US008515593B2

a2 United States Patent 10) Patent No.: US 8,515,593 B2
Marty et al. (45) Date of Patent: Aug. 20, 2013
(54) FLIGHT MANAGEMENT SYSTEM OF AN (56) References Cited
UNMANNED AIRCRAFT
U.S. PATENT DOCUMENTS
(75) Inventors: Nicolas Marty, Saint Sauveur (FR); 5,835,879 A * 11/1998 Bush .cccoooviviiiiiiiinnnnnn. 701/123
Francois Coulmeau, Seilh (FR); Xavier 6,154,637 A~ 11/2000 Wright et al.
Boone, Toulouse (FR) 6,643,580 B1* 11/2003 Naimeretal. .............. 701/467
’ 7,698,026 B2* 4/2010 Deyetal. ..ccccovvvrvrennnne 701/3
2004/0254691 Al  12/2004 Subelet
(73) Assignee: Thales, Neuilly sur Seine (FR) 2006/0069497 Al 3/2006 Wilson, Jr.
2009/0150114 Al* 6/2009 Vocketal. ..o 702/141
) ) o ) 2009/0326736 AL* 12/2000 Waid cooooooereerrerrccrecrecrecrn, 701/3
(*) Notice: Subject to any disclaimer, the term of this 2010/0049376 Al1* 2/2010 Schultz ...... .. 70172
patent is extended or adjusted under 35 2010/0292874 Al* 11/2010 Dugganetal. .................. 701/11
U.S.C. 154(b) by 314 days. 2011/0130913 Al* 6/2011 Dugganetal. .................. 701/23
2012/0123628 Al* 52012 Dugganetal. .................. 701/24
(21) Appl. No.: 13/080,372 FOREIGN PATENT DOCUMENTS
FR 2913799 Al 9/2008
(22) Filed: Apr. 5,2011 WO 2004/027732 Al 4/2004
* cited by examiner
(65) Prior Publication Data Primary Examiner — Behrang Badii
US 2011/0245997 Al Oct. 6, 2011 (74) Attorney, Agent, or Firm — Baker Hostetler LL.P
57 ABSTRACT
(30) Foreign Application Priority Data A flight management system of an unmanned aircraft linked
to a control station by communication means includes: a first
Apr. 6,2010  (FR) woeeveeieceiiecrccncnen 10 01408 set of a number N of successive navigation functions (i
with i=1, . . . N) remotely situated within the control station,
(51) Int.ClL a control function on board the aircraft, generating, from
GO5SD 1/00 (2006.01) guidance setpoints, commands intended to control the aircraft
(52) US.CL so that it observes the guidance setpoints, and a second set of
USPC ............ 701/2;701/24; 701/3; 701/11; 701/4; a number N of successive navigation functions (ing
701/16 with i=1, . . ., N) on board the aircraft, and configuration
(58) Field of Classification Search means, capable of performing a combination of a number N
USPC 701/2. 11. 467. 123. 16. 4. 99. 24 of successive functions, each of the successive functions
70123 3- 244/195. 1 R. 194. 76 R: 96/111. being chosen from the first and second sets, said combination
96/115"760/83' 3 42)/963,' 95’/130, ,370/208f of successive functions generating the guidance setpoints
’ ’ ’ 330 /276, 375 /130’ transmitted to the onboard control function.
See application file for complete search history. 10 Claims, 6 Drawing Sheets
H ‘\\R
3. ~ Z,
/ )
- o 5 85\
12[) - r‘.&_—, s
) o (LoCNAVD) f
{ N AN =To] i ATTE
13p ; \ e
4 \53’&{5 S
[ G c
s L. wm._ o I,,
| 1 o
""" 1
CONF |




US 8,515,593 B2

Sheet 1 of 6

Aug. 20,2013

U.S. Patent

R

O
7
~
HHNOD
45 He - Gy g ]
¢ ¢* “r e e ayy
S0 AHE e h, < ~
N Lmﬂﬁm FYQAYN | g S B A
38 &a./f/ le NG
N oo B | S
FNOT » SN . : CICHNE b sl
B : b S L S
3 H P’u w. - \ ; V/ AW \/V: .
vl i Aelog / ANz A S S N
‘ ¢ ™ Od
ETRRG SAYNOCT Eta =T AN ad\
S GAYNDOT
m X {, S
Efo) 3, IR ﬂmw
N ;
{ )
- {,
z - o
-




US 7,789,723 B2
Page 2

U.S. PATENT DOCUMENTS

4,159,427 A 6/1979 Weidmann

4,371,347 A 2/1983 Einar

5,236,378 A 8/1993 Newman

5,291,847 A 3/1994 Webb

5,449,307 A 9/1995 Fuereder

5,687,137 A * 11/1997 Schmidtetal. ............. 367/131
5,713,293 A 2/1998 Shiffler et al.

5,863,228 A 1/1999 Tether

5,894,450 A *  4/1999 Schmidtetal. ............. 367/134
5,995,882 A * 11/1999 Patterson et al. ... 701/21
6,273,015 B1* 82001 Motsenbockeretal. .. 114/61.12
6,536,272 B1* 3/2003 Houston etal. .......... 73/170.29
6,807,921 B2* 10/2004 Huntsman ................... 114/312
6,854,406 B2* 2/2005 Cardozaetal. ....... 114/144 RE
7,290,496 B2* 11/2007 Asfaretal. ................. 114/312

FOREIGN PATENT DOCUMENTS

CA 2245286 3/2000
CA 2342378 9/2002
DE 3303535 8/1984
DE 4304688 7/1994
DE 10215634 10/2003
EP 252733 1/1988
EP 903288 A2 3/1999
FR 2825082 11/2002
GB 2326143 12/1998
JP 2002136776 A 5/2002
JP 2003072675 A * 3/2003
WO WO 01/70568 Al 9/2001
OTHER PUBLICATIONS

US Naval-Industry R&D Partnership Conference, Spartan “Scout”,
Aug. 13, 2002.

