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Goal

= Cover a specific area using multiple UAS
= Coverage using waypoints

= Fixed obstacles (geofences, buildings)

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

North [m]

15

10

Mission time: 47 sec Covered waypoints: 30/ 36

@@ W

6\‘;1/ )

R

© @ -
° ° 9 4
/_\ﬁ : : %
5 10
East [m]

DLR



Goal

= Cover a specific area using multiple UAS
= Coverage using waypoints
= Fixed obstacles (geofences, buildings)

= Moving obstacles (uncooperative UAS)
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Goal

= Cover a specific area using multiple UAS
= Coverage using waypoints

= Fixed obstacles (geofences, buildings)

= Moving obstacles (uncooperative UAS)

= Cooperative path planning

= Dynamic replanning

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

North [m]

15

10

Mission time: 47 sec Covered waypoints: 30/ 36

@@ W

3

East [m]

15

DLR



Goal

DLR

Mission time: 47 sec Covered waypoints: 30/ 36

15

= Cover a specific area using multiple UAS e I %

= Coverage using waypoints

4

= Fixed obstacles (geofences, buildings) o \
]

= Moving obstacles (uncooperative UAS)

= Cooperative path planning

North [m]
]

2
>

= Dynamic replanning Oe/
gl
= Considering vehicle dynamics : | |
» ODE's
» Performance model ? |
//N ) ’ -
. ‘ .
0 5 10 15

East [m]
Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Scheme

DLR

Initializer
UAS's

Initial position
Search area

Christian Kallies, Institut fur Flugfihrung, 23.05.2023



Scheme

Search area Inltlal!zer
UAS's
Sensor ranges Initial position

Search area

Waypoint Generation

Number of waypoints
Coordinates

Christian Kallies, Institut fur Flugfihrung, 23.05.2023

DLR



Scheme

Search area

Sensorranges

Waypoint Generation

Number of waypoints
Coordinates

Christian Kallies, Institut fur Flugfihrung, 23.05.2023

Initializer
UAS's

Initial position
Search area

UAS positions

Radar

UAS's

Fixed obstacles
Moving obstacles

DLR



Scheme

Search area

Sensorranges

Waypoint Generation

Number of waypoints
Coordinates

Christian Kallies, Institut fur Flugfihrung, 23.05.2023

Initializer
UAS's

Initial position
Search area

UAS positions

Radar

UAS's
Fixed obstacles
Moving obstacles

Positions of
moving obstacles

Prediction

Moving obstacles

DLR



Scheme
DLR

Search area Inltlal!zer UAS positions
UAS's
Sensorranges Initial position
SEENETCE]

UAS type
Safety margins

Waypoint Obstacle

. e Positions of
coordinates positions

moving obstacles

Optimizer
F . .
Create and solve MILP uture Prediction

Dynamics, objective, constraints, positions Moving obstacles
fuel consumption

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Scheme

Search area

1 Sensorranges

Update Constraints

Moving obstacles

Waypoint
coordinates

Prediction

Constraints

DLR

Initializer
UAS's

UAS positions

Initial position
Search area

UAS type
Safety margins

Obstacle
positions

Positions of
moving obstacles

Optimizer
Future B i
Create and solve MILP Prediction
Dynamics, objective, constraints, positions Moving obstacles
fuel consumption

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Scheme

Search area

Initializer
UAS's

1 Sensorranges

coordinates

Prediction

Update Constraints

Moving obstacles

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

Constraints

Initial position
Search area

UAS type
Safety margins

Optimizer
Create and solve MILP
Dynamics, objective, constraints,
fuel consumption

Next path
segment

UAS

Real flight
Disturbances

UAS positions

Obstacle

positions

positions

Future

Positions of
moving obstacles

Prediction

Moving obstacles

Current UAS positions




Mathematical Setup 4#7
DLR

Christian Kallies, Institut fir Flugfiihrung, 23.05.2023



Mathematical Setup ‘#7
DLR

NUAV nwe
u<n>1m<>z Z Wai-lui(R)] + ) W j-2i(k)
A i= j=1

st.Vke {0,...,N—1}, i € {1,...,nuav},
je{l,...,nwp}
xi(k+1) = A;z;(k) + Byu;(k)
, ui(k) € Uy (k)

[0,1], v;(k) €0, 1]
1:>E|ZE{1 TLUA\/}:
dlst(UAV;,WPj) <D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Mathematical Setup ‘#7
DLR

[ <~ Minimize the cost of tion and
min W ol ()] + W, oz (k = Minimize the cost of energy consumption an
wi( o3 () Z zz: i ui(k)] z_; 4725 (k) penalty terms from uncovered waypoints

st.Vke {0,...,N—1}, i € {1,...,nuav},
je{l,...,nwp}
xi(k+1) = A;z;(k) + Byu;(k)
, ui(k) € Uy (k)

[0,1], v;(k) €0, 1]
1:>E|ZE{1 TLUA\/}:
dlst(UAV;,WPj) <D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Mathematical Setup ‘#7
DLR

