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Recall: our personal energy consumption: 5 kW

�2

    [MacKay 2009. wikipedia]

• a typical European needs 5 kW                              
(1 kW electricity + transport + heating …)

• this equals 120 kWh, or 12 litres of petrol, per day

• one return flight from Europe to China consumes 
about 1200 litres of kerosene per person (~100 days)

5 kW: one large 
electric heater, 

switched on from 
birth to death 



Recall: capacity factor of wind and solar equals about 20%
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5 MW installed capacity deliver on average about 1 MW. 
This would be enough to cover all energy needs of 200 people.



What is needed for 5 MW installed power ? 
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turbine and tower weigh 700 tons

Solar in Southern Europe: area of 125 m x 200 m
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Wind in North Sea: 
turbine of 150 m height

turbine and tower weigh 700 tons
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What is needed for 5 MW installed power ? 
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Wind in North Sea: 
turbine of 150 m height

turbine and tower weigh 700 tons
Could we harvest wind power in high altitudes with less material ? 



A turbine of 500m height is difficult to build
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Long lever arm leads to large torque
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A turbine of 500m height is difficult to build
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A turbine of 500m height is difficult to build
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Metamorphosis of a Wind Turbine
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Crosswind Kite Power

• kite flies fast loops in crosswind 
direction 

• very strong force on tether

But where could a generator be driven ?
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Variant 1: On-Board Generator
• attach small wind turbines to kite
• cable transmits power

Pros:
• light, high speed generators
• propeller can be used to start and land

Cons: 
• cable needs to transmit power
• generator and power electronics add 

weight
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Variant 1: On-Board Generator — Artistic Vision [D 1992]
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Variant 2: Generator on Ground (Pumping Cycle)
Cycle consists of two phases:
• Power generation phase:

• Fly kite fast, have high force
• unwind cable
• generate power
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`````````



Cycle consists of two phases:
• Power generation phase:

• Fly kite fast, have high force
• unwind cable
• generate power

• Retraction phase:
• Slow down kite, reduce force
• pull back line
• consume power

Pro: all electric parts on ground
Con: slowly turning generator

(…well, this variant leads to particularly 
beautiful nonlinear optimal control 
problems…)
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personal discovery 
date: 3.10.2005 

Variant 2: Generator on Ground (Pumping Cycle)



 Miles Loyd’s Formula
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power
air density
wing area
wind speed

Lift-over-drag 
ratio (L/D)

wing area of 1 m2 generates 40 kW power       
(at 13 m/s wind speed and L/D of 15).

Same efficiency for both variants.

1980



Which roll out speed is optimal ?

Remark: kite flies much faster 
in crosswind direction…
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tension x speedtether 