International Search Report, Australian Patent Office, Serial No.
2003903968, Apr. 20, 2004.

Derwent Abrstrac,t Accession No. 2003-436865/41, Class D15, KR
2003006640A, Bang, Jan. 23, 2003.

Derwent Abstract Accession No. 2001-280309/29, Class Q24, RU
2163556 C1, Utyakov, Feb. 27, 2001.

Derwent Abstract Accession No. 2004-054043/06, Class P62, CN
1439491 A, Univ. Bejing Aerospace, Sep. 3, 2003.

First Examination Report; Indian Patent Application No.
32/MUMNO/2006; Jan. 13, 2009; 2 pages.

Supplemental European Search Report; Application No./Patent No.
04737632.2-1254/1651512 PCT/AU2004001014; Apr. 7, 2009; 3
pages.

Office Action (in Chinese); 5 pages; issue date Sep. 28, 2007.
English translation of China Office Action issued Sep. 28, 2007; 3
pages.

Translation of Japanese Office Action; Application No. 2006-
521348, dated Feb. 19, 2010, 4 pages.

Translation of Japanese Patent Abstract and Figures; Observation
Ship; Publication No. 11-034973; Publication Date Feb. 9, 1999; 6
pages.

Translation of Japanese Patent Abstract; Vessel with Stationary Point
Retaining Specification; Publication No. 2001-080573; Publication
Date Mar. 27, 2001; 1 page.

Translation of Japanese Patent Abstract; Submerging and Surfacing
Propulsion System for Glider Type Submarine Boat; Publication No.
62-023894; Publication Date Jan. 31, 1987; 1 page.

Translation of Japanese Patent Abstract and Figures, Patent No.
3050016; A Wing Sail Covered with Solar Cells; 6 pages.
Translation of Japanese Patent Abstract; Hydrogen Recovery System
Provided with Hydrogen Manufacturing Plant; Publication No.
2003-072675; Date of publication Mar. 12, 2003; 1 page.
Translation of Japanese Patent Abstract; Hybrid Type Electric Power
Supply Facility; Publication No. 10-144327; Publication Date May
29, 1998; 1 page.

* cited by examiner



US 8,515,593 B2

Sheet 3 of 6

Aug. 20,2013

U.S. Patent

4 old

0L
?
™,
NGO
k3
Qo gg- .
S e 4y
Q9a4uad]  loBoAYN A
A5
Aolmsmomj 5 _ HONSMTT .N,,
, DS 3 < O
D ang /,.// ngl dNg UM e N
[FPSR ORI 1N S =4 ¢ 3 R Sp— t .y -
. LY de
D™ ¢ N el
1Ly /d OAYNDSOT NQ
< ~
N; 0 al
s | m._.mw

/.#'“"-.../"
o



US 8,515,593 B2

Sheet 4 of 6

Aug. 20,2013

U.S. Patent

¢ Ol

Ay aG .
< <o Yt
EL eSS QEAAYN w
i N >
7o L]
6. AU N B ... |oom
4 m ¥ \m\\\\
SNOO [ T BAINO e ALt ONad TTLGSIA T
| § s
3 Y e ” < ~Has ,:fmww
Cang 3 aNp D) e )
PE N LLLodi NG T ; WL |
o~ M,/ v N - Qmm..
3LV A Nz Ao WU P
< ’ -
Ny )
N N
{ {
N \.
&



US 8,515,593 B2

Sheet 5 of 6

Aug. 20,2013

U.S. Patent

P OI4

e o T oy
8
J804u3d]| | BEOAVN P
N
dd b
34 NG 1 daocad
: y
ed SO bed FAIND ! IPVALF TN |
A EN 5 s 5 Gl BN L @
. E i < ﬂ\u » - i et
, uzwu // e Nz TN D R
::::::::: .V.Nttri!il.l..ils..x..xll..J....lx! "~
3Ly 2d\ FAYNOOT M.Q
R 0
. \
ag =y
.c/— ./v
[ (
M/AI .Ill. MI



US 8,515,593 B2

Sheet 6 of 6

Aug. 20,2013

U.S. Patent

8¢ Old

= Fo N = F
3904u34] | INID] [R8aAYN
6. ga\ nol N0
{ ¥ ¥
SO ford VL feeed AN |
DY i o A kit 1 SISl
- ¢ : U s, ~. :
D ENg N W EL mzw n
: \//.. et N iii(ui“ <,
) Ted, AD £
3LV IAYNIOT 3
5
¢ ¢ EREN
Ag Ey 5
S < )
{ L C
9

gy



US 8,515,593 B2

1
FLIGHT MANAGEMENT SYSTEM OF AN
UNMANNED AIRCRAFT

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to foreign French patent
application No. FR 1001408, filed on Apr. 6, 2010, the dis-
closure of which is incorporated by reference in its entirety.

