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(7) ABSTRACT

An aircraft formation/refueling guidance system guides a
follower aircraft relative to a leader aircraft. A datalink
provides a position hold and a bias command from the leader
aircraft to the follower aircraft. An optical tracker onboard
the follower aircraft takes an image of the leader aircraft
when receiving the hold command, tracks the leader aircraft
using the image, and provides optical tracker movement
outputs. A resolver resolves the optical tracker movement
outputs to provide resolver control signals. A vernier control
receives the bias command to change a position of the
follower aircraft by biasing the resolver control signals with
a bias signal. A sum circuit connected to the resolver and to
the vernier control receives the resolver control signals and
the bias signal to provide a sum circuit output signal. An
autopilot and autothrottle receives the sum circuit output
signal and the position hold command to control the fol-
lower aircraft.

20 Claims, 3 Drawing Sheets
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AIRCRAFT FORMATION/REFUELING
GUIDANCE SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is related to co-pending applica-
tion Ser. No. 10/848,708 filed on May 19, 2004 entitled
“Relative Navigation for Automated Aerial Refueling Using
Datalink Signals” by Gary A. McGraw, Robert J. Frank,
Kenneth M. Peterson, Richard S. Haendel, and Scott J. F.
Zogg. The present application is related to co-filed applica-
tion Ser. No. 10/891,853 filed herewith entitled “A System
and Method for Improving Aircraft Formation Flying Accu-
racy and integrity” by Kenneth W. Mc Elreath. The co-filed
and co-pending applications are assigned to the assignee of
the present invention.

BACKGROUND OF THE INVENTION

This invention relates to navigation and guidance of a
follower aircraft such as an uninhabited air vehicle (UAV)
relative to a leader aircraft and specifically to an aerial
refueling and formation flying system for UAVs.

Aerial refueling and formation flying with an uninhabited
air vehicle poses a unique flight control challenge because of
the bandwidth of the control mechanism required and
because it is desirable to implement a passive (non-RF
emitting) positioning source.

With piloted aircraft aerial refueling, relative navigation
for the rendezvous is accomplished with equipment such as
TACAN and barometric altimeters. Fine navigation during
connect, fueling, and disconnect is done visually by a pilot
and a tanker boom operator. For the rendezvous phase, the
major problem with TACAN is that it is not a low-
observable waveform.

Uninhabited air vehicles require precise relative naviga-
tion capability to perform many mission functions such as
formation flying and aerial refueling. In most situations GPS
techniques suitably augmented with inertial data may suffice
for UAV relative navigation. In a UAV aerial refueling
system, coarse position reporting during rendezvous is suf-
ficient. High accuracy is not required with standalone GPS
positioning being adequate. For communications with the
UAV a low-observable communications datalink is needed
with a modest data rate. Precise, low-latency three-
dimensional relative navigation is required throughout the
entire capture/connect/fueling/disconnect process with the
tanker boom operator having control over the UAV at close
range.

High-accuracy relative positioning is required during cap-
ture and refueling or during formation flying of the UAV. A
system is desired that offers the needed control bandwidth
with a low observable datalink means.

SUMMARY OF THE INVENTION

An aircraft formation/refueling guidance system for guid-
ing a follower aircraft relative to a leader aircraft is dis-
closed. A datalink onboard the leader aircraft and the fol-
lower aircraft provides a position hold command and a bias
command from the leader aircraft to the follower aircraft. An
optical tracker onboard the follower aircraft takes an image
of the leader aircraft when receiving the position hold
command from the leader aircraft, tracks the leader aircraft
using the image of the leader aircraft, and provides optical
tracker movement outputs. A resolver connected to the
optical tracker resolves the optical tracker movement out-
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puts when tracking the leader aircraft to provide resolver
control signals to an autopilot. The optical tracker tracks the
leader aircraft body outline during daylight and position
lights during night. A vernier control receives the bias
command from the leader aircraft over the datalink to
change a position of the follower aircraft by biasing the
resolver control signals with a bias signal. A sum circuit
connected to the resolver and to the vernier control receives
the resolver control signals and the bias signal for providing
a sum circuit output signal. An autopilot and autothrottle
connected to the sum circuit receives the sum circuit output
signal and the position hold command to control the fol-
lower aircraft.