tension

`````````

Maximum power reached at 1/3 of wind speed

1/3 of wind speed w



How fast does the kite fly compared to the real wind ?
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How fast does the kite fly compared to the real wind?
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How much is 40 kW per m2  ? 

Two people need 1 m2 
wing surface to cover all 
their energy needs !
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1 m2 wing surface corresponds to 250 m2 
of photovoltaic cells in Southern Europe

More realistic estimate: wing produces full power only 25% of a year,    
so we get about 10 kW per m2 .

 [master students Wouter Vandermeulen and Jeroen Stuyts]



AWE Vision: replace tons of steel and concrete...



AWE Vision: replace tons of steel and concrete...
...by a cable and optimal control
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Airborne Wind Energy Conferences 2010, 2011,…
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Categorization of crosswind systems
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Ground-Based Generation On-Board Generation

Fixed Wing

Soft Wing (not efficient due to low speed)
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Ground-Based Generation On-Board Generation

Fixed Wing 

Soft Wing (not efficient due to low speed)

Categorization of crosswind systems
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Ground-Based Generation On-Board Generation

Fixed Wing AmpyxPower, Netherlands Makani power, California

Soft Wing 
SkySails, Hamburg; Enerkite, Berlin; TU 
Delft, NTS, Torino, TU Munich, Swiss Kite 
Power, …

(not efficient due to low speed)

Categorization of crosswind systems
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How to model Airborne Wind Energy systems ?

Green Energy and Technology

Airborne Wind 
Energy

Uwe Ahrens
Moritz Diehl
Roland Schmehl Editors



Differential Algebraic Equation (DAE) Models of Tethered 
Airplanes

For simple plane attached to a tether:
• 20 differential states (3+3 trans, 9+3 rotation, 1+1 

tether) 
• 1 algebraic state (tether force)
• 8 invariants (6 rotation,  2 due to tether constraint)
• 3 control inputs (aileron, elevator, tether length)
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Sebastien Gros



Nontrivial Topology 1: Rotation Start for Tethered Wings
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Fig. 11.7 Transition trajec-
tory

11.6 Conclusions

This chapter has summarized the direct collocation technique for numerically solv-
ing optimal control problems. We summarized the model developed in Chap. 10 and
showed how it can be used with collocation. A power maximization problem was
solved, and the variation of optimal average power with number of loops per retrac-
tion was investigated. It was shown that for a small scale AWE system, efficiency
could be improved by flying multiple loops but there was insignificant gain in more
than about four loops per cycle. Finally, we presented a technique for solving for an
optimal transition between two fixed trajectories.
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Idea: tethered planes can start and land 
using a “flight carousel”

Greg Horn



“What do we see here on the slide, in one sentence”

Aim: Transition from Rotation to Power Orbit

 35



11 Numerical Trajectory Optimization for Airborne Wind Energy Systems 217

Fig. 11.7 Transition trajec-
tory

11.6 Conclusions

This chapter has summarized the direct collocation technique for numerically solv-
ing optimal control problems. We summarized the model developed in Chap. 10 and
showed how it can be used with collocation. A power maximization problem was
solved, and the variation of optimal average power with number of loops per retrac-
tion was investigated. It was shown that for a small scale AWE system, efficiency
could be improved by flying multiple loops but there was insignificant gain in more
than about four loops per cycle. Finally, we presented a technique for solving for an
optimal transition between two fixed trajectories.

Acknowledgements This research was supported by Research Council KUL: PFV/10/002 Op-
timization in Engineering Center OPTEC, GOA/10/09 MaNet and GOA/10/11 Global real- time
optimal control of autonomous robots and mechatronic systems. Flemish Government:
IOF/KP/SCORES4CHEM, FWO: PhD/postdoc grants and projects: G.0320.08 (convex MPC),
G.0377.09 (Mechatronics MPC); IWT: PhD Grants, projects: SBO LeCoPro; Belgian Federal
Science Policy Office: IUAP P7 (DYSCO, Dynamical systems, control and optimization, 2012-
2017); EU: FP7-EMBOCON (ICT-248940), FP7-SADCO ( MC ITN-264735), ERC ST HIGH-
WIND (259 166), Eurostars SMART, ACCM.

References
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Idea: tethered planes can start and land 
using a “flight carousel”

Flight experiments in Leuven, with Kurt Geebelen, Milan Vukov,  
Andrew Wagner, Mario Zanon, Sebastien Gros, Greg Horn, Jan 
Swevers

Kurt Geebelen

Greg Horn

