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Overview

� Motivation: High Altitude Wind Power

� Crosswind Kite Power

� Optimal Periodic Orbits: Single Kite

� Optimal Periodic Orbits: Dancing Kites

� Status of Real-World Implementation



How to become independent of coal, gas and oil ?

� To avoid greenhouse effect, humanity needs to use less fossil 
fuels

� Nuclear power still has many unsolved problems (nuclear waste, 
safety)

� Among all renewable energy sources:
• only solar and wind power could provide all of humanity's 

energy needs
• today, wind power is cheaper than solar power, and growing 

enormously 
• still, wind is not competitive with coal …

can we improve wind power?



Conventional Wind Turbines

� Due to high speed, wing tips are 
most efficient part of wing

� High torques at wings and mast limit 
size and height of wind turbines

� But best winds are in high altitudes!

Could we construct a wind turbine 
with only wing tips and generator ?



Conventional Wind Turbines

� Due to high speed, wing tips are 
most efficient part of wing

� High torques at wings and mast limit 
size and height of wind turbines

� But best winds are in high altitudes!

Could we construct a wind turbine 
with only wing tips and generator ?



Crosswind Kite Power (Loyd 1980)

� Fly kite fast in crosswind direction
� Very strong force (100x higher than 

static kite)

But where could a generator be driven?



Variant 1: On-Board Generator

� attach small wind turbines to kite
� due to high relative wind speed, can 

be small
� optimally increase system drag by 

50% 
� lines must transmit power

Pros: fast spinning generators
Cons: heavy, moving parts on board, 

electric cables, conversion losses



Variant 2: New Pumping Cycle
New 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

� Cycle produces same power as 
(gigantic) windmill of same wing area
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� How to start and land tethered airfoils?



Seminal Paper by Loyd in 1980

� power grows quadratically with "gliding number"  

� predicts e.g. 35 MW for 500 m2 wing with      =20



Exercise: Derive Loyd's Formula

� power
� density of air
� area of kite
� wind speed



Crosswind Motion = Gliding in Vertical Plane

speed of kite

real wind

effective wind

Kite moves           x  faster than real wind!

Force



What is the optimal roll-out speed?

speed of kite       = ? 

real wind   - roll-out speed

effective wind � speed of kite

Power = Force   x roll-out speed

Force real wind 

roll-out speed = ?



What is the optimal roll-out speed?

speed of kite       = 2/3           

real wind   - roll-out speed

effective wind � speed of kite

Power = Force   x roll-out speed

Force real wind 

roll-out speed =  1/3



What is the optimal roll-out speed?

speed of kite       = 2/3           

real wind   - roll-out speed

effective wind � speed of kite

Power = Force   x roll-out speed

Force real wind 

roll-out speed =  1/3



Crosswind Kite Power used by Surfers and Captains

� Kite surfers feel extreme forces 
when they make their kites 
"loop" in crosswind direction

� SkySails (Hamburg) uses 
crosswind motion to increase 
force considerably: kites make 
loops at sky

Crosswind power generation still in 
development…



For power generation, still many important question s:

� Cable length? 100 m,  1 km, 10 km ? 

� Cable strength? (drag vs. elastic losses)

� Shall kites fly high, or close to ground?

� How long should each phase be?

� How fast to roll in and out cable?

� What are the optimal flight figures?

� How to control? (old illustration of TU Delft‘s „laddermill“)
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Kite Model for Optimal Control (Boris Houska)

forces at kite 
(here: 500 m2)

Control inputs:
� line length
� roll angle (as for toy kites)
� lift coefficient (pitch angle)

Differential Equation Model with 12 states 
and 3 controls

Have to regard also cable elasticity



Some Kite Parameters

e.g. 10 m x 50 m,
like Boeing wing, 
but much lighter 
material

standard wind velocity 
for nominal power of 
wind turbines



Periodic Optimization Problem
Maximize mean power production:

by varying line thickness, period 
duration, controls, subject to 
periodicity and other constraints:



Solution of Periodic Optimization Problem
Maximize mean power production:

by varying line thickness, period 
duration, controls, subject to 
periodicity and other constraints:

Cable length 1.3km,  thickness 7 cm



Periodic Orbit: 5 MW mean power production!