TECHNICAL FIELD

The field of the invention is that of the piloting systems for
unmanned aircraft. The unmanned aircraft are, for example,
drones, also called UAV (“Unmanned Aerial Vehicle™). The
expression “drone system” covers the assembly formed by a
drone and its piloting station linked by a communication link.

BACKGROUND

Conventionally, a flight management system of an
unmanned aircraft comprises, within said control station, a
set of successive navigation functions and, within the aircraft,
a control function for the aircraft based on guidance setpoints
which are roll, pitch, thrust and speed constraints that the
aircraft is assumed to have to observe. The control function
drives the aerodynamic equipment of the aircraft (control
surfaces, engines) so that it observes the guidance setpoints.

In conventional drone systems, the implementation of all
the successive navigation functions hosted by the control
station generates guidance setpoints.

The drones are more and more regularly required to cross
civilian airspaces to reach their theatre of operations, for
training requirements, internal civil safety requirements or
for monitoring requirements (forest fires, borders, events,
etc.).

Now, for an aircraft to be able to cross a non-segregated
airspace, it must be authorized therein. A non-segregated
airspace is a space that is reserved neither for civilian appli-
cations nor for military applications but which may accom-
modate both types of applications, unlike a segregated air-
space which is dedicated to one of these two applications.
Authorization to navigate in a non-segregated airspace entails
demonstrating that the aircraft can observe strict safety con-
ditions.

The ICAO (International Civil Aviation Organization) has
thus defined the CNS (Communication/Navigation/Monitor-
ing) safety concept which combines, by categories and mis-
sions, the systems and procedures on the ground and on board
the aircraft that make it possible to achieve the safety objec-
tives. The communication C represents the interchanges
between the aircraft and the air traffic control authorities ACT
or between an aircraft and its piloting station. The navigation
N relates to the location of the aircraft (where am 1?), the flight
management (where should I go?) and to guidance (how do I
go there?). The monitoring aspect S relates to the detection of
upcoming obstacles with regard to the landscape, other air-
craft, or hazardous weather conditions. A performance char-
acteristics is allocated to each of these key aspects C,N and S,
in order to obtain the required safety level. The demonstration
that makes it possible to obtain a navigability certificate there-
fore relies on the C/N/S performance characteristics s and
their interactions. In particular, it is essential to demonstrate
that the failure of one of the C, N, S components can be
compensated for by other components to terminate the flight
in safety conditions which are adequate.
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Now, the piloting systems for the current drones do not
make it possible to observe the safety conditions necessary
for inclusion in civilian traffic. For example, in the case of
failure of the communication between the piloting station and
the drone, the latter cannot continue its mission with adequate
safety conditions because it is normally entirely piloted from
the ground. The guidance setpoints are generated by imple-
mentation of a set of successive navigation functions within
the control station. The aircraft itself is not capable of gener-
ating guidance setpoints. The drones must therefore observe
stringent procedures in order to be able to cross civilian
spaces: several days’ prior notice, accompanying aeroplanes,
closure of civilian traffic for a time period.

SUMMARY OF THE INVENTION

The present invention proposes a flight management sys-
tem of an unmanned aircraft which enables it to cross segre-
gated or non-segregated airspaces.

To this end, the subject of the invention is a flight manage-
ment system of an unmanned aircraft linked to a control
station by communication means, said flight management
system comprising:

a first set of a number N of successive navigation functions
remotely situated within the control station,

a control function on board the aircraft, generating, from
guidance setpoints, commands intended to control the aircraft
so that it observes the guidance setpoints,

a second set of a number N of successive navigation func-
tions on board the aircraft,

configuration means, capable of performing a combination
of a number N of successive functions, each of the successive
functions being chosen from the first and second sets, said
combination of successive functions generating the guidance
setpoints transmitted to the onboard control function.

In one embodiment of the invention, the first, and respec-
tively the second, sets of successive functions comprise the
following three successive navigation functions:

aremote flight plan construction function, and respectively
an onboard flight plan construction function,

a remote future trajectory construction function, and
respectively an onboard future trajectory construction func-
tion,

a remote guidance function, and respectively an onboard
guidance function.

Advantageously, the flight management system comprises
a performance database on board the aircraft and a remote
performance database.

Advantageously, the system comprises a remote naviga-
tion database and an onboard navigation database storing
navigation data.

Advantageously, the configuration means of the flight sys-
tem are capable of choosing the origin of the guidance set-
points used by the flight plan management function belonging
to the combination from remote means for communication
with the air traffic control authorities and/or onboard means
for communication with the air traffic control authorities and/
or onboard guidance setpoint generation means.

In one embodiment, the configuration means of the system
configure the flight system according to required navigation
performance characteristics.

The required navigation performance characteristics s
advantageously depend on at least one navigation parameter
and/or at least one certification parameter and/or at least one
economic and technical parameter. The required navigation
performance characteristics s are, for example, predeter-
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mined. As a variant, the required navigation performance
characteristics s are variable during a mission of the aircraft.

Advantageously, for at least one serial number i between 1
and N, the remote navigation function of serial number i is
equal to the onboard function of serial number i.

By providing a set of successive navigation functions both
within the control station and on board the aircraft as well as
configuration means for the flight management system, the
aircraft can fly both in segregated and non-segregated spaces.

Moreover, the configuration means of the navigation sys-
tem can implement combinations or successive navigation
functions chosen from the onboard and remote navigation
functions. Thus, a choice can be made to execute all or part of
the navigation functions on board the aircraft only when that
is necessary to ensure the safety of the aircraft. This makes it
possible, while offering an unmanned aircraft the possibility
of flying in civilian spaces, of not mobilizing, on board the
aircraft, superfluous energy to implement navigation func-
tions when it is not necessary.

