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1. A method for autonomous safe emergency landing of a powergd
unmanned aerial vehicle (UAV) in the event of an engine failurg, the
method comprising the procedures of:

5 generating a landing approach trajectory, comprising.
a downwind leg, initiating at an initiatioA point of said
trajectory;
an upwind leg, terminating at a selgcted touchdown point;
and
10 a U-turn leg, joining betweey said downwind leg and said
upwind leg;
directing said UAV to id initiation point to follow said
downwind leg of said landing/approach trajectory;
repeatedly determifng a glide ratio of said UAV, based on
15 current flight conditiops of said UAV;
repeatedly termining a current turning point along said
downwind leg for landing said UAV at said selected touchdown point,
said U-turyf leg initiating at said current turning point, wherein the
determjhation of said current turning point is based on the
20 detgfmined glide ratio and is performed each time with respect to a

recedingly determined turning point;
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repeatedly determining a touchdown point corresponding to said

current turning point, based on said determined glide ratio, wherefn

said procedure of determining a current turning point is perfofmed

with respect to the discrepancy between: (i) the touchdown goint that

5 was precedingly determined in correspondence with the/precedingly
determined turning point, and (ii) said selected touchgbwn point; and

when said UAV arrives at said current turfng point, directing

said UAV to follow said U-turn leg and said upyind leg of said landing
approach trajectory, for landing said UAV & said selected touchdown

10 point.

2. The method of claim 1, whereir/'said downwind leg extends along a
downwind path, and said upfvind leg extends along an upwind path
that is substantially parajel to said downwind path, said upwind path

15 extending along the pdnway on which said selected touchdown point

IS located.

4. The method of claim 1, further comprising the procedures of:
sejecting a selected touchdown point, wherein a determined
20 progpective height of said UAV over said selected touchdown point is

fficient to enable said UAV to perform said safe emergency landing
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at said selected touchdown point, and wherein said prospective
height is determined based on said determined glide ratio; and
directing said UAV to glide towards said selected touchdown

point, once said engine failure occurs.

5. The method of claim 4, wherein said selected toughdown point is
selected from a database comprising a collegfion of information
relating to a plurality of touchdown points for gmergency landing, the
information comprising:

10 the direction of the runway on which the respective touchdown
point is located; and

the geographical location ofthe respective touchdown point.

6. The method of claim 1, fyfther comprising the procedures of:
15 determining a prgspective height of said UAV over said selected
touchdown point, Jased on said determined glide ratio;
determinifflg if gliding along a waiting trajectory is possible,
based on fhether the prospective height of said UAV exceeds a
minimuh height predefined to enable said safe emergency landing at

20 sai¢/selected touchdown point; and
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directing said UAV to glide along said waiting trajectory if

determined to be possible.

7. The method of claim 6, further comprising the procedure of:
5 generating said waiting  trajectory, compfising the
sub-procedures of:
generating a waiting pattern, locate¢/ over an area in
proximity of said selected touchdown poi
determining a joining point along/Aaid waiting pattern;

10 determining an exit point /along said waiting pattern
wherefrom said UAV can begif following said landing approach
trajectory;

directing said U to join said waiting pattern at said
joining point;

15 directing sad UAV to glide along said waiting pattern; and

directing/’'said UAV to exit said waiting pattern at said exit
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9.

10.

11.

The method of claim 7, wherein said UAV is directed to exit said
waiting pattern once said UAV descends below a predefined exit
height that is of sufficient height for said UAV to perform sai¢/safe

emergency landing at said selected touchdown point.

The method of claim 7, wherein said waiting trajectory is tangential to
said downwind leg of said landing approach trajgctory, and wherein
an exit point of said waiting trajectory and arg/initiation point of said
landing approach ftrajectory are determiged to be located at the

tangency point of said waiting trajectoryand said downwind leg.

The method of claim 1, fugher comprising the procedure of
continuously measuring said current flight conditions with sensors
mounted onboard said /UAV, wherein said flight conditions are
selected from the list fonsisting of:

location and gavigation information of said UAV;,

level of fy€l onboard said UAV; and

atmogpheric conditions in the vicinity of said UAV.