What about ‚dancing‘ kites ?



� 2 x 500 m2 airfoils



� 2 x 500 m2 airfoils
� kevlar line 1500 m,  diameter 8 cm
� wind speed 10 m/s

Optimal ‚Dancing‘ Kites: 14 MW possible



Why are Dancing Kites more efficient?

Three reasons:
� absolute line drag is reduced, as only short lines move fast in 

cross wind direction

� centrifugal forces "become our friends", curve flyi ng does not 
generate losses anymore. Kite masses can be higher.

� kites can compensate each other during retraction, without lift 
control

� get 14 kW per square meter wing, 40 % better than s ingle kites!



Starting and landing

Note: at ground we have much less wind than in 200- 800 m altitude

� SkySails starts kites statically with telescope mast
• only possible in laminar winds on sea, impossible on land
• only for light flexible wings like paragliders (with low gliding number)

� KiteGen wants to start with artificial blower

� californian start ups want to start like helicopters, with propellers on 
board. Only possible for light wings.

� other start and lands like conventional aircraft

� dancing kites seem even more challenging to start…see end of talk
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High Altitude Wind Power investigated by many group s 
with many different concepts



Overview of Kite Power Groups / Companies

� SkySails, Hamburg
� Makani Power, California
� Kite Gen / Politecnico di Torino
� TU Delft
� AmpyxPower, Delft
� NTS Energiesyteme, Berlin
� Aeroix, Berlin
� Joby Energy, California
� Swiss Kite Power
� Skywindpower
� Magenn
� Leuven Kite Power Group
� TU Munich Team…



SkySails, Hamburg

� main business: ship traction using crosswind 
power

� solid long term investment structure
� impressive management team
� technological focus:

• flexible, inflatable kites
• automatic start via telescopic mast
• only usable on sea (laminar winds)

� product already sold to pilot customers

� has patents on pumping kite power for off-
shore electricity



Makani Power, California

� Financed by google with 15 MDollar since 2006
� works on “generator on board” variant
� recently shifted from flexible to rigid airfoils
� overstretch: CEO Saul Griffiths left the team in 2009 and 

company shrank from 40 to 15 people. CTO Corwin Hordham
still on board



KiteGen / Politecnico di Torino

� Financed by local government subsidies
� Believes in “carousel” variant
� has built pumping kite wind generator with two lines
� team is now split into two camps: 

M. Milanese (Politecnico) vs. M. Ippolito (Sequoia)



KiteGen Test Flight in 2006



TU Delft Team headed by Wubbo Ockels

� Financed by sponsors and local companies (port of Rotterdam)
� Group working longest experimentally on kite power
� Calls its concept “Laddermill”
� Has built pumping wind generator with single line
� core technical team left in 2009 to found new venture 

AmpyxPower



Kite Demo in Groningen August 28, 2007



AmpyxPower, Delft

� Founded by ex-members of TU Delft team (Bas Lansdorp, 
Richard Ruiterkamp)

� Financed by seed investors and subsidies
� Is building pumping wind generator with rigid airfoils



AmpyxPower Test Flight in Dec 2008



AmpyxPower Test Flight in Dec 2008



Joby Energy, California

� founded in 2009 by single investor JoeBen Bevirt, who also is CEO
� about 30 people (2 cooks, 3 meals a day), based in Santa Cruz
� Focus on "generator on board", rigid airfoils
� Two different altitudes investigated 

• regular altitudes 500-1000 m
• Jetstream altitudes 10 000 m



Swiss Kite Power

� currently in development phase
� initiative comes from Fachhochschule Nordwestschweiz (FHNW) 

(Corey Houle) with ETH Zurich (C. Jones, M. Morari), and EMPA 
(R. Luchsinger) and Alstom

� Most interested in pumping and flexible airfoils



Leuven Kite Power Group

� Build small prototypes to validate 
mathematical predictions

� Investigate rather rigid than 
flexible airfoils (kite power grows 
quadratically with gliding number)

� Involved professors: Diehl, 
Swevers, Vandepitte

� Good contacts with 
• Joby Energy
• Torino Team
• Swiss Kite Team
• AmpyxPower, 
• TU Delft, KiteGen



Prototype currently built in Leuven

� Team: 2 master stud., 2 
Phd, 3 profs

� Aim: control rotation flight 
(up/down) with short line 
(1 m). Later: full start

� light toy airplane with IMU
� rotating arm (1m) with 

position encoders
� measure line angle
� two cameras on arm 

observe plane
� control hardware on 

rotating arm



Rotation Arm is operational since Dec. 2009



Starting and landing is difficult

Question: how can we have high speeds for take-off and landing, but 
avoid a runway?