It is also not necessary to provide, on board the aircraft, a
computer with computation capacity permanently dedicated
to the execution of the set of navigation functions. Thus, the
weight of the aircraft is not increased unnecessarily compared
to that of an unmanned aircraft of the prior art. In fact it is
possible to equip the aircraft with a computer which does not
have sufficient computation capacity to simultaneously
implement the mission functions, the successive navigation
functions and the other onboard functions. This is all the more
beneficial since the higher the level of autonomy needed to
ensure the safety of the aircraft, the smaller the number of
mission functions that have to be carried out (the aircraft does
not generally have to carry out mission functions when it is in
a civilian space).

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention will become
apparent from reading the following detailed description,
given as a nonlimiting example, and with reference to the
appended drawings in which:

FIG. 1 schematically represents an exemplary architecture
of a flight management system according to the invention,

FIGS. 2a to 2e represent different configurations of the
flight management system according to the invention.

From one figure to another, the same elements are identi-
fied by the same references.

DETAILED DESCRIPTION

FIG. 1 shows an exemplary flight management system 1,
according to the invention, for an unmanned aircraft 2 and
linked to a control station 3 by communication means 4. This
flight management system 1 comprises:

a first set D of a number N of successive navigation func-
tions iy, of serial number i with i=1, . . . N, remotely situated
within the control station,

a control function COME 9 on board the aircraft, gener-
ating, from guidance setpoints G, commands intended to
control the aircraft so that it observes the guidance setpoints
Gs

a second set E, of a number N of successive navigation
functions i, of serial number i with i=1, . . . N, on board the
aircraft,

configuration means CONF 10, for the flight management
system 1, capable of performing a combination of N succes-
sive functions, each of the successive functions being chosen
from the first and second sets D, E, said combination of
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successive functions generating the guidance setpoints G
which are transmitted to the onboard control function COME.

In other words, the configuration means CONF, 10 perform
combinations C of N successive functions of serial number i
withi=1,...,N.The combination C comprises, for each serial
number i, either the onboard navigation function i, of index
i, or the remote navigation function i,,, of index i. A function
that has a first serial number is performed before the function
that has the higher serial number than the first serial number.

In the example shown in FIG. 1, the first, and respectively
the second set of successive functions comprise a number
N=3 of successive navigation functions which are as follows:

a remote flight plan construction function FPLND, 1,,,,
respectively an onboard flight plan construction function
FPLNE, 1,

a remote future trajectory construction function TRAID,
2., respectively an onboard future trajectory construction
function TRAIJE, 2,

a remote guidance function GUIDD, 3,5, respectively an
on board guidance function GUIDE, 3.

Advantageously, the remote successive navigation func-
tions are identical to the onboard successive navigation func-
tions. This makes it possible to guarantee identical behaviour
of the craft, whether the navigation functions are carried out
on board the aircraft or remotely.

As a variant, these functions are different. In other words,
the onboard and remote functions correspond to the same
function but they are not carried out in the same way. Such is,
for example, the case when the aircraft has an existing item of
equipment for the mission that is capable of carrying out one
of'the navigation functions. This equipment item can be used
to carry out the navigation function on board the aircraft.

The abovementioned functions are described in more
detail hereinbelow:

the flight plan management functions FPLND, FPLNE
construct a route RS (or outline of a trajectory to be followed)
that is assumed to have to be followed by the aircraft based on
navigation data DN and/or flight setpoints CV; the route com-
prises the vertical constraints in altitude, speed and time that
the aircraft is assumed to have to observe,

the functions TRAJD, TRAJE for constructing a future
trajectory T correspond to an estimation of the three-dimen-
sional trajectory, beginning at its current position PC, that the
aircraft is assumed to have to follow for a predetermined time
interval, the trajectory being constructed from the route to be
followed RS and observing the performance characteristics
of the aircraft DP,

the guidance functions, GUIDD, GUIDE calculate, from
the current position PC of the aircraft and from the three-
dimensional trajectory, guidance setpoints G (in the vertical
plane and in the horizontal plane) which are high-level
instructions tending to ensure that the aircraft is locked onto
the horizontal and vertical planes and in speed, along the
trajectory,

the control function COME generating commands for the
aerodynamic equipment items of the aircraft to observe the
guidance setpoints.

The exemplary flight management system according to the
invention, represented in FIG. 1, also comprises:

aremote navigation database NAVDBD 5, and an onboard
navigation database NAVDBE, 5., storing navigation data
DN comprising geographical points, navigation radiofre-
quency beacons, intercept segments, altitude segments, take-
off and landing procedures, runways; these data are standard-
ized at international level by the AEEC, in the AEEC
document ARINC 424,
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a remote performance database PERFDBD 6, and an
onboard performance database PERFDBE 6, storing data
DP relating to the performance characteristics of the aircraft
such as aerodynamic parameters, acrodynamic characteris-
tics of the engines of the aircraft,

aremote locating function LOCNAVD 7, for the aircraft to
calculate the current position PC of the aircraft in latitude and
longitude from sensors located remotely from the aircraft (for
example, radars) and an onboard locating function LOC-
NAVE, 7., for calculating the current position PC of the
aircraft from onboard sensors in the aircraft (inertial sensors,
GPS sensors),

an onboard function ATTE, 8, for determining the attitude
A of the aircraft, comprising the pitch, roll, yaw, incidence,
angular speeds of the aircraft, from a sensor installed on board
the aircraft,

means of communication with the air traffic control
authorities, remote RECD, 11,,, and onboard RECE, 11,
making it possible to receive flight setpoints CV from an air
traffic control authority ATC,

a remote man-machine interface MMI, 12,, enabling a
giver of instructions (the pilot of the aircraft who is remotely
situated within the control station) to interact with the navi-
gation functions; this man-machine interface MMI comprises
input means SD 13, for inputting flight setpoints CV
intended for the flight plan management function FPLN and
display means VISD 14, for displaying information deriving
from the navigation functions,

onboard generation means GENE, 16 for generating flight
setpoints.