Nontrivial Topology 1: Rotation Start for Tethered Wings



Moving Horizon Estimation and Nonlinear 
Model Predictive Control on the Flight Carousel     
(sampling time 50 Hz, using ACADO Code Generation)
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Milan Vukov



HIGHWIND Carousel in Freiburg



Predictive Control of Kite Carousel in Freiburg
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Jonas Schlangenhauf Thorbjörn Jörger
(video by Ben Schleusener)

20Hz/50ms sampling time using ACADO
(Nonlinear MPC video from 13.12.2016 in Freiburg)
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Airborne Wind Energy Based on Dual Airfoils
Mario Zanon, Sébastien Gros, Joel Andersson, and Moritz Diehl

Abstract— The airborne wind energy (AWE) paradigm pro-
poses to generate energy by flying a tethered airfoil across
the wind flow at a high velocity. Although AWE enables flight
in higher altitude and stronger wind layers, the extra drag
generated by the tether motion imposes a significant limit to
the overall system efficiency. To address this issue, two airfoils
with a shared tether can reduce overall system drag. Although
this technique may improve the efficiency of AWE systems, such
improvement can only be achieved through properly balancing
the system trajectories and parameters. This brief tackles that
problem using optimal control. A generic procedure for modeling
multiple-airfoil systems with equations of minimal complexity is
proposed. A parametric study shows that at small and medium
scales, dual-airfoil systems are significantly more efficient than
single-airfoil systems, but they are less advantageous at very large
scales.

Index Terms— Airborne wind energy (AWE), dual airfoil,
large-scale optimization, power optimization.

I. INTRODUCTION

TO OVERCOME the major difficulties posed by the
growing size and mass of conventional wind turbine

generators [5], [16], the airborne wind energy (AWE) para-
digm proposes to eliminate the structural elements that are not
directly involved in power generation. An emerging consensus
recognizes crosswind flight as the most efficient approach to
AWE [17]. Crosswind flight extracts power from the airflow
by flying an airfoil tethered to the ground at a high veloc-
ity across the wind direction. Power can be generated by:
1) performing a cyclical variation of the tether length, together
with cyclical variation of the tether tension or 2) using onboard
turbines, transmitting the power to the ground via the tether. In
this brief, option 2) is considered, as investigated by Makani
Power [18].

Because it involves a much lighter structure, a major
advantage of power generation based on crosswind flight
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Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
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Fig. 1. Schematic diagram of a dual-airfoil AWE system (see. [21], Fig. 3).

over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces

1063-6536/$31.00 © 2013 IEEE
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AWE systems, including a finite element model (FEM) for the
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over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces
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• Two airfoils circling around each other have less tether drag
• can reach 40 kW/m2 already with small devices
• centrifugal forces compensate each other
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Airborne Wind Energy Based on Dual Airfoils
Mario Zanon, Sébastien Gros, Joel Andersson, and Moritz Diehl

Abstract— The airborne wind energy (AWE) paradigm pro-
poses to generate energy by flying a tethered airfoil across
the wind flow at a high velocity. Although AWE enables flight
in higher altitude and stronger wind layers, the extra drag
generated by the tether motion imposes a significant limit to
the overall system efficiency. To address this issue, two airfoils
with a shared tether can reduce overall system drag. Although
this technique may improve the efficiency of AWE systems, such
improvement can only be achieved through properly balancing
the system trajectories and parameters. This brief tackles that
problem using optimal control. A generic procedure for modeling
multiple-airfoil systems with equations of minimal complexity is
proposed. A parametric study shows that at small and medium
scales, dual-airfoil systems are significantly more efficient than
single-airfoil systems, but they are less advantageous at very large
scales.

Index Terms— Airborne wind energy (AWE), dual airfoil,
large-scale optimization, power optimization.

I. INTRODUCTION

TO OVERCOME the major difficulties posed by the
growing size and mass of conventional wind turbine

generators [5], [16], the airborne wind energy (AWE) para-
digm proposes to eliminate the structural elements that are not
directly involved in power generation. An emerging consensus
recognizes crosswind flight as the most efficient approach to