It is an object of the present invention to provide guidance
for formation flying and refueling for uninhabited aircraft.

It is an object of the present invention to provide an
optical tracker and a short-range, low-power discrete data
link to provide required bandwidth and a passive non-RF
emitting positioning source to guide a follower aircraft.

It is an advantage of the present invention to provide a
vernier control to adjust position of a follower aircraft from
a leader aircraft.

It is a feature of the present invention to provide a close
range guidance system with excellent resolution and accu-
racy.

It is a feature of the present invention to provide a system
that can be used to relieve pilot workload and improve
precision for piloted aircraft as well an uninhabited air
vehicles.

DESCRIPTION OF THE DRAWINGS

The invention may be more fully understood by reading
the following description of the preferred embodiments of
the invention in conjunction with the appended drawing
wherein:

FIG. 1 is a diagram showing a refueling implementation
of the aircraft formation/refueling guidance system of the
present invention;

FIG. 2 is an additional view of the refueling scenario of
FIG. 1, and

FIG. 3 is a block diagram of the aircraft formation/
refueling guidance system of the present invention.

DETAILED DESCRIPTION

The present invention is for an aircraft formation/
refueling guidance system that may be installed on a fol-
lower aircraft such as an uninhabited air vehicle (UAV). This
system includes a forward-looking optical target tracker, a
relative position error and roll attitude resolver, and a
low-power datalink for initiating a relative position hold
mode and for providing vernier bias commands from a
leader aircraft to the follower aircraft, and a guidance
interface to autopilot and autothrottle systems on board the
follower aircraft.

The aircraft formation/refueling guidance system of the
present invention may be implemented in a refueling sce-
nario as illustrated in FIG. 1. An antenna 25 on a leader
aircraft 15 such as a tanker permits communications with
one or more follower aircraft 20, 26, and 27 that may be
UAVs over the datalink on the leader aircraft 15 and the
follower aircraft 20, 26, and 27. A formation flying scenario
is similar. While three follower aircraft are shown in FIG. 1,
the number may be more or less since the system of the
present invention is adaptable to any number of follower
aircraft.
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FIG. 2 is an additional view of the refueling scenario. In
FIG. 2, the UAV follower aircraft 20 may have antennas 21
located at top and bottom for datalink reception. The tanker
15 may have datalink antennas 25 located on top and bottom
of the tanker fuselage. A forward-looking optical tracker 31
may be installed in the nose of the UAV follower aircraft 20.

The aircraft formation/refueling guidance system 30 of
the present invention is shown in FIG. 3. The system 30 is
installed on follower aircraft 20, 26, and 27 shown in FIG.
1. Leader aircraft 15 contains a datalink transceiver (not
shown) connected to antennas 25 to transmit and receive
datalink signals to the follower aircraft 20, 26, and 27.

The system 30 comprises an optical tracker 31 known in
the art. The optical tracker 31 includes a camera 32 that may
be a charge coupled device (CCD) camera or other imaging
means for obtaining an image of the leader aircraft 15. The
optical tracker 31 locks on to the image of leader aircraft 15.
As the leader aircraft 15 and/or the follower aircraft 20 with
system 30 move relative to each other, the optical tracker 31
moves along with the follower aircraft 20 to maintain a lock
on the image of the leader aircraft 15. The output of the
optical tracker 31 is connected to a resolver 34 that may be
a part of a digital processor 39. The resolver 34 resolves
optical tracker 31 outputs into right/left, up/down, fore/aft
(using image size) positions and relative roll attitude
between leader aircraft 15 and follower aircraft 20. Since the
aircraft 15 and the follower aircraft 20 are relatively close,
within 100 meters, the resolution and accuracy of these
measurements will be excellent.

The resolver control signals are passed to a sum circuit 38
that may be part of the digital processor 39 that contains the
resolver 34. In the sum circuit 38 a bias signal from a vernier
control function 36 may be applied when a vernier bias
command is received over the data link from the leader
aircraft 15. The vernier control function 36 that may be part
of the digital processor 39 provides right/left, up/down, and
forward/aft bias command signals, as directed from the
leader aircraft 15. A sum circuit 38 output signal is then
applied to an autopilot and autothrottle function 40 for
maneuvering the follower aircraft 20 and adjusting its speed
to match the bias commands. The autopilot and autothrottle
40 are known in the art and provide outputs to control the
follower aircraft control surfaces and thrust.

