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Autonomous Soaring

Motivation

I Increase endurance up to 12 hours [1]

I Increase payload capacity

I Mil. purposes: lower heat and noise signature

[1]Allen2005



Related Work

I Updraft Modeling [2]

I Thermal Centering Control [3]

Figure 1: NASA study [4] Figure 2: NRL [5]

[2]Allen2006, [3]Andersson20012, [4]Allen2007, [5]Edwards2010



On Vision-Based Autonomous Cross-Country Soaring

Figure 3: System Architecture

Previous updraft estimators provide only an updraft strength
estimate presuming unlimited updraft durations

Missing to this date: Updraft estimation consisting of

updraft strength: c and updraft duration: tv



Modeling of Updrafts and Cumulus Clouds

Elements

I Updraft model

I Cloud dynamics model

I Relation

Updrafts:

I Vertical velocity w(z ,w?) according to the model from [1]

I Extend model with time dependence w? = w?(tv )

w? =

{
c if t0 ≤ t ≤ tv

0 if t > tv
(1)

[1]Allen2005



Clouds

Figure 4: Lifecycle of a cumulus



The Evolution Of The Cloud Diameter
I [6] measured cloud width evolutions in varying conditions
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Figure 5: Sample cloud diameter evolution from [6]

I Fit data to a sine and model uncertainties with correlated
noise ξ

d(t) = D sin(
2π

τ
t + Φ0︸ ︷︷ ︸

Φ

) + ξ(t) (2)

[6]Kon1980



Relating cumulus clouds to updraft parameters
I Updraft strength is proportional to the amplitude of the cloud

diameter w? = k D
I Vanish time of the corresponds to a quarter period of the

governing sine tv = τ
2π (π2 − Φ0)
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Figure 6: Relation between updraft and cloud



Estimation Approach in a Nutshell

Figure 7: Schematic of a single MC simulation run

Notation:
Vision measnurements e, vehicle state T, updraft position pu,
cloud diameter d , Unscented Kalaman Filter (UKF)



Evaluation

I Demonstrate estimation performance in terms of:
Convergence and Consistency (Monte Carlo Simulation)

I Demonstrate the benefit of estimated vanish time and updraft
strength in autonomous cross-country soaring (Comparison
with previous approaches)



Convergence and Consistency: Monte Carlo Simulation
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Figure 8: Schematic of a single MC simulation run



Estimation Performance
I Convergence

εp = |εp − ε̂p| (3)

I Consistency

ηp =
εp

3σp
(4)
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Figure 9: Estimation Convergence
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Figure 10: Estimation Consistency



Cross-Country Soaring Performance Gain
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Figure 11: Cross-country soaring scenario

# tv [s] c [m/s]

1 600
[
2.50 2.50 2.50 2.50 2.50

]
2 200

[
1.75 2.12 2.50 2.88 3.25

]
Table 1: Sweep of the velocity scale for 5 scenarios



I new: include estimated vanish time in the decision process

I old: make decision assuming unlimited lifespan
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Figure 12: Cross-country soaring success rate



Conclusion and Outlook

Conclusion

I The estimation of updraft strength and vanish is a step
towards the applicability of autonomous cross-country soaring

I Consistent parameter and covariance estimates enable
probabilistic path planning methods

Current and Future Work

I Identify more realistic models

I Design of probabilistic path planning algorithms

I Design of image processing algorithms

I Conduct flight test campaigns
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