The/ method of claim 1, wherein said procedure of repeatedly

etermining a glide ratio of said UAV comprises auto-learning the
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glide ratio by iteratively determining said glide ratio until convergence
to a definite value, wherein said auto-learning is at least parti

empiric.

5 13. The method of claim 12, wherein said auto-learning igfitiates once
said UAV begins following said landing approach trajgtory.

14. The method of claim1, wherein said UAV operdtes autonomously.

10 15. The method of claim 1, wherein said UAurn leg is semi-circular.

16. A powered unmanned aerial vghicle (UAV) operable to perform an
autonomous safe emergengy landing in the event of an engine
failure, said UAV comprigf

15

device yeadable by said processing unit of said flight control system,

20 tangdbly embodying a program of instructions executable by said

rocessing unit to perform method procedures for safe emergency
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landing of said unmanned aerial vehicle in the event of an engine
failure, the method procedures comprising:
generating a landing approach trajectory, comprising:
a downwind leg, initiating at an initiation poiny of said
5 trajectory;

an upwind leg, terminating at a selected tguchdown point;

and
a U-turn leg, joining between said gownwind leg and said
upwind leg;
10 providing said landing approach Wajectory to said flight control

system, for directing said UAV to gaid initiation point to follow said
downwind leg;

repeatedly determining/a glide ratio of said UAV, based on
current flight conditions g¥f said UAV;

15 repeatedly dete/mining a current turning point along said
downwind leg for Janding said UAV at said selected touchdown point,
said U-turn led initiating at said current turning point, wherein the
determinatpn of said current turning point is based on the
determjfied glide ratio and is performed each time with respect to a

20 pregedingly determined turning point;
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17.

repeatedly determining a touchdown point corresponding to said
current turning point, based on said determined glide ratio, wherefn
said procedure of determining a current turning point is perfofmed
with respect to the discrepancy between: (i) the touchdown goint that
was precedingly determined in correspondence with the/precedingly
determined turning point, and (ii) said selected touchgbwn point;

repeatedly providing said current turning Jgoint to said flight
control system, for directing said UAV to gligé towards said current
turning point; and

when said UAV arrives at said curgent turning point, indicating to
said flight control system to direct gaid UAV to follow said U-turn leg
and said upwind leg of said landing approach trajectory, for landing

said UAV at said selected togchdown point.

The UAV of claim 16,Avherein said flight conditions are selected from
the list consisting #f:

location ghd navigation information of said UAV;

level of fuel onboard said UAV; and

atplospheric conditions in the vicinity of said UAV.
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18.

19.

10

15  20.

21.

20

The UAV of claim 17, further comprising at least one sensor selected
from the list consisting of:

a sensor for continuously providing said location and navigation
information;

a sensor for continuously indicating said level of fue)

a sensor for continuously providing sajd atmospheric

information.

The UAV of claim 16, wherein said dowpvind leg extends along a
downwind path, and said upwind leg gktends along an upwind path
that is substantially parallel to said Aownwind path, said upwind path
extending along the runway on #vhich said selected touchdown point

IS located.

The UAV of claim 16 Avherein said safe emergency landing system is

incorporated with £aid flight control system.

The UAV ¢t claim 16, further comprising a database comprising a
collectigh of touchdown points for emergency landing of said UAV,
whefein said program of instructions of said safe emergency landing

stem is executable to further perform the method procedure of
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22.

10

15

selecting said selected touchdown point from said collection of

touchdown points, wherein a determined prospective height of sgfd

touchdown point, and wherein said prospective height ig’determined

based on said determined glide ratio.

The UAV of claim 16, wherein said programy/of instructions of said
emergency landing system is executabjé to further perform the
method procedures of:

determining a prospective height of said UAV over said selected
touchdown point, based on said determined glide ratio;

determining if gliding Along a waiting trajectory is possible,
based on whether the pfospective height of said UAV exceeds a
minimum height predgtined to enable said safe emergency landing at
said selected toughdown point; and

indicating/to said flight control system to direct said UAV to glide

along said fvaiting trajectory if determined to be possible.
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23. The UAV of claim 22, wherein said program of instructions of said
emergency landing system is executable to further perform t{fe
method procedures of:

generating said  waiting  trajectory, comprisif/g the
5 sub-procedures of:
generating a waiting pattern, located oyer an area in
proximity of said selected touchdown point;
determining a joining point along saig waiting pattern; and
determining an exit point alghg said waiting pattern
10 wherefrom said UAV can begin fgflowing said landing approach
trajectory;
providing the generated waiting trajectory to said flight control
system for directing said V to join said waiting pattern at said

joining point, to glide ajdng said waiting pattern, and to exit said
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25. A system for mounting on a powered unmanned aerial vehicle (U

