
 

 

 

 



Auditorium

Blyth Cayley

Wilson

Lifts

Acc
WC

Acc

WC

Acc

WC

Lifts

Female

WC

Male

WC

Cloak

room

Blyth Cayley

Auditorium

Foyer

Level 2 Level 3

Map of Conference Building

Melville

R
o
o
m

 

2
.1

3



BOOK
OF

ABSTRACTS

2019

15-16 OCTOBER
UNIVERSITY OF
S T R A T H C LY D E
UNITED KINGDOM
 a w e c 2 0 1 9 . co m

 

 

 

 

1



Editors
Roland Schmehl
Faculty of Aerospace Engineering
Delft University of Technology
Delft
The Netherlands

Oliver Tulloch
Wind Energy and Control Centre
University of Strathclyde
Glasgow
United Kingdom

Editorial assistant
Navi Rajan

Layout
The layout of this book has evolved along several editions, including contributions by einsnull.berlin, Roland Schmehl, Henriette Bier (cover) and the team of Uni Freiburg

DOI 10.4233/uuid:57fd203c-e069-11e9-9fcb-441ea15f7c9c
ISBN 978-94-6366-213-0

Typesetting in Latex, using Adobe Source Sans Pro, Latex template available from https://bitbucket.org/rschmehl/awec_latex_boa

Cover background photo by Betsy Pfeiffer / Makani, thumbnail photos (from left) by Kitepower, EnerKíte, Ampyx Power, Kitemill and TwingTec

c⃝ Delft University of Technology 2019. The book is deposited for open access in the TU Delft repository. More information about the applicable CC BY-NC 4.0 license is
provided on page 164

2



Program - Tuesday, 15 October 2019∗

Time Page Page Page
8:30 REGISTRATION [FOYER]
9:00 CONFERENCE OPENING Roland Schmehl, TU Delft [AUDITORIUM]

Stefanie Thoms, Airborne Wind Europe
Bill Leithead, University of Strathclyde

9:20 INTRODUCTION Giles Dickson, WindEurope
9:40 PLENARY 1 TALK Sören Sieberling, Ampyx Power 19
10:10 PLENARY 2 TALK Doug McLeod, Makani 33
10:40 COFFEE [FOYER]

AWES DEVELOPMENT [BLYTH] CONTROL CROSSWIND [WILSON] R&D PANEL [CAYLEY]
11:10 Joep Breuer, Kitepower 41 Eva Ahbe, ETH Zurich 46 JochemWeber, NREL 57

Roderick Read, Windswept 59
11:30 Lode Carnel, Kitemill 42 Hironori A. Fujii, TMIT 47 Kristian Petrick, Airborne Wind Europe 61
11:50 Michiel Kruijff, Ampyx Power 43 Ignacio Oficialdegui, Acciona Energy 51 PANEL DISCUSSIONmoderated by
12:10 Andy Stough, Windlift 45 Manfred Quack, SkySails Power 53 Roland Schmehl, TU Delft 11
12:30 LUNCH [FOYER]
13:40 PLENARY 3 TALK Cédric Philibert, International Energy Agency [AUDITORIUM] 34
13:50 OEM 1 PANEL Johannes Peschel, Kitepower 69
14:00 Thomas Hårklau, Kitemill 70
14:10 PANEL DISCUSSIONmoderated by Udo Zillmann, Airborne Wind Europe 11
15:10 POSTER 1 SPOTLIGHTS Poster 1 Presenters
15:30 COFFEE [FOYER]
16:00 POSTER 1 SESSION [MELVILLE]

Eiji Itakura, Toyota Motor Corporation 71 Peter Listov, EPFL 80 Rachel Leuthold, Uni Freiburg 85
Uwe Fechner, Aenarete 73 Mahdi Ebrahimi Salari, Uni Limerick 81 Alan Mortimer, Wood Clean Energy 86
Alex Rementeria, Cranfield University 75 Jonathan Dumon, Gipsa-lab 82 Manuel C.R.M. Fernandes, Uni Porto 87
Solenn Le Pense, KPS 76 Tallak Tveide, Kitemill 83 Rigo Bosman, DSM 91
Antoine Morvan, ENSTA-Bretagne 79 Hiroshi Okubo, Kanagawa IT 84 Jochem De Schutter, Uni Freiburg 92
WINDRESOURCE&ENERGYPROD. [BLYTH] PERFORMANCE MODELING [WILSON] AIRSPACE & REGULATION PANEL [CAYLEY]

16:30 Mark Schelbergen, TU Delft 93 Thomas Haas, KU Leuven 96 Kristian Petrick, Airborne Wind Europe 99
16:50 Philip Bechtle, Uni Bonn 94 Tim Brodrick, KPS 97 PANEL DISCUSSIONmoderated by
17:10 Markus Sommerfeld, Uni Victoria 95 Vincent Bonnin, Ampyx Power 98 Corey Houle, Twingtec 11
17:30 END-OF-DAY

18:30 BUSSES DEPART FOR DINNER [FOYER]
19:00 CONFERENCE DINNER [TALL SHIP]
∗Schedule reflects the status at the time of printing of this book andmay be subject to change. 3



Program - Wednesday, 16 October 2019∗

Time Page Page Page
8:30 REGISTRATION [FOYER]
9:00 KEYNOTE Lorenzo Fagiano, Politecnico di Milano [AUDITORIUM] 35
9:40 OEM 2 PANEL Alexander Bormann, Enerkite 101
9:50 Rolf H. Luchsinger, Twingtec 105
14:10 PANEL DISCUSSIONmoderated by Udo Zillmann, Airborne Wind Europe 11
10:45 POSTER 2 SPOTLIGHTS Poster 2 Presenters
10:55 COFFEE [FOYER]
11:15 POSTER 2 SESSION [MELVILLE]

Michael Perlberger, Brainwhere 109 Hiroki T. Endo, Niihama-Kosen 111 Taewoo Nam, Toyota Research Institute 113
Daniel Zywietz, Enerwhere 110 Espen Oland, Kitemill 112 Masafumi Narikawa, University of Fukui 115
SYSTEM OPT. & COST MODELING [BLYTH] AWES RESEARCH [WILSON] UTILITY & PROJECT DEV. PANEL [CAYLEY]

11:30 Mitchell Cobb, NC State University 117 Max Rüger, Uni Bonn 132 Kester Gunn, RWE Renewables 154
Ciaran Frost, BVG Associates 155

11:50 Elena Malz, Chalmers 118 Gonzalo Sánchez-Arriaga, UC3 Madrid 133 PANEL DISCUSSIONmoderated by
12:10 Filippo Trevisi, DTU 119 Tarek N. Dief, Kyushu University 134 Udo Zillmann, Airborne Wind Europe 11
12:30 Mark Aull, Windlift 120 Rik Bättig, ftero, ETH Zurich 137
12:50 LUNCH [FOYER]

REGULATION & SAFETY [BLYTH] CONTROL LAUNCH & LANDING [WILSON] MODELING & SIMULATION [CAYLEY]
13:50 Corey Houle, Twingtec 123 Lorenzo Fagiano, Politecnico Milano 141 Frédéric Bourgault, New Leaf Mgmt 156
14:10 Sebastian Rapp, TU Delft 122 Audrey Schanen, Gipsa-lab 142 Mikko Folkersma, TU Delft 157
14:30 Gillian Vallejo, Natural Power 121 Espen Oland, Kitemill 143 Oliver Tulloch, Uni Strathclyde 159
14:50 Neal Rickner, Makani 124 Paul Williams, Ampyx Power 145 Mac Gaunaa, DTU 160
15:10 COFFEE [FOYER]

AERODYN./STRUCT. MODELING [BLYTH] CONCEPT DESIGN [WILSON] AIRBORNEWIND EUROPE [ROOM 213]
15:40 Mojtaba Kheiri, Concordia University 125 Christof Beaupoil, someAWE Labs 147 Members (only) meeting
16:00 Urban Fasel, ETH Zurich 127 Florian Bauer, TU Munich 151
16:20 Ashwin. A. Candade, Enerkite / TU Delft 128 Jochem De Schutter, Uni Freiburg 152
16:40 Paul Thedens, SkySails Power 131 Paul Williams, Ampyx Power 153
17:00 CONFERENCE CLOSING PANEL TALK Roland Schmehl, TU Delft [AUDITORIUM]

Udo Zillmann, Airborne Wind Europe
and invited guests

17:40 END-OF-DAY

∗Schedule reflects the status at the time of printing of this book andmay be subject to change.
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Roland Schmehl

Delft University of Technology

Oliver Tulloch

University of Strathclyde

Welcome and Introduction to the Airborne Wind Energy Conference 2019

Roland Schmehl1, Oliver Tulloch2
1Faculty of Aerospace Engineering, Delft University of Technology

2Wind Energy and Control Centre, University of Strathclyde

Dear conference participants,

Welcome to Glasgow and welcome to the 8th interna-
tional airborne wind energy conference AWEC 2019! We
are excited to present to you an inspiring program in a
beautiful location for the two conference days.