AWE [17]. Crosswind flight extracts power from the airflow
by flying an airfoil tethered to the ground at a high veloc-
ity across the wind direction. Power can be generated by:
1) performing a cyclical variation of the tether length, together
with cyclical variation of the tether tension or 2) using onboard
turbines, transmitting the power to the ground via the tether. In
this brief, option 2) is considered, as investigated by Makani
Power [18].

Because it involves a much lighter structure, a major
advantage of power generation based on crosswind flight
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reaching wind resources that cannot be tapped by conventional
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during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces
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over conventional wind turbines is that higher altitude can
be reached and a larger swept area can be achieved, thereby
reaching wind resources that cannot be tapped by conventional
wind turbines [11].

Unfortunately, the drag because of the motion of the tether
during crosswind flight has a significant impact on the system
performance. To tackle this issue, the dual-airfoil design was
first introduced in [21] and later investigated in [15], [22],
and [25]. The key idea of the dual-airfoil design is to fly two
airfoils connected on a single main tether (Fig. 1) in a balanced
manner. Therefore, only the shorter secondary tethers move at
a high velocity and generate drag, whereas the motion of the
main tether is negligible.

Although the dual-airfoil design has the potential to reduce
the problem of tether drag for AWE systems, the system
design and trajectory must be carefully selected so as to fully
exploit the gains of reducing the tether drag. More precisely:
1) the airfoil trajectories must balance the forces on the main
tether so as to minimize its motion, maintain the optimal
airfoil velocities, and maintain an optimal angle between
the secondary tethers; 2) the aerodynamic forces yielded by
onboard power generation must be appropriately chosen so as
to maximize the system efficiency; 3) the tether lengths must
be chosen so as to achieve the best trade-off between reaching
higher altitude and adding airborne mass; and 4) the tether
diameters must be selected so as to achieve the best trade-off
between reducing the drag and withstanding the forces in the
system.

Defining the optimal system parameters and trajectory is a
highly involved problem that is best cast in the framework
of optimal control. Single- and multiple-kite models were
proposed in [7], [12]–[15], and [24]. This brief, however,
proposes a generic modeling procedure for multiple-airfoil
AWE systems, including a finite element model (FEM) for the
tethers that is well-suited for optimal control and that produces
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Startup Kiteswarms Ltd./GmbH in building 078 on our campus

  

The Outdoor Plane Hardware

● 2.5 m wingspan

● Having a proper and 
rudder → Luxury!

● First Plane, fully 
designed, about 
halfway completed

● One MS Student plus 
part of Reinhart's

Kiteswarms founder: Reinhart Paelinck 



The Company AmpyxPower



AmpyxPower
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• startup from TU Delft
• now about 40 permanent 
staff
• financed via venture 
capital



[AmpyxPower]

Pumping Cycle to Harvest Wind Power  
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by Giovanni Licitra and Greg Horn (using CasADi, ipopt, 150 collocation intervals) 

Optimization of Ampyx-Type Pumping Cycle
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Optimization of Ampyx-Type Pumping Cycle
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long reel out phase (approximately 1/3 of wind speed) reel in phase

Giovanni Licitra (AmpyxPower)      and     Greg Horn (Univ. Freiburg)



AmpyxPower: 
Autonomous Energy Harvesting Flight



Power Optimization for Low Wind Speeds
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Fig. 8. Tether drag effect over total drag: CD in dash-dot line related to the
airplane drag coefficient; CDt in dotted line for the tether drag coefficient;
CD +CDt in solid line for the total drag coefficient.

Fig. 9. Optimal holding patterns during low wind conditions: red arrow-
shaped line for reel-in (consumption) phase; green arrow-shaped line for
reel-out (production) phase.

10 shows the power curve related to the specific Pumping
mode AWES, the wind class 2 wind distribution [28] and
the average wind Energy Ēw. The latter can be computed
from average mechanical wind power P̄w by the integration
of the product between power curve times the probability
density function of wind speed. Moreover, it is assumed
that the system must land for wind speed over 22.5 m/s for
safety issues. Such analysis reveals that the relative cost,
i.e. the ratio between the energy consumption to keep the
system aloft (using optimal holding patterns) and the total
energy harvested by the system is 0.5%. The total energy
