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Motivation
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1. Can we find a periodic

soaring orbit for a
glider in the wake of a
windturbine?

How much can we
'revitalize' the flow of
the turbine?



Turbine Wake
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Symbol Value Unit
Ttur 57.85 m
Pur 122 m
Twake 82 m

Vs, ref 10 ms~1!

Table: Setup Parameter
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Glider Model

States:
p Parameter Symbol Value Unit
T = ;L e R'? mass m 36.8 kg
ja% max. lift coefficient CL max 1.5 -
Controls: parasitic drag Cbo 0.01 -
) aspect ratio MR 10 -
u=F, eR’ Oswald efficiency factor O, 0.8 -
wing area Aw 3 2
wing span b 55

Table: AP2 Glider Parameter
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Glider Model
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Objective

» Divide periodic trajectory phases outside and inside of
the wake of durations T, and T; such that T, + T} = t¢
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Objective

» Divide periodic trajectory phases outside and inside of
the wake of durations T, and T; such that T, + T} = t¢

» Maximize the momentum transfer from the outer wind
field into the inner wake wind field
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Objective

» Divide periodic trajectory phases outside and inside of
the wake of durations T, and T; such that T, + T} = t¢

» Maximize the momentum transfer from the outer wind
field into the inner wake wind field

» The extracted momentum in the outer phase of the
trajectory has to be transferred back to the wake wind
field in the inner phase of the trajectory
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Objective

» Divide periodic trajectory phases outside and inside of
the wake of durations T, and T; such that T, + T} = t¢

» Maximize the momentum transfer from the outer wind
field into the inner wake wind field

» The extracted momentum in the outer phase of the
trajectory has to be transferred back to the wake wind
field in the inner phase of the trajectory

» Revitalization Force
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Objective

» Divide periodic trajectory phases outside and inside of 1 T

the wake of durations T}, and 7} such that T, + T} = t¢ Joco = . 6;F(T) dr
.. . £
» Maximize the momentum transfer from the outer wind 0

te
field into the inner wake wind field Trog = eu/ u(r)|? dr
0

» The extracted momentum in the outer phase of the
trajectory has to be transferred back to the wake wind
field in the inner phase of the trajectory

» Revitalization Force
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Optimal Control Problem

H;I(;l)jz?g‘l)z’e — Jeco + Jreg (1a)
subject to 0= p,(0), (1b)
0=2a(t) — f(z(t),ut)) Vte[0t], (1c)
0= va(t)" Fi(t) vt € [0, t¢], (1d)
0> IFL(®)l - Fooman®) 'Vt € 0,41, (1¢)
0 > aron(t) — Qrollmax vt € [0, te], (1f)
0 < aron(t) + aroll, max vt € [0, t¢], (1g)
0 < r(p(t)) — rwake vt € [0, Ty], (1h)
0> r(p(t)) — rwake vt € [Ty, te], (10)
0= x(tr) — =(0) (1))
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Discretization

» In each phase: 50 collocation intervals with Raudau collocation of order 3
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Discretization

» In each phase: 50 collocation intervals with Raudau collocation of order 3

» Enforce the equalities/inequalities at each collocation point
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Discretization

» In each phase: 50 collocation intervals with Raudau collocation of order 3
» Enforce the equalities/inequalities at each collocation point

» One Control at each collocation point — polynomial instead of piecewise constant controls
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Discretization

» In each phase: 50 collocation intervals with Raudau collocation of order 3
» Enforce the equalities/inequalities at each collocation point
» One Control at each collocation point — polynomial instead of piecewise constant controls

» Solve using a homotopy that moves from a tracking objective to the economic objective
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Discretization

In each phase: 50 collocation intervals with Raudau collocation of order 3

Enforce the equalities/inequalities at each collocation point

>

>

» One Control at each collocation point — polynomial instead of piecewise constant controls
» Solve using a homotopy that moves from a tracking objective to the economic objective
>

IPOPT converges to a solution with ~ 10k variables ~ 70s.
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Solution
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Solution
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Solution
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Bigger Glider
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Bigger Glider

Wing Span [m]
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Bigger Glider
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Propeller + Energy Storage

» Add a Propeller and a capacitor to the glider to store energy
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Propeller + Energy Storage

» Add a Propeller and a capacitor to the glider to store energy

» Add control for propeller force to the model

—500N < Fj, < 500N
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Propeller + Energy Storage

» Add a Propeller and a capacitor to the glider to store energy

» Add control for propeller force to the model
—500N < F, < 500N

» Add periodic state for the stored energy
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Propeller + Energy Storage
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Propeller + Energy Storage
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Propeller + Energy Storage
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Conclusion

» Periodic dynamic soaring orbits exist!
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Conclusion

» Periodic dynamic soaring orbits exist!

» We can revitalize the wake (a bit), but not yet enough to make it worthwhile

Dynamic Soari n Wind Turbine Wakes Jakob Harzer, Jochem De Schutter, Moritz Diehl, Johan Meyers



Conclusion

» Periodic dynamic soaring orbits exist!

» We can revitalize the wake (a bit), but not yet enough to make it worthwhile

» Other Applications: monitoring, wind measurements etc., since you 'fly for free' in the
wake of a turbine
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Conclusion

Thank you for your attention
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