The scientific program of AWEC 2019 includes:

• An invited keynote presentation of 40 minutes, by

ś Lorenzo Fagiano, Professor of Controls at the Po-
litecnico di Milano

• An introductory presentation of 20 minutes, by

ś GilesDickson, Chief ExecutiveOfficeratWindEurope

• Three plenary presentations of 20 minutes, by

ś Sören Sieberling, AP-3 Project Manager at Ampyx
Power,

ś Doug McLeod, Technical Program Manager at
Makani and

ś Cédric Philibert, Senior Analyst at the International
Energy Agency

• Elevencontributed talk sessions in threeparallel tracks
with altogether 42 presentations

• Two poster sessions, each preceded by plenary spot-
light presentations, with altogether 21 poster presen-
tations

• Five panel discussions covering all aspects of airborne
wind energy which include a further 10 presentations

All abstracts presented in this book have undergone a
peer review process, and we want to thank all authors
and all reviewers at this place for having contributed to
a high quality scientific program, as we believe.

In order to make orientation easier, we decided to re-
name the fourmain conference auditoria after renowned
researchers in airborne wind energy:

• łBlyth Auditoriumž (Auditorium B) honoring James
Blyth (1839ś1906), a Scottish electrical engineer and
academic at Anderson’s College, now the University of
Strathcldye. Hebuilt the first knownstructurebywhich
electiricty was generated fromwind power (1887). This
turbine powered his holiday cottage in Marykirk;

• łCayley Auditoriumž (Auditorium C) honoring Sir
George Cayley (1773ś1857), an English engineer, in-
ventor and aviator. He designed the first glider to carry
a human aloft and discovered the four aerodynamic
forces of flight: weight, lift, drag and thrust;

• łWilsonž (Conference Room 6&7) honoring Alexan-
der Wilson (1714ś1786), a Scottish meteorologist, as-
tronomerandacademicatGlasgowUniversity. Hecon-
ducted the first kite-basedmeasurements in the atmo-
sphere (1749); and

• łMelvillež (Level 3 Foyer) honoring Thomas Melville
(1726ś1753), a Scottish natural philosopher. As a stu-
dent at Glasgow University he conducted the atmo-
spheric measurements with Alexander Wilson. To-
gether theymeasured air temperature at various levels
above the ground simultaneously with a train of kites.
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Kitepower B.V. 40 m2 kite (24 August 2018) The side program of AWEC 2019 includes:

• awelcome reception onOctober 14 in theGlasgowCity
Chambers;

• two lunches and four coffee breaks in the conference
premises, free for all conference participants;

• a dinner aboard the Tall Ship ‘Glenlee’ on October 15.

The city of Glasgow is named by National Geographic as
one of its łBest of theWorldž destinations, while voted by
RoughGuide readers theworld’s friendliest city! Glasgow
is a city with a very strong, indeed a globally renowned,
knowledge base sector and vibrant wind energy sector.
UK’s largest onshore wind farm, Whitelee, is just 20 min-
utes from the city centre.

Founded in 1796 as the Andersonian Institute to be a
łplaceofuseful learningž, theUniversityofStrathclyde re-
ceived its royal charter in 1964 as the UK’s first technolog-
ical university. Based right in the very heart of Glasgow,
the University of Strathclyde was awarded Scottish Uni-
versity of the Year 2020 by the Times and Sunday Times
Good University Guide.

The Wind Energy and Control Centre (WECC), in the De-
partmentofElectronic&Electrical Engineeringat theUni-
versity of Strathclyde, is one of the largest wind energy
research groups in the world with over 80 research assis-
tants and PhD students. WECC has expertise in turbine
and powertrain design; fault diagnosis, failure rate anal-
ysis, O&M and asset management; offshore networks,
connection-to-shore and grid integration; power produc-
tion forecasting, turbine and array dynamics, modelling
and simulation; turbine and wind farm control.

WECC leads the UK’s pre-eminent doctoral training pro-
gramme in offshore renewable energy, the EPSRC Cen-
tre for Doctoral Training in Wind & Marine Energy Sys-
tems & Structures (CDT-WAMSS). The centre was first es-
tablished in 2009 and over the past decade it has trained
more than 100doctoral students,workingwithover 40 in-
dustrial partners and with graduates providing expertise
across all areas of wind and marine energy engineering.
As of October 2019, the CDT brings together the leading
UK research groups inWindEnergy at Strathclyde,Marine
Energy at theUniversity of Edinburgh andOffshore Struc-
tures at the University of Oxford.
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The conference would not have been possible without
the support of its sponsors, who are listed on pages 8ś
9 and, to which wewant to express our sincere gratitude.
We are also grateful to the City of Glasgow and the Lord
Provost for hosting the Welcome Reception in the Glas-
gow City Chambers. A special thanks also goes to the
Glasgow Convention Bureau and the TIC conference staff
for providing exceptional support to this event.

We also want to thank all members of the programme
committee and organising committee ś listed on page 10
ś for their efforts inmaking the conference a success. And
within the organising committee, we want in particular

to thank, Stefanie Thoms for her outstanding contribu-
tions that have not only made this conference possible
but have greatly enhanced the conference experience for
all participants.

Last but not least, we are grateful to you, the participants
of AWEC 2019, not only for coming to the conference, but
also for your various contributions and your hopefully ac-
tive participation in the discussions during pannel ses-
sions, after talks, at lunches, dinners and coffee breaks.
We very much look forward to an inspiring and exciting
conference together with you!

Sincerely,

Roland Schmehl

Delft University of Technology
Delft, The Netherlands

Oliver Tulloch

University of Strathclyde
Glasgow, United Kingdom
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Institutional Sponsors

University of Strathclyde Founded in 1796 as the Andersonian Institute, it is Glas-
gow’s second-oldest university with over 22’000 students from 100 countries. It was
awarded University of the Year 2012 and Entrepreneurial University of the year 2013 by
Times Higher Education. In 2019 it is again shortlisted for the University of the Year at
the Times Higher Education University Awards. The Wind Energy & Control group is an
international leader in wind energy and the control of wind turbines and wind farms.

Airborne Wind Europe As the association of the European airborne wind energy in-
dustry, Airborne Wind Europe promotes the generation of energy from winds at higher
altitudes bymeans of airbornewind energy systems. It represents the interests of the air-
borne wind energy industry as well as academia to decision makers in politics and busi-
ness, provides reliable and high-quality information and data on airborne wind energy
and is coordinating the industry at all levels.

Delft University of Technology The TU Delft is the oldest and largest technical univer-
sity of the Netherlands. According to the 2019 QS World University Rankings it is among
the top 20 universities for engineering and technology. It is the highest ranked univer-
sity of the country. Founded in 2004 by Wubbo Ockels and continued in 2009 by Roland
Schmehl the Airborne Wind Energy Research Group is a pioneer and international leader
in this innovative technology.

European Academy of Wind Energy EAWE is an international community that pro-
motes and supports the development of wind energy science to exploit wind energy to
its full potential for the benefit of the world. EAWE is a non-profit organization governed
by Europe’s leading universities and research institutes onwind energy. A Technical Com-
mittee łAirborne Wind Energyž was established in June 2019.