The inputting of the data by means of the man-machine
interface by the pilot (who is remotely situated in the control
station) is done in close association with the database which
contains all the possible selectable elements. Each time the
operator tries to insert an element, a check is carried out to see
if this element is present in the navigation database. For some
procedure elements, the navigation database makes it pos-
sible to filter and sort the selectable elements on said proce-
dure (for example, when the operator selects an airport, the
database provides him with a list to choose from, the associ-
ated take-off runways, the list of associated standardized
departure procedures, etc.).

The flight setpoints CV are, for example, constraints, ele-
ments of the route to be followed, or parameters which have
an influence on the flight, such as weather predicted along the
flight plan or in a given region.

The navigation and performance databases are not neces-
sarily duplicated. As a variant, these databases are hosted only
within the control station or only on board.

FIG. 1 shows the means for configuring CONF, 10, the
flight management system outside the control station 3 and
the aircraft 2. They are, for example, installed within an air
traffic control authority ATC. As a variant, these means 10 are
installed in the control station or on board the aircraft.

FIGS. 2a to 2e show different configurations of the flight
management system represented in FIG. 1. The different con-
figurations differ by the combination of successive functions
chosen by the configuration means 10, and possibly by the
origin of the data and/or of the flight setpoints and/or of the
locating functions used.

For each configuration, for greater clarity, only the follow-
ing are shown:

the navigation functions which belong to the combination
chosen for the configuration,

the onboard control function COME, the attitude determi-
nation function ATTE, the display function VISD, the navi-
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6

gation databases NAVDBE or NAVDBD and performance
databases PERFDBE or PERFDBD used by the flight plan
function of the combination,

the locating function or functions which provide position
measurements P to the navigation functions which belong to
the chosen combination,

the means from among SD, MMI, RECD, RECE, GENE
from which the flight setpoints CV are transmitted to the flight
plan management function FPLNE or FPLND included in the
combination.

Nor is the communication link 4 shown.

FIG. 2a shows a first configuration. In this configuration, it
is a first combination C1 of successive navigation functions
which generates the guidance setpoints G which are transmit-
ted to the onboard control function COME. Since the guid-
ance setpoints G are generated within the control station 3,
they are transmitted to the aircraft 2 by means of the commu-
nication link 4.

The first combination C1 comprises only remote naviga-
tion functions FPLND 1,,,, TRAID 2,,,, GUIDD 3,,,. None
of'the onboard navigation functions is involved in generating
the guidance setpoints G. A navigation function belonging to
a combination of successive navigation functions uses the
data deriving from the preceding navigation function of the
combination.

In the first configuration, the remote flight plan construc-
tion function FPLND, 1,,,, uses the navigation data stored in
the remote navigation database NAVDBD, 5,,. The remote
future trajectory generation function TRAJD uses the data
from the remote performance database PERFDBD, 6,,.

Moreover, the remote future trajectory construction func-
tion TRAID, 2,5, and the remote guidance function GUIDD,
3, use the current position PC calculated by the remote
locating function LOCNAVD, 7,

The flight setpoints CV used by the remote flight plan
management function FPLND may be obtained from the
setpoint input means 13, and/or from the remote means
RECD, 11, for receiving flight setpoints.

The only functions that are carried out on board the aircraft
are the control piloting function COME 9 and the attitude
determination function ATTE, 8. In this configuration, the
aircraft 2 has no autonomy (level 0 configuration in terms of
autonomy) with regard to the control station 3. It is said that
the control of the aircraft is fully remote.

Advantageously, the configuration means CONF 10 of the
flight management system are capable of determining which
current positions PC, from among the current positions PC
calculated by the onboard LOCNAVE and remote LOC-
NAVD locating functions, are used by the trajectory determi-
nation function and respectively by the guidance function
which belong to the combination. Thus, itis possible to obtain
a variant of the first configuration described hereinabove in
which the remote guidance GUIDD and trajectory construc-
tion TRAJD functions use the position calculated by the
onboard locating function LOCNAVE, 7. The current posi-
tion PC is then transmitted to these functions from the aircraft
via the communication link 4. The use of the position calcu-
lated by the onboard locating function LOCNAVE enables an
aircraft to cross a number of military airspaces, belonging to
different countries, in which there is not always the benefit of
radars for remote locating.

The first configuration is mainly used in segregated spaces
or in airspaces that do not require the safety conditions
imposed in civilian space to be observed. In the case of failure
of the communication link 4 or in the case of failure of the
locating system, the aircraft does not have the capacity to
observe the safety constraints of a civilian space because it is



US 8,515,593 B2

7

not capable of generating the guidance setpoints G itself.
However, the computers of the aircraft devote no computation
capacity (and therefore no energy) to carrying out the navi-
gation functions. In other words, for a given energy reserve,
the aircraft has great autonomy (in terms of energy). It has a
computation capacity for carrying out mission functions.