Use rotation!



New rotation start idea (Visualization: Reinhart Paelinck)

Tower of 60 m height. Two rotating wings of 60 m.



Centrifugal and lifting forces keep kites in the ai r



Centrifugal and lifting forces keep kites in the ai r



Later, lift forces dominate



The kites move down-wind



Lines are connected to reduce line drag



Final orbit – A virtual 18 MW windmill is erected!



Vielen Dank fuer Ihre Aufmerksamkeit



NTS Energiesysteme, Berlin

� founded by single investor Uwe
Ahrens, CEO Guido Luetsch

� focus on "carousel" with extra 
tweak:
• use skysails-like flexible kites
• build circular roller-coaster, let 

kites pull the carts
� develops testing site in 

Mecklenburg-Vorpommern



NMPC of Wind Power Generating Kites
(with Boris Houska, A. Ilzhoefer, K. Evers, B. Struyven...)



NMPC of Large Kite Systems (Andreas Ilzhoefer)

� Track Reference. Predict 20 secs. Sample time: 1 sec

� Use real-time iteration scheme within MUSCOD-II

� Combine with Moving Horizon Estimator (MHE)

Computation always  < 1s:                  Closed-loop simulation:



Kite NMPC Problem solved with ACADO

� 9 states, 3 controls
� Penalize deviation from “lying eight”
� Predict half period
� zero terminal constraint
� 10 multiple shooting intervals

Solve with SQP real-time iterations



















Kite NMPC: CPU Time per RTI below 50 ms

� Initial-Value Embedding       :     0.03 ms
� QP solution (qpOASES)        :   2.23  ms
-----------------------------------------------------------
Feedback Phase:                                  3 ms
(QP after condensing: 30 vars. / 240 constr.)

� Expansion of the QP             :    0.10 ms
� Simulation and Sensitivities  :  44.17 ms
� Condensing (Phase I)            :   2.83 ms
-----------------------------------------------------------
Preparation Phase:                           47 ms

(on Intel Core 2 Duo CPU T7250, 2 GHz)



NMPC Control with large turn of wind direction



Overview

� Idea: Wind Power Generation by Fast Flying Kites

� Optimal Periodic Orbits

� Stabilization by Nonlinear Model Predictive Control (NMPC)

� Do Open-Loop Stable Periodic Orbits exist?

� Status of Real-World Implementation



Question: Could kite also fly WITHOUT feedback?

Stability just  by smart choice of open-loopcontrols?



Monodromy Matrix determines stability

„Monodromy matrix“ = Jacobian of Poincare map.

Stability � Spectral radius of monodromy matrix smaller one

Disadvantages of spectral radius:
� nonsmooth criterion, difficult for optimization
� constraints and uncertainty of parameters not taken into 

account



Alternative Approach (Houska, D. 2007)

Regard linearized propagation of noise:

Infinitely long time: covariance blows up, or 
becomes periodic

THEOREM: If periodic Lyapunov solution 
exists (with              ), system is stable.

Compute covariance matrix P by 
Lyapunov Equation:



New robust stability optimization problem

Allows to robustly satisfy inequality constraints!

Numerical challenges:higher order sensitivities, large scale ODEs, 
non-smooth constraints, relaxations for infeasible initializations, ... 



Orbit optimized for power and robust stability

We have GENERATED a stable attractor!
Only possible due to nonlinearity

Kite never touches 
ground: inequalities 
robustly satisfied



Forces at wing depend on two coefficients:
� Lift force on lift coefficient:
� Drag force on drag coefficient:

Their ratio is called "gliding number":

For aircraft, gliding numbers are between 20 and 60, with e.g.  

Why "gliding number"? 
If an aircraft sinks one meter it glides               meters forward 

What is the "gliding number" ?