The datalink 35 comprises a low-power RF, optical or
infrared data link that transmits the position hold and vernier
bias commands to the UAV 20, where the commands are
received and passed to the optical tracker 31 and the vernier
bias control 36. The data link is installed on the leader
aircraft 15 and follower aircraft 20.

In operation conventional navigation and guidance tech-
niques such as GPS and INS are used by the follower aircraft
20 to fly a track and/or heading to intercept the leader
aircraft 15. Once the leader aircraft 15 and the follower
aircraft 20 maneuver to an acceptable window of relative
positions, a command received over data link 35 in the
follower aircraft 20 is sent from the leader aircraft 15 to
initiate a relative position hold mode in a follower autopilot
40 shown in FIG. 3.

Upon receiving the position hold command, the optical
tracker 31 in the follower aircraft 20 takes a snapshot image
of the leader aircraft 15 with the camera 32 in optical tracker
31 and begins to track that image using the aircraft’s outline
in daytime or position lights at night. As the optical tracker
31 and camera 32 move to maintain lock on that image, the
optical tracker 31 outputs those movements to the resolver
34 that resolves the tracker 31 movements into right/left,
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up/down, fore/aft (using image size) positions and relative
roll attitude resolver control signals.

If the leader aircraft 15 or its crew determines that the
follower aircraft 20 should assume a different relative posi-
tion in either lateral, vertical or fore/aft dimensions, a
vernier bias command can be sent from the leader aircraft 15
to the follower aircraft 20 over the datalink 35. This bias
command causes the bias signal to be introduced into the
guidance system by the vernier bias control 36 that offsets
the relative position hold mode from its initial position. This
offset can be used to fly the follower aircraft 20 anywhere
within the window of the optical tracker 30 lock.

A relative roll attitude output of the resolver 34 is used to
enable the follower aircraft 20 to follow the leader aircraft
15 through maneuvers such as refueling orbits, without
introducing lateral or vertical position errors during turn
roll-in, roll-out transitions.

It is believed that the aircraft formation/refueling guid-
ance system of the present invention and many of its
attendant advantages will be understood by the foregoing
description, and it will be apparent that various changes may
be made in the form, construction and arrangement of the
components thereof without departing from the scope and
spirit of the invention or without sacrificing all of its material
advantages, the form herein before described being merely
an explanatory embodiment thereof. It is the intention of the
following claims to encompass and include such changes.

What is claimed is:

1. An aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft
comprising:

a datalink onboard the leader aircraft and the follower
aircraft for providing a position hold command and a
bias command from the leader aircraft to the follower
aircraft;

an optical tracker onboard the follower aircraft to take an
image of the leader aircraft when receiving the hold
command from the leader aircraft, to track the leader
aircraft using the image of the leader aircraft, and to
provide optical tracker movement outputs;

a resolver connected to the optical tracker to resolve the
optical tracker movement outputs when tracking the
leader aircraft to provide resolver control signals;

a vernier control for receiving the bias command from the
leader aircraft over the datalink to change a position of
the follower aircraft by biasing the resolver control
signals with a bias signal;

a sum circuit connected to the resolver and to the vernier
control for receiving the resolver control signals and
the bias signal for providing a sum circuit output signal;
and

an autopilot and autothrottle connected to the sum circuit
to receive the sum circuit output signal and connected
to the datalink to receive the position hold command to
control the follower aircraft.

2. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 1 wherein the optical tracker further comprises a
charge coupled device camera for taking the image of the
leader aircraft.

3. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 2 wherein the optical tracker tracks the leader aircraft
body outline during daylight and position lights during
night.

4. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
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claim 1 wherein the resolver provides right/left, up/down,
fore/aft and roll attitude resolver control signals.

5. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 4 wherein the resolver further comprises a part of a
digital processor.

6. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 4 wherein the vernier control comprises a part of the
digital processor.

7. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 4 wherein the sum circuit comprises a part of the
digital processor.