FIG. 25 shows a second configuration of the flight man-
agement system according to the invention. The second con-
figuration differs from the first configuration in that a second
combination C2 of successive navigation functions generates
the guidance setpoints G which are transmitted to the onboard
control function COME. The second combination C2 differs
from the first combination C1 in that the remote guidance
function GUIDD 3, is replaced by the onboard guidance
function GUIDE 3.

In FIG. 25, the onboard guidance function GUIDE and the
remote trajectory construction function TRAID use the cur-
rent position PC calculated by the remote locating function
LOCNAVD. Just as in the first configuration, the second
configuration has variants in which the onboard guidance
function GUIDE and the remote trajectory construction func-
tion GUIDD both use the position PC calculated by the
onboard locating function LOCNAVE, 7. or else uses,
respectively, the position calculated by the onboard locating
function LOCNAVE and the position calculated by the
remote locating function LOCNAVD.

In this latter variant, the number of information items trans-
mitted between the aircraft and the control station is limited,
which favours the autonomy of the aircraft with respect to the
control station, notably in the case of failure of the commu-
nication link linking it to its piloting station.

The interchanges between the aircraft and the piloting sta-
tion therefore amount to the future trajectory T transmitted
from the remote trajectory function TRAJD towards the
onboard guidance function GUIDE, and possibly to the posi-
tion PC of the aircraft.

In the case of failure of the communication link between
the aircraft and the piloting station for a short time of the order
of a few minutes, the aircraft can continue its mission autono-
mously. In practice, it is capable of establishing guidance
commands G for controlling the aircraft based on the future
trajectory T which is transmitted to it by the remote trajectory
construction function TRAJD. It therefore has the possibility
of observing, in the short term, the safety conditions that are
imposed in an uncontrolled civilian space or in a military
space in training. The second configuration is called level 1
configuration in terms of autonomy of the aircraft with
respect to the control station. Moreover, less information
passes between the aircraft and the control station than in the
first configuration so that a greater bandwidth is available for
communications not dedicated to navigation.

FIG. 2¢ shows a third configuration of the flight manage-
ment system according to the invention. The third configura-
tion differs from the second configuration in that it uses a third
combination C3 of navigation functions that is different from
the second combination C2 in that the remote trajectory con-
struction function TRAJD is replaced by the onboard trajec-
tory construction function TRAJE. The onboard function
TRAIJE uses notably the route to be followed RS calculated
by the remote flight plan management function FPLND 1,,,.

The configuration means 10 are advantageously capable of
determining, when the performance database is duplicated,
which performance data from among those stored in the
onboard PERFDBE and remote PERFDBD databases are
used by the trajectory construction function TRAJD or
TRAIJE belonging to the chosen configuration. Advanta-
geously, the configuration means CONF 10 configure the
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flight management system 1 so that the onboard function
TRAUIJE, or respectively remote function TRAID, included in
the combination, uses the performance data DP stored in the
onboard performance database PERFDBE, respectively
remote performance database PERFDBD. Thus, in FIG. 2¢,
the onboard function TRAJE uses the data stored in the
onboard performance database PERFDBE.

In the third configuration, the trajectory generation TRAJE
and guidance GUIDE functions use the current position PC of
the aircraft calculated by the onboard locating function LOC-
NAVE. This makes it possible to avoid transmitting the posi-
tion PC of'the aircraft from the control station to the aircraft.
Thus, the aircraft has good autonomy with respect to the
ground station in the case of failure of the communication link
4. However, the configuration means 10 can choose, for each
of'these 2 navigation functions, to use, as a variant, the posi-
tion PC obtained from the locating function, either on board
or remote.

Itis possible to transmit to the piloting station 3 the portion
of the future trajectory calculated on board the aircraft. This
portion can thus be displayed by an operator by means of the
display means VISD. The interchanges between the aircraft
and the control station therefore amount to the sending of the
outline of the trajectory RS from the control station 3 and, as
an option, the sending, from the aircraft 2, of the position PC
of the aircraft calculated by the remote navigation function
and possibly the trajectory T calculated by the onboard func-
tion.

The third configuration enables an aircraft to cross civilian
airspaces in complete safety. It is in fact capable of calculating
its trajectory T to the end of its mission from the route to be
followed RS which is transmitted to it by the control station 3.
It is said that the aircraft has a level 2 of autonomy (greater
than level 1) with respect to the control station. In the case of
loss of communication between the aircraft and the piloting
station, the aircraft is capable of following a mandatory pro-
cedure consisting in continuing on the current heading,
rejoining its flight plan at the closest point, continuing to the
arrival airport by following the flight plan. The flight plan
corresponds to all the information needed to describe the
flight and the associated constraints that the aircraft must
observe. It comprises the route to be followed, the trajectory
to be followed and the guidance setpoints.

FIG. 2d shows a fourth configuration of the flight manage-
ment system according to the invention that has a third level
of autonomy greater than the preceding ones, with respect to
the control station. This fourth configuration differs from the
third configuration represented in FIG. 2¢ in that a fourth
combination C4 of successive navigation functions is formed.
This fourth combination C4 differs from the third combina-
tion C3 in that the remote flight plan management function
FPLND is replaced by the onboard flight plan management
function FPLNE.