Gold Sponsors
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Silver Sponsors

WIND ENERGY 2.0

Bronze Sponsors

W

I
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Organising committee
• David Ainsworth, KPS, UK
• Navi Rajan, TU Delft, Netherlands
• Roland Schmehl, TU Delft, Netherlands
• Stefanie Thoms (chair), Airborne

Wind Europe, Belgium
• Oliver Tulloch, University of Strathclyde, UK
• Hong Yue, University of Strathclyde, UK

Programme committee
• David Ainsworth, KPS, UK
• Philip Bechtle, University of Bonn, Germany
• Alexander Bormann, EnerKite, Germany
• Moritz Diehl, University of Freiburg, Germany
• Lorenzo Fagiano, Politecnico di Milano, Italy
• Fort Felker, Makani, USA
• Sebastien Gros, NTNU, Norway

• Ahmad Hably, Grenoble INP, France
• Christoph M. Hackl, MUAS, Germany
• Colin Jones, EPFL, Switzerland
• Michiel Kruijff, Ampyx Power, Netherlands
• Rolf Luchsinger, TwingTec, Switzerland
• Stephanie Mann, ORE Catapult, UK
• Johan Meyers, KU Leuven, Belgium
• Espen Oland, Kitemill & UiT, Norway
• Johannes Peschel, Kitepower, Netherlands
• Gonzalo Sanchez-Arriaga, UC3 Madrid, Spain
• Roland Schmehl (chair), TU Delft, Netherlands
• Roy Smith, ETHZ, Switzerland
• Alexandre Trofino Neto, UF Santa Catarina, Brazil
• Axelle Viré, TU Delft, Netherlands
• Chris Vermillion, NC State University, USA
• Hong Yue, University of Strathclyde, UK
• Udo Zillmann, Airborne Wind Europe, Belgium
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R&D Panel
• Jochem Weber, NREL, USA
• Roderick Read, Windswept & Interesting, UK
• Roland Schmehl, TU Delft, The Netherlands
• Stephanie Mann, ORE Catapult, UK
• Dominik von Terzi, TU Delft, The Netherlands
• Kristian Petrick, Airborne Wind Europe, Belgium
• David McMillan, Uni Strathclyde, UK
• Philip Bechtle, Uni Bonn, Germany

OEM 1 Panel
• Johannes Peschel, Kitepower, The Netherlands
• Thomas Hårklau, Kitemill, Norway
• Udo Zillmann, Airborne Wind Europe, Belgium
• Stephan Brabeck, Skysails, Germany
• Richard Ruiterkamp, Ampyx Power, The Netherlands
• Doug McLeod, Makani Power, USA
• Cédric Philibert, IEA, Belgium
• Giles Dickson, WindEurope, Belgium

Airspace & Regulation Panel
• Kristian Petrick, Airborne Wind Europe, Belgium
• Corey Houle, Twingtec, Switzerland
• Dieter Moormann, RWTH Aachen, Germany

• Nathanel Apter, FOCA, Switzerland
• Amanda Boekholt, FOCA, Switzerland
• Martin Lohss, Skysails, Germany
• Neal Rickner, Makani, USA
• Michiel Kruijff, Ampyx Power, The Nettherlands

OEM 2 Panel
• Alexander Bormann, Enerkite, Germany
• Rolf H. Luchsinger, Twingtec, Switzerland
• Udo Zillmann, Airborne Wind Europe, Belgium
• David Ainsworth, KPS, UK
• Max Ter Horst, e-kite, The Netherlands
• Reinhart Paelinck, Kiteswarms, UK
• Robert Creighton, Windlift, USA
• Fort Felker, Makani, USA

Utility & Project Developer Panel
• Kester Gunn, RWE Renewables, UK
• Ciaran Frost, BVG Associates, UK
• Udo Zillmann, Airborne Wind Europe, Belgium
• Giles Hundleby, BVG Associates, UK
• Henk Hutting, NuCapital, The Netherlands
• Fabian Wendt, Ramboll, Germany
• Carlos Llopis, Siemens Gamesa, Germany

11



Ampyx Power AP-2 flying maneuvers using the AP-3 control algorithms (18 September 2018)
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Ampyx Power AP-3 wing, fuselage and tailplane assembly at the company headquarters (20 December 2018)
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Ampyx Power AP-3 from the bottom: landing gear and tether attachment
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Ampyx Power system engineer Fahri Akçomak at work

15



Ampyx Power AP-3 landing gear test setup (May 2019)
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Ampyx Power AP-3 propeller test stand (July 2019)
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Setting up the assembly of the Ampyx Power AP-3 wing (May 2019)
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Sören Sieberlng

AP-3 Project Manager
Ampyx Power B.V.

Lulofsstraat 55, unit 13
2521 AL The Hague
The Netherlands

soeren@ampyxpower.com
www.ampyxpower.com

Status Update and Review of the AP-3 Development

Jaap Bosch, Sören Sieberling, Stefan Wilhelm
Ampyx Power B.V.

With the development of AP-3, the pre-commercial
demonstrator of Ampyx Power, we aimed to advance
Ampyx Power on the ladder from start-up to developer
of certifiablemulti-megawatt scale AWES. This paper dis-
cusses what it takes towork towards a certifiable system.
It will give an update on where Ampyx Power stands with
the development of AP-3.

In order to professionalize, Ampyx Power hasmade a fun-
damental change in its work approach compared to the
earlier prototypes, AP-1 and AP-2. The design has been
built up from scratch, by defining overall program objec-
tives and success criteria in 2014. System engineering
processes are applied hierarchically in order to create a
safe, consistent and traceable design, resulting in thou-
sands of item and component requirements which will
be formally verified before integrating them into systems
and finally into the AWES facility.

The AP-3 design includes the avionics, system architec-
ture and safety approach of the commercial certifiable
AP-4 product. It is going through EASA approval of flight
conditions to support a permit to fly.

Ampyx Power has specified and implemented its work

processes in a tailored Quality Management System
(QMS) including e.g. task specific templates and work
orders, as well as guiding procedures, work instructions
and trainings. Ampyx Power has recorded all design
trade-offs and made design justifications and captured
the results in design requirements from facility level to
item level. Within the AP-3 program Ampyx Power has
built an inventory management system and set up in-
coming inspections andcapturednon-conformances and
their resolutions. In principle all engineers have peers
withwhomtheyhavebuilt upsharedknowledgeandwith
whom they review each other’s work. The full scale of
theQMS is exploitedand supportedbyapowerful custom
software tool. With its QMS, Ampyx Power is less depen-
dent on specific individuals than before.

The design and modelling suite has been upgraded,
through multiple external validations, as well as through
extensive CFD analysis and simulation hours. It will be
supplemented with flight data to verify the predictability
of performance. To ramp up the operational experience,
a full-scale test center is under development in County
Mayo, Ireland.
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Chief engineerPaulaEcheverri pings thekiteover the seasurface
cable for the first time (15 July 2019)
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Hardware engineer Crystal Allen applies the Viking compass the
teamchose to "provide guidanceandprotection" for the first off-
shore test of the kite (28 July 2019)
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Makani’s kite is lifted onto its perch using a commonly available
mobile boom crane (28 July 2019)
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Makani team in Norway (31 July 2019)
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Makani’s kite and floating platformwere towed offshore by two coastal tugboats (31 July 2019)
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Makani’s kite and floating platform being towed offshore in Karmùy, Norway (31 July 2019)
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Makani’s kite was installed at a depth of 220 m for its first ever flight offshore (1 August 2019)
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Makani’s kite was installed at a depth of 220 m
off the coast of Karmùy Norway (1 August 2019)
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For the purpose of this test Makani’s command center was installed on a barge and
held in position by a tugboat with dynamic positioning capabilities (7 August 2019)
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Makani’s energy kite launches from a floating platform in the North Sea off the coast of Norway (8 August 2019)
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Makani’s energy kite is tethered to a floating platform over the North Sea (8 August 2019)
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Flight engineers Robbie, Tobin and Simon in the test flight com-
mand center on a barge in the North Sea off the coast of Norway
(8 August 2019)

31



Makani’s energy kite flies over the North Sea (8 August 2019)
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Doug Mcleod

Technical Program Manager
Makani

2175 Monarch St
Alameda, CA 94501

USA

dmcleod@makanipower.com
www.makanipower.com

Lessons Learned from Testing Makani’s Energy Kite Offshore

Doug Mcleod, Charlie Nordstrom
Makani

In August 2019Makani operated it’sM600energy kite pro-
totype from a floating platform in the North Sea. The
project advanced froma łGož decision to a successful off-
shore flight test campaign in 20 months. This presenta-
tion offers an overview of our transition offshore and ex-
plores some of the ways we accelerated real-world learn-
ing while managing risk.