8. A method of guiding a follower aircraft relative to a
leader aircraft in an aircraft formation/refueling guidance
system comprising the steps of:

providing a position hold command and a bias command
from the leader aircraft to the follower aircraft with a
datalink onboard the leader aircraft and the follower
aircraft;

taking an image of the leader aircraft with an optical
tracker onboard the follower aircraft when receiving
the hold command;

tracking the leader aircraft using the image of the leader
aircraft;

providing optical tracker movement outputs;

resolving the optical tracker movement outputs when
tracking the leader aircraft to provide resolver control
signals with a resolver connected to the optical tracker;

changing a position of the follower aircraft by biasing the
resolver control signals with a bias signal with a vernier
control that receives the bias command from the leader
aircraft over the datalink;

receiving the resolver control signals and the bias signal
in a sum circuit connected to the resolver and to the
vernier control;

providing a sum circuit output signal; and

receiving the sum circuit output signal and the position
hold command to control the follower aircraft in an
autopilot and autothrottle connected to the sum circuit
and the data link.

9. The method of guiding a follower aircraft relative to a
leader aircraft in an aircraft formation/refueling guidance
system of claim 8 wherein the optical tracker takes the image
of the leader aircraft with a charge coupled device camera.

10. The method of guiding a follower aircraft relative to
a leader aircraft in an aircraft formation/refueling guidance
system of claim 9 wherein the optical tracker performs the
steps of tracking the leader aircraft body outline during
daylight and position lights during night.

11. The method of guiding a follower aircraft relative to
a leader aircraft in an aircraft formation/refueling guidance
system of claim 8 wherein the resolver performs the steps of
providing right/left, up/down, and fore/aft positions and roll
attitude resolver control signals.

12. The method of guiding a follower aircraft relative to
a leader aircraft in an aircraft formation/refueling guidance
system of claim 11 wherein the resolver performs the steps
of resolving the optical tracker movement outputs and
providing resolver control signals with a digital processor.

13. The method of guiding a follower aircraft relative to
a leader aircraft in an aircraft formation/refueling guidance
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system of claim 8 wherein the vernier control performs the
step of changing a position of the follower aircraft with a
digital processor.

14. The method of guiding a follower aircraft relative to
a leader aircraft in an aircraft formation/refueling guidance
system of claim 8 wherein the sum circuit performs the steps
of receiving the resolver control signals and the bias signal
to provide the sum circuit output to the autopilot and
autothrottle in a digital processor.

15. An aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft
comprising:

a datalink onboard the leader aircraft and the follower
aircraft for providing a position hold command and a
bias command from the leader aircraft to the follower
aircraft;

an optical tracker onboard the follower aircraft to take an
image of the leader aircraft when receiving the hold
command from the leader aircraft, to track the leader
aircraft using the image of the leader aircraft, and to
provide optical tracker movement outputs;

a digital processor connected to the optical tracker to
resolve the optical tracker movement outputs when
tracking the leader aircraft to provide resolver control
signals; for receiving the bias command from the leader
aircraft over the datalink to change a position of the
follower aircraft by biasing the resolver control signals
with a bias signal; and for summing the resolver control
signals and the bias signal for providing a sum circuit
output signal; and

an autopilot and autothrottle connected to the digital
processor to receive the sum circuit output signal and
connected to the data link to receive the position hold
command to control the follower aircraft.

16. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 15 wherein the optical tracker further comprises a
charge coupled device camera for taking the image of the
leader aircraft.

17. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 16 wherein the optical tracker tracks the leader aircraft
body outline during daylight and position lights during
night.

18. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 15 wherein the digital processor comprises a resolver
that provides right/left, up/down, fore/aft and roll attitude
resolver control signals.

19. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 15 wherein the digital processor further comprises a
vernier control for receiving the bias command from the
leader aircraft over the datalink to change the position of the
follower aircraft by biasing the resolver control signals with
a bias signal.

20. The aircraft formation/refueling guidance system for
guiding a follower aircraft relative to a leader aircraft of
claim 15 wherein the digital processor further comprises a
sum circuit for summing the resolver control signals and the
bias signal for providing a sum circuit output signal.
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