from a first variation of the aircraft depicted in FIG. 6B,
showing a hinge actuator that includes ailerons.
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FIG. 9 is a top, cut-away view of one section of the wing
from a second variation of the aircraft depicted in FIG. 6B,
showing a hinge actuator that includes a laterally movable
mass.

FIG. 10 is a top, cut-away view of one section of the wing
from an alternative second variation of the aircraft depicted
in FIG. 6B, showing tanks used for lateral mass movement.

FIG. 11 is a side cross-sectional view of a third variation
of the aircraft depicted in FIG. 5B, showing a hinge actuator
that includes a mass moveable in the fore and aft direction.

FIG. 12A is a perspective cross-sectional view of an
alternate third variation of the aircraft depicted in FIG. 6B,
showing an hinge actuator that includes a mass moveable in
the fore and aft direction, and showing a local area wing
deflection resulting from the moving mass.

FIG. 12B is a perspective cross-sectional view of another
alternative third variation of the aircraft depicted in FIG. 6B,
showing an hinge actuator that includes a mass moveable in
the fore and aft directions, and showing a wing segment
deflecting from the moving mass.

FIG. 13 is a perspective view of a variation of the aircraft
depicted in FIG. 1, in a position typical of loading while the
aircraft is in flight, configured such that some motors are
located above the center of drag, and some motors are
located below the center of drag.

FIG. 14A is an illustration of a first idealized flexible
aircraft having three axis flight control, according to the
present invention.

FIG. 14B is an illustration of a second, and more general,
idealized flexible aircraft having three axis flight control,
according to the present invention.

FIG. 14C is a block diagram of a control system imple-
menting control laws form the aircraft illustrated in FIG.
14B.

FIG. 15 is an illustrative view of an embodiment of an
aircraft control communications system for the aircraft
depicted in FIG. 1.

FIG. 16A is an illustrative view of the aircraft depicted in
FIG. 1, acting as a high altitude platform in a communica-
tions system, to pass signals between a ground station using
radio wave signals and a satellite using optical signals. FIG.
16A further depicts a hand-off of communications from one
satellite to a second satellite.

FIG. 16B is an illustrative view of the communications
system of FIG. 16A, where the satellite is at a significantly
different latitude than the ground station.

FIG. 16C is an illustrative view of the communications
system of FIG. 16A, where the aircraft communicates with
multiple ground stations and the satellite is obstructed from
one or more of the ground stations by a mountain.

FIG. 16D is an illustrative view of the communications
system of FIG. 16A, where the aircraft simultaneously
communicates with three different satellites.

FIG. 16E is an illustrative view of the communications
system of FIG. 16A, where the satellite simultaneously
communicates directly with two aircraft and a ground sta-
tion.

FIG. 16F is an illustrative view of the communications
system of FIG. 16A, where one satellite communicates with
multiple aircraft, each of which serves as a base station for
communicating with multiple ground stations.

FIG. 17A is an illustrative view of the aircraft depicted in
FIG. 1, acting as a high altitude, sub-orbital platform base
station in a broadband, wireless local loop or other commu-
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nications system with subscriber base stations and sub-
scriber remote stations.
FIG. 17B is a view of a subscriber base station for use
with the communications system illustrated in FIG. 17A.
FIG. 17C is a view of a subscriber remote station for use
with the communications system illustrated in FIG. 17A.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The invention summarized above and defined by the
enumerated claims may be better understood by referring to
the following detailed description, which should be read in
conjunction with the accompanying drawings. This detailed
description of a particular preferred embodiment, set out
below to enable one to build and use one particular imple-
mentation of the invention, is not intended to limit the
enumerated claims, but rather it is intended to serve as a
particular example thereof.

Introduction to the Preferred Aircraft

In accordance with the present invention, the preferred
embodiment of an aircraft of the present invention is of a
design similar to that of the Pathfinder and Centurion
aircraft, as mentioned above in the Background section.
While the preferred aircraft embodiment’s design, and varia-
tions of it, are described below, further details useful for the
practicing of this invention are provided in U.S. Pat. No.
5,810,284, which is incorporated herein by reference.
Nevertheless, it is to be understood that designs for other
embodiments of the invention can include apparatus that
differ substantially from the described aircraft.

The preferred embodiment is solar-powered, flying wing
with fuel cells to store energy for continuous day and night
flight. The aircraft includes a plurality of laterally connected,
wing segments that each support their own weight in flight
S0 as to minimize inter-segment loads, and thereby minimize
required load bearing structure. In most variations of the
preferred embodiment, the segments have elevators, but not
ailerons or rudders, further limiting inter-segment loads.
While these features are preferred, they are not required in
all possible embodiments of the invention.

With reference to FIGS. 1-3, the preferred embodiment is
a flying wing aircraft 10, i.e., it has no fuselage or empen-
nage. Instead, it consists of an unswept wing 12, having a
substantially consistent airfoil shape and size along the
wingspan. Preferably, six, eight or fourteen motors 14 are
situated at various locations along the wingspan, each motor
driving a single propeller 16 to create thrust. Preferably, two,
four or five vertical fins 184184, or pods, extend down from
the wing, with landing gear at their lower ends.

The aircraft 10 is longitudinally divided into preferably
five or six, modular segments sequentially located along the
wingspan. These include a center segment 20, left and right
intermediate segments 22, 24, and left and right wingtip
segments 26, 28. These segments range from 39 to 43 feet
in length, and have a chord length of approximately eight
feet. Thus, the aircraft has length of approximately eight
feet, and preferably has a wingspan of approximately 100,
120, 200 or 250 feet.