This function FPLNE uses data obtained from the onboard
navigation database NAVDBE. This requires the navigation
database to be at least partially duplicated. The configuration
means 10 of the flight management system are advanta-
geously capable of determining which navigation data DN
from among those stored in the onboard navigation database
NAVDBE or those stored in the remote navigation database
NAVDBD are used by the flight plan management function
FPLND or FPLNE which belongs to the combination. It is
therefore possible to obtain a variant of the fourth configura-
tion in which the onboard flight plan management function
uses the data obtained from the remote navigation database
NAVDBD. The use of data obtained from the onboard data-
base gives the aircraft greater autonomy with respect to the
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piloting station. The onboard flight plan management func-
tion FPLNE also uses flight setpoints CV, supplied by the
piloting station 3. It is possible to send to the piloting station
3 the route RS and/or the trajectory and/or the position cal-
culated on board.

Advantageously, the configuration means 10 of the flight
system are capable of choosing the origin of the guidance
setpoints used by the flight plan management function
belonging to the combination, from among the remote means
of communication 11 ,,, with the air traffic control authorities
and/or onboard means of communication RECE 11 ., with the
air traffic control authorities and/or onboard guidance set-
point generation means 14 .

FIG. 2e shows a fifth configuration of the flight manage-
ment system according to the invention, called level 4 con-
figuration (greater than the third) in terms of autonomy of the
aircraft with respect to the control station. This fifth configu-
ration differs from the fourth configuration in that the onboard
flight plan management function FPLNE uses flight setpoints
CV generated on board the aircraft by the generation means
GENE and/or from flight setpoints sent by an air traffic con-
trol authority ATC via the onboard means of communication
RECE, 11 with the air traffic control authorities. The flight
setpoints are, for example, sent from the ATC to the aircraft
via a digital data link.

The generation means GENE are, for example, means of
monitoring the context or the mission, which transmit infor-
mation to the onboard function FPLNE.

The aircraft assembles, from the flight setpoints CV, the
procedure and flight plan elements from guidance setpoints,
then constructs its trajectory, and is locked onto said trajec-
tory.

Compared to the level 3 configuration, this configuration
enables the aircraft to dialogue directly with the air traffic
control Authorities ATC, without involving the control sta-
tion, and therefore to be able to continue to respond to the
flight setpoints sent by the ATC even if the communication
link between the aircraft and the control station is lost.

Advantageously, the means 10 for configuring the flight
management system 1 choose the configuration of the flight
system according to required navigation performance char-
acteristics. The required navigation performance characteris-
tics may be expressed as a function of at least one parameter
P. It is possible to configure the flight system according to at
least one navigation parameter and/or at least one certification
parameter and/or at least one economic and technical param-
eter.

There now follows a non-exhaustive list of the various
parameters and the configuration, expressed as autonomy
level j, with j=0 to 4, which is sufficient, necessary or prefer-
ably chosen for different values of the parameter.

The navigation system can be configured according to at
least one navigation parameter taken from:

the nature of the airspaces assumed to have to be crossed by
the aircraft:

if the aircraft does not cross any non-segregated airspace,

an autonomy level 0 to 2 is sufficient,

if the aircraft crosses a non-segregated, non-controlled air-

space (i.e. in which visual flight rules apply for the
monitoring of the other aircraft), it is preferable to
choose at least the autonomy level 2 to ensure a reason-
able period of time for taking into account potential
conflicts with other aeroplanes,

if the aircraft crosses a non-segregated controlled space

(i.e. in which the aircraft has to be capable of rapidly
responding to the setpoints from the air traffic control
authorities), a level 3 or even 4 is necessary (the level 4
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variant in which the flight management function uses
flight setpoints which are transmitted to it by the authori-
ties may be necessary if the expected responsiveness is
high);
the type of aircraft relative to the required autonomy with
respect to the piloting station:
for a micro drone (drone having low endurance, very low
autonomy, low weight and low cost), an autonomy level
0 or 1 is preferable,
for a tactical drone (drone having low endurance, average
autonomy of 1 to 3 h, an average weight and a low cost),
an autonomy level 0 to 2 is preferable,
fora MALE drone (drone having average endurance, aver-
age autonomy of 4 to 10 h, heavy weight and high cost),
an autonomy level of between 1 and 4 is preferable,
for a HALE drone (drone having high endurance, high
autonomy, that is to say greater than 12 h, heavy weight,
very high cost), an autonomy level of 2 to 4 is preferable:
the required lifetime, that is to say the drone associated
with the cost of the drone (the more costly the drone, the
greater the requirement to retrieve it intact at the end of its
mission, and the higher the autonomy level required),
the response time of the chain comprising control station
and aircraft (the greater this response time of the aircraft with
respect to the control station, the greater the tendency to
choose a high level of autonomy),
the type of airspace crossed relative to the navigation per-
formance characteristics required in this space (that is to say,
relative to the precision with which the aircraft is required to
follow its flight plan); the greater the demand for good navi-
gation performance characteristics, the higher the chosen
autonomy level,
the nature of the functionalities and procedures that the
aircraft has to be able to carry out; for example, an aircraft that
is equipped with an onboard function for autonomous return
to the point of departure, that is to say an aircraft which has on
board a predefined and non-modifiable return flight plan for
returning safely in case of problems, must be capable, in the
case of loss of communication with the control station, of
constructing a trajectory from this flight plan and of estab-
lishing guidance commands from the latter, which entails the
presence, on board the aircraft, of the trajectory construction
and aircraft guidance functions, autonomy level 4 is required.
Itis also possible to configure the flight system from at least
one certification parameter relating to the safety level
required for the flight, taken from:
the type of aircraft (in the aircraft classification):
low weight aircraft, “very light jets” class, ULM, etc., an
autonomy level O or 1 is preferable,
business or light aviation class aircraft, an autonomy level
1 to 3 is preferable,
high-weight aircraft, a level 1 to 4 can be chosen;
the performance level of the communication and/or moni-
toring equipment of the aircraft (the level required for the
navigation function should complement the levels of the
onboard monitoring and communication equipment items):
if the performance level is high (guarantees that the loss of
communication is “improbable’) a level 0/1 is sufficient,
if the performance level is low, a level 2 to 4 will be
necessary to limit the dependency of the piloting of the
aircraft with respect to the communication link;
the response time of the control station (pilot to ground)
with respect to air traffic control requirements: the longer the
response time, the higher the required autonomy level.
Itis also possible to configure the flight system from at least
one economic technical parameter t, taken from:
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the maximum payload weight of equipment dedicated to
navigation in non-segregated airspaces: if a supplementary
payload weight is authorized (greater memory or processor
resources), the autonomy level can be increased.