5 said UAV, said system comprising:

a storage device readable by a processing ugit of said flight
control system, tangibly embodying a progr of instructions
executable by said processing unit to perfon method procedures
comprising:

10 generating a landing approach trajéctory, comprising:
a downwind leg, initiatip§ at an initiation point of said
trajectory;

an upwind leg, tephinating at a selected touchdown point;

15 a U-turn legf joining between said downwind leg and said
upwind leg;
providing/aid landing approach trajectory to said flight control
system, foy/directing said UAV to said initiation point to follow said
downwjhd leg;
20 repeatedly determining a glide ratio of said UAV, based on

rrent flight conditions of said UAV;
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repeatedly determining a current turning point along said

downwind leg for landing said UAV at said selected touchdown poi

5 determined glide ratio and is performed each time with fespect to a
precedingly determined turning point;
repeatedly determining a touchdown point cofresponding to said
current turning point, based on said determin&d glide ratio, wherein
said procedure of determining a current furning point is performed
10 with respect to the discrepancy betwee: (i) the touchdown point that
was precedingly determined in corgespondence with the precedingly
determined turning point, and (iiY'said selected touchdown point;
repeatedly providing sAid current turning point to said flight
control system, for direcfng said UAV to glide towards said current
15 turning point; and
when said UXV arrives at said current turning point, indicating to
said flight conyfol system to direct said UAV to follow said U-turn leg
wind leg of said landing approach trajectory, for landing

at said selected touchdown point.
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26. A method for autonomous safe emergency landing of a powered
unmanned aerial vehicle (UAV) in the event of an engine failure, te
method comprising the procedures of:

generating a landing approach trajectory, comprising:
5 a downwind leg, initiating at an initiation int of said
trajectory, said downwind leg extending along a downwind path;
an upwind leg, terminating at a selected touchdown point,
said upwind leg extending along an/upwind path that is
substantially parallel to said downwigd path, said upwind path
10 extending along the runway on which said selected touchdown
point is located; and
a U-turn leg, joining bEtween said downwind leg and said
upwind leg;
directing said UAY' to said initiation point to follow said
15 downwind leg of said fanding approach trajectory;
repeatedly détermining a glide ratio of said UAV, based on
current flight cgnditions of said UAV;
repeajedly determining a current turning point along said
downwjfid leg for landing said UAV at said selected touchdown point,

20 saig/ U-turn leg initiating at said current turning point, wherein the
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27.

10

15

determination of said current turning point is based on the
determined glide ratio; and

when said UAV arrives at said current turning point, dirgcting
said UAV to follow said U-turn leg and said upwind leg of sajd landing
approach trajectory, for landing said UAV at said selected touchdown

point.

A powered unmanned aerial vehicle (UAV) gferable to perform an
autonomous safe emergency landing in/the event of an engine
failure, said UAV comprising:

a flight control system for coni0lling the flight of said UAV, said
flight control system comprising A processing unit;

a safe emergency landifg system coupled with said flight control
system, said safe emergency landing system comprising a storage
device readable by s#id processing unit of said flight control system,
tangibly embodyifg a program of instructions executable by said
processing urnf to perform method procedures for safe emergency
landing of Said unmanned aerial vehicle in the event of an engine
failure, he method procedures comprising:

generating a landing approach trajectory, comprising:
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a downwind leg, initiating at an initiation point of said
trajectory, said downwind leg extending along a downwind pat

an upwind leg, terminating at a selected touchdown oint,
said upwind leg extending along an upwind patl/ that is

5 substantially parallel to said downwind path, said dpwind path

extending along the runway on which said selefted touchdown
point is located; and

a U-turn leg, joining between said gownwind leg and said
upwind leg;

10 providing said landing approach Jajectory to said flight control
system, for directing said UAV to gaid initiation point to follow said
downwind leg;

repeatedly determining/a glide ratio of said UAV, based on
current flight conditions g¥f said UAV;

15 repeatedly detg/mining a current turning point along said
downwind leg for Janding said UAV at said selected touchdown point,
said U-turn led initiating at said current turning point, wherein the
determinatpn of said current turning point is based on the

determphed glide ratio;

95
AMENDED SHEET (ARTICLE 19)




WO 2013/124852 PCT/IL2013/050157

28.