The center segment 20 has a middle airfoil portion 30,
four motors 14 with propellers 16, left and right vertical fins
18b, 18c, and a solar array 32. The two intermediate
segments 22, 24 of the aircraft 10 each have two propeller
motors 14 and a solar array 32, but each have only a single
fin 184, 184 positioned at that segment’s outer end, adjacent
to the wingtip segments. Finally, the wingtip segments 26,
28 each mount three motors 14 with propellers 16 and one
solar array 32.
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The fins 18a4—18d extend downward from the wing 12 at
the connection points between segments, each fin mounting
landing gear front and rear wheels 34, 36. The fins are
configured as pods to contain elements of the aircraft, such
as electronics, and/or various payloads. One of the pods, a
“control pod” is used to carry control electronics, including
an autopilot principally embodied as software, to control the
motors and elevators. In addition, the pods carry sensors,
including global positioning system (“GPS”) equipment, as
well as communications equipment, test equipment, surveil-
lance equipment or a payload, depending upon the particular
task for which the aircraft is configured.

The first embodiment is designed as a spanloader, with
each of the segments designed to substantially support their
own weight during flight, and thereby avoid significantly
loading any other segment. This allows each segment to be
quite flexible, and also allows the joints between the sections
to include some flexibility having low stiffness (i.e., high
flexibility) requirements allows the aircraft structure to be
built at a minimum weight.

Preferably, there are no rudders or ailerons on the pre-
ferred embodiment of the aircraft 10, thereby further allow-
ing the wing to be flexible. The only active control surfaces
are elevators 38, which are situated along a large portion of
the wing’s trailing edge. In typical form, the elevators are
actuated in tandem to change the aircraft’s angle of attack.
However, in other embodiments, some of the elevators could
be configured for use as ailerons (i.e., configured as
elevons).

The aircraft 10 controls yaw, and thereby turns, using
differential thrust from varied motor torque on the propellers
16. Other known methods or mechanisms for creating dif-
ferential thrust could also be used. The aircraft relies upon
its large wingspan and small velocity to avoid yaw instabil-
ity. Roll is controlled passively by the wing being configured
with a positive angle of dihedral. The vertical fins 184—18d,
which extend beneath the wing 12, serve to prevent
unwanted sideslip and dutch-roll during the aircraft’s turns.

FIG. 1 shows the preferred embodiment in an unstressed
position, with the central and intermediate segments 20, 22
and 24 being relatively level and coplanar, and the tip
segments 26, 28 having a natural 6 degree dihedral. The
perspective view of FIG. 3 illustrates the natural curvature
of the wing segments, as occurring during flight. This
curvature causes an approximately 3 degree dihedral in the
intermediate segments 22, 24, and an approximately 9
degree dihedral in the wingtip segments 26, 28, which
provides the passive roll stability for the design, and elimi-
nates the need for active roll control. FIG. 4, by contrast,
shows a view of the preferred embodiment on the ground,
with the wingtip segments bent downward by gravity. In
either case, the center segment 20 is substantially symmetric
about its centerline.

With reference to FIG. 5A, each of the five segments 20,
22,24,26 and 28 has a main spar 40 serving as its principal
structural member. The main spar provides the primary
structural connection to the other segments, carrying sub-
stantially all of the loads between the segments. The present
aircraft 10 is unlike both conventional aircraft structures,
and typical flying wings, which both use heavy main wing
spars to support either a fuselage or a large central section
(in the case of a flying wing) during flight. It does not
include large central structures, such as a fuselage or
empennage, and therefore does not require such a relatively
strong spar to maintain the structural integrity and dynamic
stability of the wing.

As a result of the above design, the preferred embodiment
of the aircraft is light (less than 1 pound per square foot of
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wing area), travels at relatively slow air speeds (from 13
knots at low altitudes to 100 knots at high altitudes), and
needs relatively little electrical power from the arrays of
solar cells in order to stay airborne.

With reference again to FIGS. 1-3, the preferred embodi-
ment of the invention derives its propulsion from the pro-
pellers 16, driven by the electric motors 14, which are run on
electricity generated by the solar arrays 32. The aircraft
preferably generates sufficient solar energy and contains
sufficient energy storage capacity, to fly continuously, i.c.,
day and night. Preferably, it does so without polluting the
environment, and without being encumbered by the weight
of stored fuels, such as fossil fuels, for propulsion.
Alternatively, it can be designed to derive some or all of its
power from fossil fuels or other stored fuels, or combina-
tions of fuel sources such as solar power by day and stored
non-renewable or partially renewable fuels by night.

Since each of the five segments supports its own weight,
and not the weight of a fuselage, the wing 12 is designed
with a constant chord, rather than a tapered wingtip. This
design permits even more solar cells to be mounted on the
solar arrays 32 of the aircraft 10 than would otherwise be the
case, and virtually the entire upper surface 42 of the wing is
used for conversion of solar energy to electricity. Present
day technology has produced some solar cells which exceed
20% in conversion efficiency, and it is expected that as the
efficiency of solar cells increase, the required wingspan of
the aircraft to support a given load will decrease. Present
solar cells for a preferred embodiment include cells between
14.5% and 18.5%.

The preferred aircraft 10 is designed to be very power
efficient and has a solar array 32 mounted proximate to each
propeller’s motor 14. It uses five solar arrays, one in each of
its five segments, such that solar arrays occupy most of the
upward surface 42 of the wing. The capacity of these arrays
far exceeds the motors’ instantaneous power requirements,
so that more electrical energy than required by the propeller
motors 14 is generated each daylight period.

To further improve power generation, the wing’s skin is
transparent on both the upper and lower surfaces, and the
solar cells 32 are preferably two-sided. Thus, the solar arrays
can generate electricity from light that is incid