the energy potential of the aircraft (the more energy there is
available for the navigation functions, the more the autonomy
level can be increased),

the cost of the payload relative to the probability of loss of
the craft (without damage for the other users of the airspaces):
same classification for the cost of the drone.

The parameters listed above may be predetermined. They
are fixed for a given mission, or for a given aircraft. In other
words, the required navigation performance characteristics
remain the same for a given mission or for a given aircraft. As
a variant, at least one of these parameters has a value that is
variable during a given mission. In other words, the required
performance characteristics are variable during the mission
of the aircraft. The configuration means CONF 10 advanta-
geously configure the flight management system dynamically
according to the trend of the value of the parameters during
the flight. The system is advantageously equipped with a
required navigation performance characteristic monitoring
system. In other words, the system is advantageously
equipped with means for monitoring the value or values of the
variable parameter or parameters.

Thus, an aircraft which takes off from an airspace that
requires a high safety level can activate a level 3 or 4 function
to ensure that the route is followed reliably, even in the case of
communication failure. This aircraft then arriving at a theatre
of operations (military area) can return to level 0, the mission
being run by another system (mission system) that has no
particular constraint with respect to non-segregated air-
spaces.

A minimum required autonomy level can be chosen to
ensure the minimum safety level required in the space being
crossed. In this way, the aircraft still expends the minimum of
energy to perform the navigation functions. Moreover, the
energy resources mobilized to perform the navigation func-
tions are minimal. Thus, the flight management system
according to the invention enables an aircraft to cross civilian
and military spaces without, however, considerably reducing
its autonomy.

For example, an aircraft of tactical drone type deployed
only in a hostile theatre of operations or in an urban area at
low altitude can have a degree oflevel O or 1. A more powerful
aircraft, having to perform a longer mission, taking off from
civilian runways and crossing non-segregated spaces and
flight levels will have to be at least level 3.

The invention claimed is:

1. A flight management system for an unmanned aircraft
linked to a control station by communication means, said
flight management system comprising:

afirst set of a number N of successive navigation functions

(inp withi=1,...N)remotely situated within the control
station,

a control function on board the aircraft, generating, from

guidance setpoints, commands intended to control the
aircraft so that it observes the guidance setpoints,
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a second set of a number N of successive navigation func-
tions (i, with i=1, . . ., N) on board the aircraft,

configuration means for performing a combination of a
number N of successive functions, each of the succes-
sive functions being chosen from the first and second
sets,

said combination of successive functions generating the
guidance setpoints transmitted to the onboard control
function.

2. The flight management system of claim 1, in which the
first, and respectively the second, sets of successive functions
comprise the following three successive navigation func-
tions:

aremote flight plan construction function, and respectively
an onboard flight plan construction function,

a remote future trajectory construction function, and
respectively an onboard future trajectory construction
function,

a remote guidance function, and respectively an onboard
guidance function.

3. The flight management system of claim 1, further com-
prising a performance database on board the aircraft and a
remote performance database.

4. The flight management system of claim 1, further com-
prising a remote navigation database and an onboard naviga-
tion database storing navigation data.

5. The flight management system of claim 2, further com-
prising a remote navigation database and an onboard naviga-
tion database storing navigation data, and wherein the con-
figuration means of the flight system are capable of choosing
the origin of the guidance setpoints used by the flight plan
management function belonging to the combination from
remote means for communication with the air traffic control
authorities and/or onboard means for communication with
the air traffic control authorities and/or onboard guidance
setpoint generation means.

6. The flight management system of claim 5, in which the
configuration means of the system configure the flight system
according to required navigation performance characteris-
tics.

7. The flight management system of claim 6, in which the
required navigation performance characteristics depend on at
least one navigation parameter and/or at least one certification
parameter and/or at least one economic and technical param-
eter.

8. The flight management system of claim 6, in which the
required navigation performance characteristics are predeter-
mined.

9. The flight management system of claim 6, in which the
required navigation performance characteristics are variable
during a mission of the aircraft.

10. The flight management system of claim 1, in which, for
at least one serial number i between 1 and N, the remote
navigation function of serial number i (iy,,) is equal to the
onboard function of serial number i (i,z).
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