10

15
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repeatedly providing said current turning point to said flight
control system, for directing said UAV to glide towards said curr
turning point; and

when said UAV arrives at said current turning point, ingating to
said flight control system to direct said UAV to follow sgid U-turn leg
and said upwind leg of said landing approach trajegfory, for landing

said UAV at said selected touchdown point.

A system for mounting on a powered unmgnned aerial vehicle (UAV)
to allow safe emergency landing of gaid UAV in the event of an
engine failure, said system coupled with a flight control system of
said UAV, said system comprisifQ:

a storage device readgble by a processing unit of said flight
control system, tangiblf embodying a program of instructions
executable by said pfocessing unit to perform method procedures
comprising:

generating a landing approach trajectory, comprising:

downwind leg, initiating at an initiation point of said
trgfectory, said downwind leg extending along a downwind path;
an upwind leg, terminating at a selected touchdown point,

said upwind leg extending along an upwind path that is
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substantially parallel to said downwind path, said upwind path
extending along the runway on which said selected touchdo
point is located; and
a U-turn leg, joining between said downwind leg And said
5 upwind leg;
providing said landing approach trajectory to sAid flight control
system, for directing said UAV to said initiation foint to follow said
downwind leg;
repeatedly determining a glide ratig/'of said UAV, based on
10 current flight conditions of said UAV;
repeatedly determining a cyfrent turning point along said
downwind leg for landing said UAV at said selected touchdown point,
said U-turn leg initiating at/said current turning point, wherein the
determination of said Aurrent turning point is based on said
15 determined glide rati

repeatedly pfoviding said current turning point to said flight
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said upwind leg of said landing approach trajectory, for landing said

UAV at said selected touchdown point.
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CLAIMS

1.

A method for autonomous safe emergency landing of a powered unmanned aerial

vehicle (UAV) in the event of an engine failure, the method comprising the procedures of:

2.

generating a landing approach trajectory, comprising:
a downwind leg, initiating at an initiation point of the trajectory;
an upwind leg, terminating at a selected touchdown point; and
a U-turn leg, joining between the downwind leg and the upwind leg;

directing the UAV to the initiation point to follow the downwind leg of the landing
approach trajectory;

repeatedly determining a glide ratio of the UAV, based on current flight conditions of
the UAV;

repeatedly determining a current turning point along the downwind leg for landing the
UAV at the selected touchdown point, the U-turn leg initiating at the current turning
point, in which the determination of the current turning point is based on the determined
glide ratio and is performed each time with respect to a precedingly determined turning

point;

repeatedly determining a touchdown point corresponding to the current turning point,
based on the determined glide ratio, in which the procedure of determining a current
turning point is performed with respect to the discrepancy between: (i) the touchdown
point that was precedingly determined in correspondence with the precedingly

determined turning point, and (ii) the selected touchdown point; and

when the UAV arrives at the current turning point, directing the UAV to follow the U-
turn leg and the upwind leg of the landing approach trajectory, for landing the UAV at

the selected touchdown point.

A method according to Claim 1, in which the downwind leg extends along a downwind

path, and the upwind leg extends along an upwind path that is substantially parallel to the

downwind path, the upwind path extending along the runway on which the selected

touchdown point is located.

3.

A method according to Claim 1, further comprising the procedures of:
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selecting a selected touchdown point, in which a determined prospective height of the
UAYV over the selected touchdown point is sufficient to enable the UAV to perform the
safe emergency landing at the selected touchdown point, and in which the prospective

height is determined based on the determined glide ratio; and

directing the UAV to glide towards the selected touchdown point, once the engine

failure occurs.

