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Transfer of space expertise into terrestrial applications

e Provide a test platform
e |ncrease public acceptance

e Technologies are available on earth
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Research project AO-Car with terrestrial application

Autonomous and optimal navigation and control
of a vehicle in urban areas

der Bundeswehr

@ Universitat Bremen Universitdt (> Miinchen
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Research vehicle

e VW Passat GTE, Plug-in-Hybrid
e Equipped with

— Laser scanners
— Ultrasonic sensors
— GNSS

S

i DLR
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e Control loop with a frequency of 50Hz
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Goals of the research project AO-Car

Autonomous exploration of a parking lot including

e lane keepingin corridors
e turning maneuvers

e obstacle avoidance

e emergency stops

e controlled stopping

e parking
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~ ~,

© Geo-Basis/BKG 2009
09.11.2018

@ University of Bremen




Center for 2 o ]
Industrial Mathematics Optimization &
Optimal Control

Trajectory planning and control approach

Transfer the vehicle from state A to state B
respecting its dynamics
without any collision

and minimizing an individual optimization criterion.
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Trajectory planning and control approach

Transfer the vehtele from state A to state B
spacecraft
respecting its dynamics
without any collision

and minimizing an individual optimization criterion.
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Optimal control problem (OCP)

Zniir% J(z,u,T) J e C'(R" x R™ x R, R),
s.t. 2(t) = f(z(8), ult)), 2 € CH([0,T],R"™),
Z(O) — 20, Z(T) = 2T, u € CO([OJT]aRm)v
Zmin < 2(t) < Zmax, C e C'(R" x R™ x R,R),
Umin < ’U,(t) < Umax f - Cl(Rn X RmaRn)-

C(2(t),u(t),t) < Oforallt € [0,T].
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Kinematic single track model

System dynamics:

. tan(o
i = v cos(¥), J=v. 20
Yy = v -sin(vy), 5:w5,
y
v = a, Wws = as,
i=j.

reference system
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Kinematic single track model

System dynamics:

. . tan(o
T =v-cos(?), YV ="- L()’
Yy = v -sin(vy), 5:w5,
Yy
v = a, ws = as,
a=j.

. . . . . . :'E
Physical limits and limitations reference system
due to comfort reasons:

Umin < U < Unmaxs (5min < ) < 5max:
Amin < @ < Qmax, W min <ws < W *
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Optimization criteria

J(z,u, T) :=woT

T
+ / wiws? + wea® + wsj® + wyas>dt
0

T
+] ws (v — vger) 2dt.
0

Process time
Energy & comfort

Keep desired speed
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Optimization criteria

J(z,u,T) :=woT Process time
T
2 2 -2 2
+/0 wiws” + woa” + wsj* + waasdt Energy& Comfort

+ ]T ws (v — vger) 2L Keep desired speed

Deviation from desired target state:
Case vr = 0km/n;

Jr(z,u, T) i=we(x(T) — z7)? + wi (y(T) — yr)?
+ wa(P(T) — ¥r)* + wo(4(T) — 7).

J(z,u,T) = J(z,u,T) + Jp(z,u,T)

@ University of Bremen
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Optimization criteria

J(z,u,T) :==wT

T
+ / wiws? + wea® + wsj® + wyas>dt
0
T
+] ws (v — vger) 2dt.
0

Deviation from desired target state:
Case vr = 0km/n;

Jr(z,u, T) i=we(x(T) — z7)? + wi (y(T) — yr)?
+ wa(P(T) — ¥r)* + wo(4(T) — 7).

J(z,u,T) = J(z,u,T) + Jp(z,u,T)

@ University of Bremen

Process time
Energy & comfort

Keep desired speed

Case vy > 0km/h:

x(T) € [xp — €z, T7 + €2,
y(T) € lyr — ey, yr + ¢y,
U(T) € [Yr — ey, Yr + €yl
oT) € [0 — 5,01 + &5,

ExyEyyEpy €5 > 0.

J(z,u,T) = J(z,u,T)
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Predefined restrictions of the parking lot

/- fd
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© Geo-Basis/BKG 2009
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Construction of feasibility polygons
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Initial guess based on Reeds-Shepp paths

a
@y A
amax ™ — amax ™
T ¢ Tt
Qmin + —_— - Gmin T =
d A d A
5max 6max T _—
T ¢ T t
5min 5min —
forward | backward forward forward
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Solution of the OCP

T

Discretization

Optimal Control
Problem

SQP-Method
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Optimization
Problem

T

Solution
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Solution of the OCP

Optimal Control
Problem

A

\_/
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Optimization
Problem

TransWORHP

Solution

WORHP

\_/

WORHP

We Optimize Really Huge Problems
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Control loop (simplified)

Nonlinear model predictive control

sensor information

Sensor
fusion

current
state

@ University of Bremen

obstacle map

Exploration
module

current state
&
target state

control signals

OoCP
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Control loop (simplified)

Nonlinear model predictive control

T T
.

sensor information control signals

current state
&
target state
Sensor OCP
fusion Exploration
current module
state
current
Initial state
obstacle map guess &
- — target
Feas:blllty Initial Guess ctate
polygen (Reeds-Shepp)
Feasibility
Polygon
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Experiments — Narrowing of the lane
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Experiments — Parking
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Impressions
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Outlook and future research

and cooperative maneuvers

w September 2016
8 Start of research project AO-Car
Cl) April 2017
< Completion of vehicle modification
)
¥
Cl_J‘ 1 March 2018
% Final demonstration of AO-Car
o A
Wohngebiet
O ) I Middle of February 2019 IS
B m Sta reasearch project OPA3L ) 4
— < N
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> R Vehicle on demand concept
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= Beginning of 2023
Final demonstration of OPA3L
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hank you very much
for your attention!
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Performance
Exploration Narrowing Parking
Mean computing time
optimal 33 ms 35ms 70 ms
non-optimal 104 ms 251 ms -
total 33 ms 41 ms 70 ms
Standard deviation
optimal 11 ms 19 ms 49 ms
non-optimal 121 ms 169 ms -
total 17 ms 49 ms 49 ms
# Computations 2486 750 480
# Optimal 2462 725 468
# Not optimal (feasible) 18 9 12
# Not optimal (unacc.) 6 16 0
Rate of unacc. solutions 0.24 % 2.13% 0%
# Relax 2 4 12
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