Makani made the decision to transition offshore to move
quickly towards testing our system in the placewhere en-
ergy kites can have the greatest impact. Hundreds ofmil-
lions of people live within 25 miles of a coastline where
winds are strong and steady, but there are currently no
options to economically harness thiswind resource. Con-
ventional floating offshore wind turbines rely on large
platforms anchored to the seabed by multiple lines, and
installing them requires specialized equipment, making
deployment impractical and expensive. In contrast, to
transition Makani’s airborne wind power system offshore
we utilized a simple floating platform design and lever-
aged existing supply chains and commonly available in-
frastructure.

Makani’s first offshore flight campaigndemonstrated that
our simple floating platform design works, and empha-
sized that Makani is solving the right technical problems
by continuing to specialize in creating kites that effi-
ciently harness energy from the wind.

TheMakani energy kite rests on its base stationatopa floatingplat-
form during Makani’s first offshore test campaign. August 2019.
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Cédric Philibert

Senior Analyst
Renewable Energy Division

International Energy Agency

9 rue de la Fédération
75015 Paris
France

cedric.philibert@iea.org
www.iea.org

Wind Power in the Energy Transition

Cédric Philibert
International Energy Agency

Solar energy and wind energy are the two energy re-
sources thatwill grow themost in all climate-friendly sce-
narios. Even in the łNew Policy Scenariož, that is not
stringent enough to achieve the climate goals agreed in
Paris (COP 21, 2015), wind power is set to become the first
source of electricity in Europe by 2040 or before [1].

In the łSustainable Development Scenariož, wind power
even becomes the first source of electricity in the world,
though solar energy and hydropower will come in the
same ballpark [1]. However, to achieve full decarbonisa-
tion of the global economy, more will be needed. Res-
idential heat, industrial heat, fuels and feedstock, and
transports fuels, will need to be provided by near-zero
carbon energy.

Through direct electrification and the production of hy-
drogen from electrolysis of water, renewable energies,
solar and wind in the first place, may again be at the core
of this effort [2, 3].

Electricity generation by source in the European Union, 2010-2040.

Here airborne wind energy, if it łtakes offž, can play var-
ious roles. On shore (łabove landž?), it may help over-
come the barriers of acceptability and reduce cost. Off
shore, and even far off shore, it may provide large addi-
tional amounts of cheapelectricity toproduceon floating
platforms various fuels and chemicals, which could then
be shipped to customers: hydrogen, ammonia, and, with
carbonextracted fromtheairorwaters,methanol and liq-
uid hydrocarbons.

References:

[1] IEA: World Energy Outlook, 2018.

[2] IEA: Renewable Energy for Industry, 2017.

[3] IEA: The Future of Hydrogen, 2019.
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Lorenzo Fagiano

Associate Professor
Politecnico di Milano

Dipartimento di Elettronica, Informazione
e Bioingegneria

Piazza Leonardo da Vinci 32
20133 Milano

Italy

lorenzo.fagiano@polimi.it
www.polimi.it

Automation Challenges in Airborne Wind Energy Systems
and the Role of Academic Research

Lorenzo Fagiano
Politecnico di Milano

AirborneWindEnergySystemshaveundergonemajorad-
vancements in the last 15 years. Starting from theoretical
concepts, more and more sophisticated prototypes have
been developed and tested. Today, a thriving community
is fostering the industrialization of AWES. Airborne Wind
Europe [1] has been founded and is channeling efforts
to build industry standards, interact with public institu-
tions, andestablish suitable regulations to enable theuse
of AWES. For most concepts, questions like łCan you re-
ally make it work?ž and łHowmuch energy can it gener-
ate?ž have left space to engineering design and optimiza-
tion processes and extensive test campaigns towards the
goal of high reliability and full automation. A recent inde-
pendent study [2] recognized the huge potential of AWES
to contribute to the energy mix and to impact positively
our economy and society, as well as the increasing mo-
mentum of this sector. The same study also pointed out
relevant challenges and a possible road-map to commer-
cialization, which necessarily involves public-private syn-
ergies.

Automation has always been and still is a distinctive as-
pect of AWES, the source of its competitive advantages
andof its development risks alike. It is thus not surprising
that a large part of the technical challenges that must be
resolved pertains to automation in a broader sense. As a
matter of fact, AWES are more similar to autonomous ve-

hicles and safety-critical robotic systems than wind tur-
bines. They have to carry out a task by maneuvering in
an uncertain environment and taking decisions in auton-
omy. Theyhave to copewithpartially unpredictablewind
to remain airborne, and the wrong decision can lead to a
catastrophic system failure. In this respect, AWES share
the samemajor challenges that today are at the very cen-
ter of R&D efforts in many industrial and academic sec-
tors, concerned with fully autonomous systems and arti-
ficial intelligence.

This talk will analyze the system automation challenges
of AWES, in light of similar ones being addressed in other
high-tech fields, and discuss the additional peculiar fea-
tures of tethered airborne systems. The analysis will lead
to reflections on the role of research universities and in-
stitutes in this phase of AWES development, as a cru-
cial part of the above-mentioned public-private collabo-
rations.

References:

[1] Airborne Wind Europe, http://www.airbornewindeurope.org

[2] European Commission, Study on Challenges in the
commercialisation of airborne wind energy systems (2018)
http://doi.org/10.2777/87591
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Kitepower’s 40 m2 Leading Edge Inflatable V3 kite (17 April 2018)
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Kitepower’s fleet of 25, 40 and 60m2 kites and their control units lined up for a showcase event (29 August 2019)
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Kitepower’s 100 m2 Leading Edge Inflatable kite being deployed (29 August 2019)
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Transporting the 100 kW ground station (29 February 2018)
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100 kW ground station in operation (26 February 2018)
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REACH: A H2020 FTI Project to Develop a 100 kW AWE System

Joep Breuer
Kitepower B.V.

At the end of 2015 the REACH[1] proposal was granted
by the EU within the H2020 Fast-Track to Innovation
(FTI) Pilot. FTI is a fully-bottom-up inno-vation support
programme promoting close-to-the-market innovation
activi-ties open to industry-driven consortia that can be
composed of all types of participants.

Airborne Wind Energy fitted perfectly with the goals of
this programme. The REACH consortium consists of an
academic partner (TUDelft, the Netherlands), a ground-
station supplier (Dromec, the Netherlands), kite supplier
(Genetrix, France), a kite control unit supplier (Maxon
Motors, Germany) and an integrator (Enevate/Kitepower,
the Netherlands). REACH is the second highest grant
awarded to AirborneWind by the EU up to date with a to-
tal budget of 3.7million Euro. FTI might also be useful for
other AWE initiatives but has a low grant success rate.

The starting point of the developmentwas the 20 kW sys-
tem which was developed from the TU Delft system. The
final goal was a commercial 100 kW system. This talk will
sketch the development of the system during the course
of the 4 year project and the contributions of the several
partners. Involving key partners in the supply chain from
the beginning proved very useful in developing this inno-
vative system.

During the project different challenges overcome, like for
example scaling, automation, reliability, safety and sys-
tem integration. The talk will present the different tech-
nology steps the system went through in order to get to
the current status of the 100 kW system and indicate how
the partners made this H2020 FTI project to a success.