A method according to Claim 3, in which the selected touchdown point is selected from

a database comprising a collection of information relating to a plurality of touchdown points

for emergency landing, the information comprising:

the direction of the runway on which the respective touchdown point is located; and
the geographical location of the respective touchdown point.

A method according to Claim 1, further comprising the procedures of:

determining a prospective height of the UAV over the selected touchdown point, based

on the determined glide ratio;

determining if gliding along a waiting trajectory is possible, based on whether the
prospective height of the UAV exceeds a minimum height predefined to enable the safe

emergency landing at the selected touchdown point; and
directing the UAV to glide along the waiting trajectory if determined to be possible.

A method according to Claim 5, further comprising the procedure of:

generating the waiting trajectory, comprising the sub-procedures of:

generating a waiting pattern, located over an area in proximity of the selected

touchdown point;
determining a joining point along the waiting pattern;

determining an exit point along the waiting pattern from which the UAV can begin

following the landing approach trajectory;
directing the UAV to join the waiting pattern at the joining point;
directing the UAV to glide along the waiting pattern; and

directing the UAV to exit the waiting pattern at the exit point.
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7. A method according to Claim 6, in which the waiting pattern is circular.

8. A method according to Claim 6, in which the UAV is directed to exit the waiting pattern
once the UAV descends below a predefined exit height that is of sufficient height for the UAV

to perform the safe emergency landing at the selected touchdown point.

9. A method according to Claim 6, in which the waiting trajectory is tangential to the
downwind leg of the landing approach trajectory, and in which an exit point of the waiting
trajectory and an initiation point of the landing approach trajectory are determined to be

located at the tangency point of the waiting trajectory and the downwind leg.

10. A method according to Claim 1, further comprising the procedure of continuously
measuring the current flight conditions with sensors mounted onboard the UAV, in which the

flight conditions are selected from the list consisting of:

location and navigation information of the UAV;
level of fuel onboard the UAV; and
atmospheric conditions in the vicinity of the UAV.

11. A method according to Claim 1, in which the procedure of repeatedly determining a
glide ratio of the UAV comprises auto-learning the glide ratio by iteratively determining the
glide ratio until convergence to a definite value, in which the auto-learning is at least partially

empiric.

12. A method according to Claim 11, in which the auto-learning initiates once the UAV

begins following the landing approach trajectory.
13. A method according to Claim 1, in which the UAV operates autonomously.
14. A method according to Claim 1, in which the U-turn leg is semi-circular.

15. A powered unmanned aerial vehicle (UAV) operable to perform an autonomous safe

emergency landing in the event of an engine failure, the UAV comprising:
a flight control system for controlling the flight of the UAV, the flight control system
comprising a processing unit;

a safe emergency landing system coupled with the flight control system, the safe

emergency landing system comprising a storage device readable by the processing unit
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of the flight control system, tangibly embodying a program of instructions executable by
the processing unit to perform method procedures for safe emergency landing of the
unmanned aerial vehicle in the event of an engine failure, the method procedures

comprising:
generating a landing approach trajectory, comprising:
a downwind leg, initiating at an initiation point of the trajectory;
an upwind leg, terminating at a selected touchdown point; and
a U-turn leg, joining between the downwind leg and the upwind leg;

providing the landing approach trajectory to the flight control system, for directing the
UAV to the initiation point to follow the downwind leg;

repeatedly determining a glide ratio of the UAV, based on current flight conditions of
the UAV;

repeatedly determining a current turning point along the downwind leg for landing the
UAV at the selected touchdown point, the U-turn leg initiating at the current turning
point, in which the determination of the current turning point is based on the determined
glide ratio and is performed each time with respect to a precedingly determined turning

point;

repeatedly determining a touchdown point corresponding to the current turning point,
based on the determined glide ratio, in which the procedure of determining a current
turning point is performed with respect to the discrepancy between: (i) the touchdown
point that was precedingly determined in correspondence with the precedingly

determined turning point, and (ii) the selected touchdown point;

repeatedly providing the current turning point to the flight control system, for directing

the UAV to glide towards the current turning point; and

when the UAV arrives at the current turning point, indicating to the flight control system
to direct the UAV to follow the U-turn leg and the upwind leg of the landing approach
trajectory, for landing the UAV at the selected touchdown point.