used is 274 kWh while the total energy harvested is equal
to 52.27MWh, that is approximatively 52MWh of energy
produced by an Pumping mode AWES with small sizes in
one year. Finally, it is interesting to evaluate the system in
terms of capacity factor. This can be expressed by the ratio of
actual power output over a year and the potential maximum
output if it were possible for the AWE system to operate at
full capacity continuously over one year. For such system,
the capacity factor is equal to 52.54 %.

Fig. 10. From the top: power curve related to the Pumping mode AWES;
Weibull probability density function for wind class 2; Power production per
year where the orange area indicates the total energy used, while blue area
stand for the total positive energy harvested.

Licitra, Sieberling, Williams, Ruiterkamp, Diehl 2016 (submitted to ECC)



Power at specific wind speed

x

Frequency of occurrence per year

=
 

Contribution to yearly production

[study with 5.5m wing span plane]
Blue: 52,27 MWh, red 0,27 MWh.
Average power: 6 kW (tether drag)

“What do we see here on the slide, in one sentence”

“Never landing” 
costs only 0.5 % 
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the average wind Energy Ēw. The latter can be computed
from average mechanical wind power P̄w by the integration
of the product between power curve times the probability
density function of wind speed. Moreover, it is assumed
that the system must land for wind speed over 22.5 m/s for
safety issues. Such analysis reveals that the relative cost,
i.e. the ratio between the energy consumption to keep the
system aloft (using optimal holding patterns) and the total
energy harvested by the system is 0.5%. The total energy
used is 274 kWh while the total energy harvested is equal
to 52.27MWh, that is approximatively 52MWh of energy
produced by an Pumping mode AWES with small sizes in
one year. Finally, it is interesting to evaluate the system in
terms of capacity factor. This can be expressed by the ratio of
actual power output over a year and the potential maximum
output if it were possible for the AWE system to operate at
full capacity continuously over one year. For such system,
the capacity factor is equal to 52.54 %.
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subtitle

“What do we see here on the slide, in one sentence”

Under construction: AP 3 (12 m wingspan)
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subtitle

“What do we see here on the slide, in one sentence”

Plans for 2022:  AP 4 with catapult start
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subtitle

“What do we see here on the slide, in one sentence”

Plans for 2022:  AP 4 with catapult start
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SkySails:
Soft Kites with Ground-Based Generator



SkySails

• Startup since 2001
• ~30 people
• traction kites for vessels 
• since 2011 also power generation
• financed by private investors and subsidies



SkySails:
soft kites with ground-based generator



Optimization of SkySails’ electricity generating orbits 
by Michael Erhard, who was Chief Control Engineer at SkySails, 

and partly Univ. Freiburg, using CasADi/ipopt 

Winch with
Motor/
Generator

Control Pod

towpointground station

Kite

Tether

Small−Scale Functional Model (50kW peak power)

• Initialization with experimentally 
flown orbit

• Optimization improves from 15% 
to 25% of Loyd’s limit

• large time losses due to slow 
retraction phase 



Makani Power:
Rigid wing with on-board generator



Makani Power

• Californian start-up since 2006 
•~40 people
• fixed wings with on-board generators
• since 2013 part of Google X



Makani Power



Makani Power:  turbines on-board allow 
take-off and landing as quadcopter



Makani power: yearly power output optimisation
 by Greg Horn, Univ. Freiburg, and Thomas Van Alsenoy, Makani

k"

k"

Multiple Setpoint Optimization: optimise fixed parameters (tether length and 
thickness, generator size) together with adaptable periodic control trajectories for all 
wind speeds, weighted with their frequency in the wind histogram



Makani power: yearly power output optimisation
 by Greg Horn, Univ. Freiburg, and Thomas Van Alsenoy, Makani



AmpyxPower:
vaste vleugels met ground-based energieopwekking 

(lift mode in pompcyclus) 
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AmpyxPower:
vaste vleugels met ground-based energieopwekking 

(lift mode in pompcyclus) 

Makani Power:  600 kW utility scale wing 
(April 2015)



Makani 600 kW System Tests in 2017
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Makani 600 kW System Tests in 2017



+

    Solarimpulse  +  Crosswind  =  ?

Question:
How much more power would a makani 
plane with solar cells on the wing deliver ?

50 % 10% 5% 0.5%
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Conclusions

• Airborne wind energy promises power densities up to 
40 kW per m2 wing area

• nonlinear optimal control can answer relevant design 
and control questions