References:

[1] Resource Efficient Automatic Conversion of High-Altitude Wind
https://cordis.europa.eu/project/rcn/199241/factsheet/en

41



Lode Carnel

CTO
Kitemill

Lista Fly og Nñringspark
Bygg 104 4560 Vanse

Norway

lc@kitemill.no
www.kitemill.com

Kitemill: FromMinutes to Hours of Autonomous Operation 2017
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Airborne wind energy holds the premise to be the low-
est cost renewable energy technology and has been in-
vestigated for almost 15 years. Already in 2015, Kitemill
showed autonomous operation in all production phases
of our technology. Despite its potential, the technology
has not been demonstrated autonomously yet for an ex-
tended period which is a requirement to convince large
energy companies. Therefore, Kitemill has during the
past two years prioritised the robustification of its con-
trol systemgoing fromproof of principle towards steering
its kite turbine over longer periods of time. This presenta-
tion will give an overview of our technology choices and
show the development during the past years.

The implementation of new sensors, electronics and
hardware has increased the continuous autonomous op-
erational time from 15 minutes in January 2018 to more
than 2 hours. The pictures below show both the nav-
igational data from the kite (KM0: 0,8 m2, 6 kg, 5 kW
peak electrical power) under several production cycles.
Also, the impact of a change in wind direction on the pro-
duction pattern is shown. The bottom left picture is the
produced power data as a function of the testing time
showing both the production (positive power) and return
cycles (negative power). After a certain amount of time
the negative energy from launching the kite is compen-

sated and the kite turbine produces net energy even in
only 7-8 m/s of wind (bottom right picture). These re-
sults implicate that Kitemill has now a pilot plant that
can be demonstrated for visitors if wind conditions are
adequate. Future work will focus on scaling our current
system (KM0) towards a size (KM1 ś KM2) that can com-
pete with other energy technologies but in parallel keep
the focus towards demonstrating a 24-hours automatic
autonomous flight.

Navigation data (top left) ś influence of wind direction on naviga-
tion data (top right) ś Power production and energy production as
a function of time (bottom left and right)
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A Roadmap Towards Airborne Wind Energy in the Utility Sector.
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Large-scale commercial implementation of AWES faces
a fundamental challenge. Horizontal Axis Wind Turbine
(HAWT) manufacturers consistently move towards larger
diameters to lower LevelizedCostof Energy (LCoE).Green
energy relies less and less on subsidies. AWES’ unique
selling points will likely be low carbon footprint and ac-
cess to untapped resources on top of this affordability.
Still, AWESmust provide competitive LCoE in a very short
time, not to be overtaken by a new reality. If they are to
take significant share in the energy-mix, multi-megawatt
AWESmust be developed: large, complex systems, with a
capital-intensive development. In going there, commer-
cialization of intermediate sizing can be seen either as
a necessary stepping-stone or as a time-consuming dis-
traction. The latter stance favors a development strat-
egy strictly focused on a utility-scale business case. It will
drive thearchitectural choicesalso for intermediateprod-
ucts in such a way that all invested effort contributes di-
rectly to the final goal. For these intermediate products,
that are thus not purely optimized for commercialization,
more short-term business cases may still be identified.
What could those development steps then be? Ampyx
Power’s AWES uses a rigid-wing aircraft and a ground-
based generator [1]. We chose to first make the learning
for quality, safety and fully automatic control, through
a still relatively small aircraft (AP-3). That eases the ex-
pense of manufacturing and risk of early flight testing,
leaving only structural upsizing to be tackled next. Our
first proposed commercial product AP-4 is sized to be the
smallest aircraft that can have competitive LCoE in early
business cases (such as repowering), with minimal sub-
sidies. To secure funding for the first series deployment
of such a radical innovation, other constraintsmay apply,

e.g. a CAPEX that is already promising. Aiding the AWES
case is our finding that a single aircraft design can serve a
large range of generators and business cases. This allows
for some economy of scale while limiting the overhead in
time andmoney associated to aircraft development.

The result is an AP-4 wing of ~150 m2 that can be cost-
effectively hooked up to any generator between 2 and
3.6 MW. To get significant benefits beyond this combina-
tion, the aircraft should be about 50% larger at ~225 m2

wing area. An aircraft of this size (łAP-5ž), combined with
a3-MWgeneratorwill annuallyproduce20%moreenergy
than a 3-MW AP-4, at lower winds and at 10% lower LCoE,
andwould be altogethermore profitable. An AP-5 aircraft
with a larger generator, say 5 MW, could unlock the mar-
ket for floating offshore wind energy with highly compet-
itive LCoE. AP-5would be the Ampyx Powerwork horse in
the years to come.

In the LCoE-optimal sizing of AP-4 and AP-5, we found
that optimal rated power, wing area and cable tension
scale virtually proportionally. A key scalability limitation
of AWES is that aircraft mass tends to grow faster. Upsiz-
ing of utility-scale AWES from generation to generation
will bedictatedby the rateof innovationenabling thenext
(near-)proportional scaling step, also formass. To deliver
these innovations is our challenge.

References:

[1] KruijffM., RuiterkampR.: A RoadmapTowards AirborneWind En-
ergy in theUtility Sector. In: Schmehl R. (eds) AirborneWind Energy.
Green Energy and Technology. Springer, Singapore, pp. 643ś662
(2018). https://doi.org/10.1007/978-981-10-1947-0_26
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Andy Stough presenting Windlift’s 4.5 m2 prototype (13 September 2019)
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What is the Right Size for an AWE System?

Andy Stough, Mark Aull, Robert Creighton
Windlift LLC

The cost-optimal scale for an airborne wind energy sys-
tem (AWES) is a question that defies simple analysis.
Many participants in the AWE industry propose that
multi-MW systems are required to compete with tradi-
tional wind, while others argue that square-cube scal-
ing renders systems of this size impossible. Windlift will
present the results of a study that further explores these
questions.

The levelized cost of energy (LCOE) for any energy gener-
ation system can be calculated from capital expenditure
(including financing, installation, and logistics costs), op-
erations andmaintenance costs, system lifetime, and ca-
pacity factor. The assumptions involved are many and
performing a sensitivity analysis with so many unknown
factors risks missing more fundamental drivers of cost.
In order to simplify the analysis, Windlift has utilized the
specific energy of the flying system as a proxy for system
fitness. Specific energy is defined as net system energy
output per unit mass (flying). If one assumes that O&M
costs arenot a strong functionof systemsize and that sys-
temweight is a reasonableproxy for capital expenditures,

the analysis can inform optimal sizing of a system.

Windlift has utilized a proprietary design tool called Air-
borne Wind Energy System Optimization (AWESOPT) to
conduct the study. AWESOPT is a lumped parameter con-
strained optimization tool that produces an optimal net
power output given a set of inputs. Typically, vehicle de-
sign and trajectory parameters are fixed inputs and/or
constraints and AWESOPT determines maximal power
closed cycles by optimizing flight speeds and drag/thrust
at each point in the cycle. Importantly, AWESOPT accu-
ratelymodels the effects ofmass on power output, which
is both difficult to model and critical to the sizing discus-
sion.

Windlift will present estimates for specific energy as a
function of scale, considering sensitivities to mass scal-
ing coefficient, wind shear, and select vehicle design pa-
rameters. The presentationwill concludewith a brief dis-
cussion of the effect of scale on logistics, installation, and
O&M costs and a comparison to existing renewable en-
ergy technologies.

45



Eva Ahbe

PhD Researcher
ETH Zurich

Automatic Control Laboratory

Physikstrasse 3
8092 Zurich
Switzerland

ahbee@control.ee.ethz.ch
www.control.ee.ethz.ch

Experimental Validation of Path-Tracking Model Predictive
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Model Predictive Control (MPC) has previously been em-
ployed in simulations for the control of flexible as well as
rigid wing AWE systems [1]. Successful experimental vali-
dation ofMPCbased controllers have been reported from
tow-test experiments with flexible wing kites [2]. Though
MPC offers a promising approach to the control of AWE
systems through the advantage of incorporating explicit
models of the system andmaximize for performance, the
downsides of MPC such as model mismatch, real-time
operational requirements, and solver feasibility depen-
dence are still posing major challenges to the real-world
application of MPC in the field of airborne wind energy.