An UAV according to Claim 15, in which the flight conditions are selected from the list

consisting of:
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location and navigation information of the UAV;
level of fuel onboard the UAV; and
atmospheric conditions in the vicinity of the UAV.

17.  An UAV according to Claim 16, further comprising at least one sensor selected from the

list consisting of:

a sensor for continuously providing the location and navigation information;
a sensor for continuously indicating the level of fuel;
a sensor for continuously providing the atmospheric information.

18.  An UAV according to Claim 15, in which the downwind leg extends along a downwind
path, and the upwind leg extends along an upwind path that is substantially parallel to the
downwind path, the upwind path extending along the runway on which the selected

touchdown point is located.

19. An UAV according to Claim 15, in which the safe emergency landing system is

incorporated with the flight control system.

20. An UAYV according to Claim 15, further comprising a database comprising a collection
of touchdown points for emergency landing of the UAV, in which the program of instructions
of the safe emergency landing system is executable to further perform the method procedure
of selecting the selected touchdown point from the collection of touchdown points, in which a
determined prospective height of the UAV over the selected touchdown point is sufficient to
enable the UAV to perform the safe emergency landing at the selected touchdown point, and

in which the prospective height is determined based on the determined glide ratio.

21. An UAYV according to Claim 15, in which the program of instructions of the emergency

landing system is executable to further perform the method procedures of:

determining a prospective height of the UAV over the selected touchdown point, based

on the determined glide ratio;

determining if gliding along a waiting trajectory is possible, based on whether the
prospective height of the UAV exceeds a minimum height predefined to enable the safe

emergency landing at the selected touchdown point; and
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indicating to the flight control system to direct the UAV to glide along the waiting

trajectory if determined to be possible.

22.  An UAYV according to Claim 21, in which the program of instructions of the emergency

landing system is executable to further perform the method procedures of:

generating the waiting trajectory, comprising the sub-procedures of:

generating a waiting pattern, located over an area in proximity of the selected

touchdown point;
determining a joining point along the waiting pattern; and

determining an exit point along the waiting pattern from which the UAV can begin

following the landing approach trajectory;

providing the generated waiting trajectory to the flight control system for directing the
UAV to join the waiting pattern at the joining point, to glide along the waiting pattern,

and to exit the waiting pattern at the exit point.

23.  An UAV according to Claim 15, in which the method procedure of repeatedly
determining a glide ratio of the UAV comprises auto-learning the glide ratio by iteratively
determining the glide ratio until convergence to a definite value, in which the auto-learning is

at least partially empiric.

24. A system for mounting on a powered unmanned aerial vehicle (UAV) to allow safe
emergency landing of the UAV in the event of an engine failure, the system coupled with a

flight control system of the UAV, the system comprising:

a storage device readable by a processing unit of the flight control system, tangibly
embodying a program of instructions executable by the processing unit to perform

method procedures comprising:
generating a landing approach trajectory, comprising:
a downwind leg, initiating at an initiation point of the trajectory;
an upwind leg, terminating at a selected touchdown point; and
a U-turn leg, joining between the downwind leg and the upwind leg;

providing the landing approach trajectory to the flight control system, for directing the
UAV to the initiation point to follow the downwind leg;
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repeatedly determining a glide ratio of the UAV, based on current flight conditions of
the UAV;

repeatedly determining a current turning point along the downwind leg for landing the
UAV at the selected touchdown point, the U-turn leg initiating at the current turning
point, in which the determination of the current turning point is based on the determined
glide ratio and is performed each time with respect to a precedingly determined turning

point;

repeatedly determining a touchdown point corresponding to the current turning point,
based on the determined glide ratio, in which the procedure of determining a current
turning point is performed with respect to the discrepancy between: (i) the touchdown
point that was precedingly determined in correspondence with the precedingly

determined turning point, and (ii) the selected touchdown point;

repeatedly providing the current turning point to the flight control system, for directing

the UAV to glide towards the current turning point; and

when the UAV arrives at the current turning point, indicating to the flight control system
to direct the UAV to follow the U-turn leg and the upwind leg of the landing approach
trajectory, for landing the UAV at the selected touchdown point.