N-1

nuaAv nwepe
min W, -l (k)| + W ozi(k = Minimize the cost of energy consumption and
wi(.),v;(.) kz_% ; wi- [ (k) Z: ] )) penalty terms from uncovered waypoints

st. VkEe {0,...,N —1}, i € {1,...,nuav},
je{l,...,nwp}
zi(k +1) = Ajzi(k) + Biui(k)
), ui(k) € U;(k)
= zj(k) —v; (k)
(k)

» Prediction horizon N, number of waypoints nwep,
number of UAS nyag

[0,1], v;(k) €0, 1]
1:>E|ZE{1 TLUA\/}:
dlst(UAV;,WPj) <D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Mathematical Setup ‘#7
DLR

(W W« Minimize th t of ti d
min W, -l (k)| + W ozi(k = Minimize the cost of energy consumption an
wi(.),v;(.) kz_% ; wi- [ (k) ; 5% (K) penalty terms from uncovered waypoints
st.Vke {0,...,N—1}, i€ {1,...,nuav}, » Prediction horizon N, number of waypoints nwep,

) number of UAS
] c {1,...,nwp} u TuAs

zi(k+1) = Ajzi(k) + Bju;(k) = Linearized system dynamics

dist(UAV;, WP;) < D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Mathematical Setup

N—-1 NUAV nwp

k=0 1=1

i(+),v; (. =

s.t. Vk € {0,...,N—1}, 1 € {1,...,nUA\/},

jE {1,...,nwp}

dist(UAV;, WP;) < D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

i DLR

Minimize the cost of energy consumption and
penalty terms from uncovered waypoints

Prediction horizon N, number of waypoints nwp,
number of UAS nyas

Linearized system dynamics

Linear constraints for the state and input variables



Mathematical Setup ‘#7
DLR

(Y S Minimize the cost of tion and
min W s (k)] 4 W o on (ke = Minimize the cost of energy consumption an
wi(.),v;(.) kz_% ; wi- [ (k) z:: 5% (K) penalty terms from uncovered waypoints

Prediction horizon N, number of waypoints nwp,
number of UAS nyas

s.t. Vk € {0,...,N—1}, 1 € {1,...,nUA\/},
jG{l .y WP }

zi(k+1) = z(k) + Biu;(k) = Linearized system dynamics
zi(k) € (k;), u;(k) € U;(k) = Linear constraints for the state and input variables
zj(k+1) = zj(k) —v;(k) = Waypoint dynamics (0 ~ covered, 1 ~ uncovered)
vj(k) < d;(k)
zj(k) € [0,1], v;(k) € [0, 1]
dj(k)=1=31€{1,...,nyav}:

dlst(UAV;, WP;) < D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023



Mathematical Setup

N—-1 [nuav nwp

s.t. Vk € {0,...,N—1}, 1 € {1,...,nUA\/},

] € {1,...,nwp}

dist(UAV;, WP;) < D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

min )Z > W lui(B) + Y W j2(k)
j=1

i DLR

Minimize the cost of energy consumption and
penalty terms from uncovered waypoints

Prediction horizon N, number of waypoints nwp,
number of UAS nyas

» |inearized system dynamics

= Linear constraints for the state and input variables
» Waypoint dynamics (0 ~ covered, 1 ~ uncovered)

= Artificial input and constraints



Mathematical Setup

N—-1 [nuav nwp

k=0 1=1

u'(n)lif’() Z Z Wi+ |ui(k)| + Z W,.i-z;i(k)
()55 (. P

s.t. Vk € {0,...,N—1}, 1 € {1,...,nUA\/},

] € {1,...,nwp}

dist(UAV;, WP;) < D

Christian Kallies, Institut fur Flugfiihrung, 23.05.2023

i DLR
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Prediction horizon N, number of waypoints nwp,
number of UAS nyas

» |inearized system dynamics

= Linear constraints for the state and input variables
» Waypoint dynamics (0 ~ covered, 1 ~ uncovered)

= Artificial input and constraints

» Distance condition for the waypoints
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» Binary decision variables are used to set constraints active/inactive
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= Nonlinear constraints are approximated via affine functions

= Binary decision variables are used to set constraints active/inactive

2mm
(wUas.i(k) = Zobsj(k) ) - cos (7> .
: 2mm . _
m=1
> duAS,obs — Mbig - Bi,j,m(k)

» \Waypoint coverage constraints are handled similarly C}(

= The number of binary variables can be decreased
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Simulation Results

" Area~15mx15m
» Prediction horizon ~ 5 s, 20 evaluation points

» 2 searching quadcopter (blue and magenta),
11 states, 4 input variables
= 1 moving obstacle (red)
» Predictions (dotted)
» 7 fixed obstacles (grey)
» 36 equidistant waypoints
* Uncovered (grey)
» Covered (green)
* Only one drone can cover (blue, magenta)
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