In this talk we present experimental validation of the
autonomous flight of a tethered Easy Glider system us-
ing a path-tracking nonlinear MPC algorithm. The proof
of concept is hereby provided for the system flying in
crosswind-like conditions, while a propulsion on the ve-
hicle is used to guarantee a minimum flight velocity. The
MPC controller is designed to follow a circle-shaped ref-
erence path. This reference path is obtained as a func-
tion of themass, lift coefficient and tether lengthwith the
aim of minimizing the aerodynamic losses due to steer-
ing. The MPC algorithm takes constraints into account
which consist in state (i.e. height and velocity) and input
constraints. The model of the system used by the MPC
consists of a nonlinear unicycle-like model with an addi-
tional state in form of the kite velocity.

Flight experiments of the proposed control scheme were

performedwith a 1.8mwingspan, 1.7 kg, foam Easyglider
test platform. The glider was installed with a Pixhawk
Flight Controller [3] 168 MHz Cortex-M4F microcontroller
with 192 kB RAM. Additionally, an on-board companion
computer, Intel Up Board (Quad Core, 1.92 GHz CPU, 4
GBRAM),was installed runningRoboticOperatingSystem
(ROS) for generatingMPC solutions in real timeand trans-
mitting attitude references to the Pixhawk. The experi-
mental flight test shows the autonomous flight of circu-
lar trajectories close to the reference trajectory. The re-
maining discrepancy between reference and actual path
is mainly due to the low tether force due to low wind
speed conditions. Additionally, there was a significant
model mismatch introduced by the usage of an unmod-
eled tether of relatively large mass. Future research
will focus on improved system identification, including a
tether model and further tests under higher wind condi-
tions.

References:

[1] S. Gros, M. Zanon, andM. Diehl, łControl of AirborneWind Energy
systems based on Nonlinear Model Predictive Control and Moving
Horizon Estimation,ž in 2013 Eur. Control Conf., pp. 1017ś1022, IEEE
(2013)

[2] T. A. Wood, H. Hesse, and R. S. Smith, łPredictive Control of Au-
tonomous Kites in Tow Test Experiments,ž IEEE Control Syst. Lett.,
vol. 1, no. 1, pp. 110ś115 (2017)

[3] http://pixhawk.org
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Three-Dimensional Flight Trajectories of
Tethered UAV for Optimal Energy Generation
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Three-dimensional trajectories of the tethered Un-
mannedAerial Vehicles (TUAV) is studied for periodicmo-
tion connected through deployable tether. Themotion is
not constrained to a spherical surface formed by tether in
constant length.Two types of AWE are investigated for the
optimal energy generation where 1) UAV affords power
through tether (Ampyx type), and 2) UAV contains wind
turbine on UAV (Makani type). Performance indices for
the optimal trajectories are selected as the time integral
of 1) thework done by the traction by tether, and 2) veloc-
ity of UAV. The lift power production of the airborne wind
energy generation employs commonlymany turns of tra-
jectories traced on a gradually growing sphere [1]. The
three-dimensional trajectories are sought to utilize the
gradient of wind-speed in the ‘wind window’ distributed
different wind strength all over the windows. Results of
the analysis is shown in Figs.1 and 2 [2]. Figure 1 shows
the optimal power extraction through tether in one cy-
cle of orbit. The tension is seen to reduce to the lowest
level at the retrieval as shown. The increase of flight ve-
locity of UAV with wind turbine is shown in Fig.2. The
trajectory can be switched between right and left turns
to avoid entangling of the tether. The control is simple
free from many turns of gradual deployment flight tra-
jectory. These results are necessary to be confirmed by
experimental study.

Fig.1 Fromtop tobottom; Time responsesof 1)Deployment/retrieval
velocity of tether,2.) Tension, and 3) obtained energy.
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Fig.2 From top to bottom; Time responses of 1) velocity of UAV, 2)
Tether length, and 3) Tension.
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WINDSLED 150 m2 kite flying towards Plateau
Station, Eastern Antarctica (28 December 2018)
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Maintenance of WINDSLED 150 m2 kite in Domo Fuji area, Antarctica (14 January 2019)
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WINDSLED pulled by a kite in Antarctica Eastern Plateau
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WINDSLED: Alternative Model to Conventional
Logistics in Polar Regions Based on AWE

Ignacio Oficialdeguir
WINDSLED Project

The 21st century started without a logistic solution, eco-
nomically and environmentally sustainable, for the ex-
ploration of the interior of Greenland and the enormous
Antarctica Eastern plateau.

In the year 2000, the Spanish polar explorer Ramón Lar-
ramendi designed the first prototype of a vehicle that has
resolved most of the pending challenges based on the
Inuit wisdom and the use of Airborne wind energy, the
WINDSLED.

WINDSLED basically consists of a wooden sled, that
adapts to the complex surface of the ice, and a NASA type
kite (NPW)which is steeredmanuallywith a simple pulley
system attached to the runners. The kite is positioned up
to more than 250m above ground level (in development
up to 400 m). It is powered with kites from 5 to 150 m2

(in development up to 200 m2). WINDSLED is a modular
structure with up to 4 wagons that has already carried 6
persons andmore than 2 Tons of weight for thousands of
kilometres. It canbecarried ina small planeorhelicopter.
It has performed some of the most relevant exploration
expeditions of the 21st century.

This wind powered sled has navigated around 25.000 km

in 10 major expeditions with an autonomy of up to 65
days, that covers most of a polar summer season. The
whole system has been designed prioritizing reliability
and resilience.

The last expedition finished in January 2019, becoming
the first Antarctica scientific expedition Zero emission. A
circular navigation of one of the highest and coldest re-
gions of the continent that brought scientific data and
samples for recognized organizations such as the Euro-
pean Space Agency, Climate Change Institute of Maine,
Superior Center for Scientific Research of Spain (CSIC),
and some other relevant Polar research Institutions. This
expedition savedmore than45.000 litersof fuel just in the
polar journey, without taking into account the air ship-
ping, and associated logistics, that had implied heavy
conventional machinery.

The main current technical challenge is the fine-tuning
of the kite system, in order to improve performance, ma-
noeuvrability and safety, and the automatization of its
steering.

WINDSLED is a non-profit collaborative project.
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Composite photo of the 20 kN SkySails Power Functional Prototype in crosswind flight
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Extended Periods of Automated Tethered Flight at SkySails

Manfred Quack, Mahmoud Soliman
SkySails Power GmbH

This contribution is divided into two parts: Most recent
data from extended periods of automated tethered flight
of a 20kN SkySails Yacht System [1] will be discussed in
a first part. Experimental data from the aforementioned
system as well as from the SkySails Power small-scale
functional prototype [2] will be used formodel validation
in a second part.

Flight data for the first part has been acquired on the hy-
brid solar- and kite-propelled yacht "Race For Waterž [3]
during her circumnavigation. This yacht has been first
equipped in 2017 with a SkySails Yacht system, as pre-
sented on AWEC 2017 [4]. Updates to the autopilot soft-
ware in early 2018 included a stepping set point adap-
tation for the wind window angle for traction force con-
trol. Through this increased level of automation the sys-
tem can be operated for daylong flights withminimal ad-
ditional burden for the ship crew. The working principles
of the set point adaptation will be explained and propul-
sion performance will be presented.

Acquired experimental data has been used formodel val-
idation. Here, a comparison is made between open-loop
model validation, where recorded steering inputs are re-
played during simulation and closed-loop model valida-
tion,whereonly the set-points are replayedand the steer-
ing inputs are a recomputed output of the closed-loop
controller. In the case of closed-loop validation, simu-
lated trajectories of a full power-cycle are in good accor-
dance with experimental data. In the case of open-loop

validation, resulting trajectories are typically first in good
agreement, but then diverge after a few seconds. This
divergence is attributed to the fact that recorded steer-
ing inputs actually include the closed-loop control re-
sponse to unmeasured disturbances, such as wind gusts
andwind shear. Furthermore, it shows that the flown tra-
jectories require control action to keep the system on a
stable trajectory.

