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Navigation of PAVs in GPS Restricted Environments 

 Control and automation for 

PAVs relies on accurate state 

information 

 

 Cameras are used as main  

sensors  

 Localization of the PAV  

 control  

 support for untrained pilot 

 

 Modeling of the environment  

 collision prevention 
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illustration: www.gpsworld.com 
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 Multi-rotor helicopters 

 All rotors aligned in a plane 

 Rotor axes perpendicular to that plane 

 Take off weight ≈ 1.5 kg 
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Unmanned Aerial Vehicles (UAVs) and PAVs 

Illustration: Gareth Padfield  

Image: e-volo GmbH 
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Challenges for UAVs 

 Degrees of freedom 

 Coupled and fast dynamics 

 Constant motion and  

inherent instability 

 

 

 

 

 

 

 

  “Cannot simply stop” 
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2.1. SY ST EM DESI GN A ND REQUI REM ENT S 21

higher level point of view, which are necessary for posit ion cont rol, t rajectory

generat ion and trajectory t racking. We omit the aerodynamic effects here,

and will show how these can be handled in Sect ion 2.3.
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Figure 2.1: Left : Setup depict ing the vehicle body / IMU with respect to a world

reference frame. C 0̄
w denotes an intermediate frame with a rotat ion of the yaw-

angleÂ around zw , while C i
w denotes the full at t itude of the IMU-centered vehicle.

Right : hex-rotor used in this work, with according rotor turning direct ions.

The setup of an exemplary hex-rotor with the necessary coordinate frames

is depicted in Fig. 2.1. In addit ion to the fixed world frame, we define two

coordinate frames for thevehicle, which just differ in their rotat ion: Thebody

frameof thevehicle “ i ” , centered around its inert ial measurement unit (IMU),

and an intermediate frame “ 0̄”. C i
w =

#
x i y i z i

$
denotes the orientat ion

of the IMU frame expressed in the world frame, and C 0̄
w =

#
x 0̄ y 0̄ z 0̄

$

denotes the orientat ion of the vehicle by the yaw angleÂ around zw . Angular

velocit ies Ê and angular accelerat ions Ê̇ are expressed in the IMU’s (body)

coordinate system.

M AV D ynamics

Essent ially, all dynamics of the MAV depend on the rotat ional velocit ies n i of

the individual rotors. Here, westudy thecasewhereall rotorsarealigned on a

plane and where their axes are parallel to the MAV body’s z-axis. The rotors

are furthermore assumed to have a fixed pitch angle. These requirements

are usually fulfilled for most robot ic mult i-rotor systems. We can write the

effects of the rotat ional velocit ies of the rotors on the result ing thrusts and
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What do we Need for Autonomous UAVs ? 
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Processing Hardware 

State Estimation /  

Data Fusion 
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Localization 
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Control / Planning / Obstacle Avoidance  
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Computer-Vision Based Localization 
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Robustness to Disturbances 
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Take-off and Landing Scenarios 
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Motion and Uncertainty Aware Path Planning 
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Path Planning, Including Localization Uncertainty 

initial position  

with uncertainty 

goal sensors can only 

localize here 
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Uncertainty Aware Path Planning 
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Uncertainty Aware Path Planning 
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 Efficient position and  

trajectory control. 

 

 Robust vision based  

localization 

 

 Modular multi-sensor  

fusion framework. 

 

 Path planning framework,   

planning safe paths that   

provide sufficient motion. 
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Conclusions 
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Thank you for your attention! 

 Live UAV Demo this afternoon 
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