In summary, results of this model-validation show that a
simple 4-state non-linear state-space model [5] capture
the relevant dynamics adequately and can be envisioned
for the use in non-linear model predictive control and
other model-based control approaches.

References:

[1] http://www.skysails-yacht.com
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Skysails łRace for Waterž Catamaran (25 January 2018)
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AirborneMax ś Scaling as the Key Issue for Airborne Wind

JochemWeber
National Renewable Energy Laboratory

NREL is proposing AirborneMax, a project that will ad-
dress a core question in the large-scale competitive com-
mercial deployment of airborne wind energy (AWE). With
the convergence to lift-driven technologies, the sector
has bifurcated into two prevailing technology concept di-
rections: Fly-Gen and Ground-Gen, rigid-wing crosswind
kite systems. When targeting utility-scale floating off-
shore wind farm deployment, a critical and predominant
criterion that can define the superior AWE technology
concept is themaximal installable capacity inmegawatts
per unit/device due to the high balance of plant cost.
This provides the working hypothesis of AirborneMax.
This project will identify and investigate inherent physi-
cal phenomena that can cause up-scaling limits specific
to eachAWE typeandassess thesephenomena fromtheir
basic science to their engineering implementation.

The presentation of the AirborneMax project at AWEC
2019 will highlight the approach to a profound AWE tech-
nology question and bring key players to the table, in-
cluding technology developers, strategic investors, util-
ities, energy companies, original equipmentmanufactur-
ers, academia and research labs to inform, influence, and
support the project, and increase its value to the sector
and NREL’s sector involvement. From an airborne, i.e.,
bird’s-eye perspective, AirborneMax may deliver the first
phase in an effort to reveal unknownunknowns to known
unknowns andassess their impact; identify potential lim-
itations or showstoppers and address, resolve, and over-
come these from the earliest possible stage; and high-
light the most promising research and technology devel-
opment trajectories for AWE to successfulmarket entry at

the lowest possible development time, cost, and risk [1].

This project will: 1) define and model design configura-
tions of both Fly-Gen and Ground-Gen systems at single-
unit device capacities of 7, 15, and 30 MW, 2) simulate
power production operations through methods ranging
from first-principle science to in-house software KiteFAST
to identify, quantify, and assess all capacity-limiting phe-
nomena and identify the potentially superior max ca-
pacity technology. Relevant physics include tether drag,
weight, tension, strength, fatigue, conductivity, multi-
functionality, wing flow, - loads, flight path, speed, accel-
erations, structural loading, integrity, flow-induced vibra-
tion, oscillation, system dynamics, generator efficiency,
power density, conductor losses, heat transfer, and oth-
ers to be identified during the project, 3) conduct techno-
economic analysis using levelized cost of energy (LCOE)
and technology performance levels (TPL) [1] of the iden-
tified maximal installed capacity-limit configurations, 4)
address technological achievability, 5) apply structured
inventive techniques such as TRIZ to overcome the iden-
tified barriers, 6) develop follow-up researcher, devel-
opment, and demonstration strategies and high-priority
follow-up projects.
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Windswept and Interesting Ltd. rotary network AWES with rigid blades (17 May 2019)
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Practical Experimentation on Rotary Network AWES
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Simple rigid blades can be sewn together and flown as a
networked autogyro kite turbine. Torque from the me-
chanical drag mode turbine, can be continuously trans-
mitted toaground-basedgenerator. Torque transmission
is limited to within the safe working limits of tensile teth-
ers held apart by a succession of rings. Greater tension,
diameter or number of lines allows more torque to be
safely transmitted. The simplicity of design and build en-
ables experimentation on modularly scalable system ar-
chitectures froma small facility. Simulation data (and fly-
ing form) shows that torque transmitting kite networks,
don’t need to rely on rigid ring structure, when the kites
are sufficiently banked.

Kite turbine system portability and operation was tested
when a scout troupe took an older parafoil kite based tur-
bine to an international jamboree. Analysis by Oliver Tul-
loch suggested, rigid rotor blades would have a higher
power coefficient. Testing proved Oliver correct, the rigid
blade rotors, showed even higher efficiency than pre-
dicted. The single rigid ring system, (Shown as lower
white ring inpictureopposite page)with flyingweight un-
der 2kg, output over 1.5 kW, flying only 4 m above the
ground in 10m/swind. When disassembled, the rigid kite
ring will still easily fit inside the back of a car.

Stacking the kite rings increases system efficiency by im-
proving kite area to line drag area. Line drag effects can
be furthermitigated with fairing on the short section net-
work lines, which have near constant inflow. Stacked kite
ring turbines tend to be more stable in flight but setting

them up to launch is a little harder. The current launch
method involves laying the rings out on the ground, at-
taching them, launching a lifting kite, then hoisting the
top of the turbine stack into the air by paying out a back
anchor line. Setting the rigging tension correctly by ad-
justing the height, where the lifting kite line attaches to
the top of the turbine stack, still takes practice.

The safety of network architectures was dramatically
demonstratedwhen7of8 tetherswerebrokenyetnopart
brokeaway fromanchoring. The turbineshave continued
to work, despite various and multiple line breakages, al-
beit with deteriorated performance. The line longevity is
good as none of the lines abrade on running gear. Sig-
nificant rotational forces can throw components from a
rotor. The two stiffening spar tubes are tied through to
stop centrifugal forces causing slippage. We will present
advantages of network kites and results from campaigns
and simulations. Kite Network turbines work deep in the
power zone and have a good propensity for failsafe scal-
ing. We are developing a series of scaled development
proposals 5 kW(3x3), 10 kW, 7x5 kW(7x3x3), 50 kW, 7x10
kW & 100 kW. We hope to share some practical lessons
and a physical demonstrator model at AWEC 2019 too.

References:
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Vision of a kite wind park for MW-scale energy generation
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Developing a European Roadmap for Airborne Wind Energy

Kristian Petrick, Udo Zillmann
Airborne Wind Europe

At the Wind Hamburg conference 2019, the members of
AirborneWindEuropeagreed tostart fiveWorkingGroups
(WGs) where sector-wide issues would be tackled in a
collaborative way. One of the WGs, the łWG Roadmapž
was tasked to develop a roadmap for the AWE indus-
try with the objective to describe sector’s potential de-
velopment and deployment pathways up to 2030. The
approach consisted in a bottom-up, Excel-based survey
where members were asked to provide their business
plans and/or best estimates in terms of pre-commercial
and commercial projects:

For each pre-commercial system (pilots, demonstrators,
test systems)

• Nominal power of the system
• Investment needs
• Costs per kite and year
• Number of kites built
• Cost per ground-station
• Number of ground-stations required
• Total system costs
• Expected number of employees (direct FTEs)

For each pre-commercial system (pilots, demonstrators,
test systems)

• Nominal power of the system
• Price per system and year
• Number of systems sold
• Total sales [e]
• Total capacity installed [MW]
• Expected number of employees (direct FTEs)

Ten companies participated in the exercise, even though

some were not providing all data. The provided figures
were aggregated and presented as graphs. Data were
anonymised to safeguard confidentiality. Preliminary re-
sults show:

• One company dominates the sector growth in the
łbase scenariož

• Cumulated investment needs until 2025 for pre-
commercial systemsamount to some250MioEuro for
nine companies alone

• Most companiesplan less than fivedemonstratorsper
year, while one company plans more than 20 within
two years.

• Six companies start with commercial systems of 100
kW, the others plan between 250 kW and 2000 kW

• First commercial system is planned to be available for
in 2020

• Nineoutof tencompaniesplanmarket launchof com-
mercial systems by 2023.

In addition, potential scenarios for the year 2050 were
elaborated based on published scenarios for the wind
sector. The WG plans to publish the findings at the AWEC
2019. Unlike other studies on the AWE sector, this exer-
cise intends to provide numbers that come directly from
the companies themselves. However, the discussion re-
vealed the high level of uncertainty regarding assump-
tions and future developments. It is therefore planned
to repeat the exercise on an annual or bi-annual basis in
order to adapt the figures to latest developments includ-
ing technological achievements and the policy and regu-
latory environment.
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Kitepower B.V. team in front of their 60 m2 kite (29 August 2019)
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Kitepower co-founders Johannes Peschel (left) and Roland Schmehl (right) explaining a kite control unit (29 August 2019)
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GermanPresident Frank-Walter Steinmeier and hiswife Elke Büdenbender in
discussion with Johannes Peschel during their visit of TU Delft (17 May 2018)
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Small series of Kite Control Units produced at Kitepower B.V. (26 June 2019)
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Harvesting energy at the former naval
airbase Valkenburg (29 August 2019)
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Flight operation of the kite (24 April 2019)
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Light trace of a pumping cycle in
the night sky (11 October 2018)
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Kitepower and the Journey Towards 24/7 Operation

Johannes Peschel
Kitepower B.V.

Kitepower is a leading start-up in the field of airborne
wind energy, developing innovative and cost-effective al-
ternatives to existing wind turbines by using kites to gen-
erate electricity. Kitepower’smission is to develop a com-
mercial airborne wind energy systemwith a 100kW nom-
inal power output that can supply 450 MWh/year in the
Netherlands before scaling up to bigger sizes. This unit
shall be integrated into existing (micro) grids, potentially
in combination with solar PV and batteries, to reduce
diesel consumption and CO2 emissions in remote areas
to validate the commercial viability of airborne wind en-
ergy.

To reach this goal, Kitepower’s approach is to ‘go out of
the office’ as soon as possible and test the system un-
der real life conditions. For that, Kitepower develops and
builds the simplest, cheapest and safest system that will
reach thegoal. Their current system includesa2ndgener-
ation ground station with a 180kW electrical peak power,
a 2nd generation kite control unit and a 60m2 kite of the
6th generation. The 3rd generation of the ground station
has a peak power of 160kW, and the 6th generation kite
(100m2) is available for testing with the first batch of kite
operators already trained.

From thebeginningof 2018until October 2019, Kitepower
has performed 92 flights on 65 days at their pilot site
in Valkenburg with kites from 25 m2 to 60 m2, and with
ground windspeeds from 2 m/s to 12 m/s. One aim of
these tests was to simplify the system and improve the
operational manual such that trained kite operators can
operate andmaintain the system with ease. Another aim
was to establish a remote monitoring platform that can

be used by Kitepower staff to supervise the systems any-
where in the world. Last but not least, they aimed to fur-
ther automate the tuning of new kites by testing them in
various operating conditions such as rain, fog as well as
low- and high wind speeds.

Currently, Kitepower is focusing on operating the
Kitepower system for longer periods (see figure) while
increasing the power output and reducing the effort for
supervision. After this phase, Kitepower will be able
to implement more pilot systems in and outside of the
Netherlands.

This talk will provide an update on the milestones that
were presented on the AWEC 2017 and a summary of
Kitepower’s recent test results aswell as theplannednext
steps towards completing the Kitepowermission: a com-
mercial Kitepower system with 100kW average electrical
power.
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Kitemill ś Past, Present and Future

Thomas Hårklau, Lode Carnel, Espen Oland, Sture Smidt, Jo Grini, Christer Svenkerud, Tallak Tveide
Kitemill

Kitemill was established 2008. Backed upby experienced
advisors and strong partner, a small team has been run-
ning the company by a few suitable strategies. Now, the
strength of the team and the importance of the strategies
has become clearer. Strategies that have the most influ-
enceonKitemill canbe summarized in; priority to testing,
connect with the right competence, share risk, build mo-
mentum and prioritize the most critical problem.

The lack of rules for operating kites even in low altitudes,
led to an early and serous dialog with the national Civil
Aviation Authority (CAA). Already in 2015, after a few years
with temporary solutions building experience, Kitemill
got approval for the first permanentdangerarea. More re-
cently a second permanent area has been approved and
activated, allowing closer coordination with general avi-
ation.

In 2018 Kitemill took the initial steps with a temporary
build permit, supporting present and coming operation,
involving basic consequence analysis. The permits prove
that the method to achieve necessary right to operate is
viable.

A central strategy for Kitemill’s research & development
is to connect with the right competence whenever we
face a new challenge. Through several projects we have
learned the challenges and benefits with such approach.
A critical point is when the R&D projects developed by
partners shall be adopted by the company. Several large
technology transfer processes have been completed and

the small Kitemill teamholds comprehensive technology
base and corresponding system understanding. This is
now proved by several important results from further in-
ternalR&D. FurtherKitemill seesmanynewopportunities
for cooperation and risk sharing as the technology being
industrializedandaims tocontinuewith similarmethods.

With a good test site Kitemill have accomplished frequent
testing for years. But when the teamnow being extended
it is to operate even more frequent, gradually transiting
to continuous operation.

In 2015 Kitemill signed letter of intent for sale of the first
kite turbines. In 2017 Kitemill’s customer purchased the
first plant which since then has been used ad-hoc opera-
tion by Kitemill. 2019 Kitemill’s customer takes the step
from the LoI to a turbine supply agreement for the first
kite park. Both Kitemill and the customer now aims for
the new contractual milestones.

In a longer perspective Kitemill’s strategy is to launch
rather small models and aim for utility scale volumes.
Thiswill provide a large base of operational hours, neces-
sary to qualify for large scale deployment. Independent
of funding, and anchored in history of similar technology
introductions, this seem to be the fastest way to become
a leading companywith themost significant energy tech-
nology.
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Save from Future Japan Social Crises! ‘Mothership’ Project

Eiji Itakura
Toyota Motor Corporation

In the near future, many of the developed countries are
likely to face energy & environment challenges, accom-
panied by migration of people from rural areas to the
smart cities and increase in the social debt. Japan is likely
to be ‘top runner’ in facing them. We are considering
a novel solution to address these challenges using the
westerly jet stream above Japan. The westerly jet stream
is a high- density, seemingly endless renewable energy
source, 10km above the ground, generated by the heat
transfer from tropical to pole, that induces air convection
(physics) with the specific earth shape, size and rotation
(occasional lucks for Japan) ‘Mothership’ is a visionary fu-
turistic novel project, in which we are proposing to use
a large tethered kite, that utilizes the westerly jet stream
to fly at high altitude and offer many social benefits, i.e.
‘harvest energy’, to move heavy payload in remote areas
as a ‘sky crane’, to help global optical wireless satellite
communication network as a ‘relay station’ even in heavy
clouds. We believe that the ‘Mothership’ project shows a
large potential to stimulatemany industries and ventures
by offering innovative solutions and help to save from fu-
ture social crises.
This project vision has been approved as a challenging
venture and is considered as one of the most impor-
tant innovative projects in Toyota. Our global team con-
sists of members from Japan, United States and Europe,
who areworking on actual engineering development. We
will share our vision, the current progress and remaining
challenges.

Final Goal Image Sketches of ‘Mothership’
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Smart Wind

Open Data Project: Flight Data Analysis of Kitepower Systems

Uwe Fechner1, Roland Schmehl2
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2Delft University of Technology

Due to support from the Data Refinement Fund from
ł4TU.ResearchDataž we are able to publish a large data
setwith logged flight data from42 flights in the years 2011
to 2015 [1]. These flights were executed by the Kitepower
research group of Delft University of Technology.

In total 81 different physical values and control signals
where logged during the flights, though inmost cases not
all values were logged at each flight.

The logged data is provided as .hdf5 file. From this file for
each flight the data can be exported as CSV file (comma
separated values), a format compatible with nearly any
programming environment. Alternatively the archives
with the CSV files can be downloaded directly.

Furthermore Python scripts are provided for extracting
meta data, filtering the data and also for plotting. Basic
examples how to use the data are also provided in the
programming languages Julia and Matlab.

While some of the data was already published before [2]
for the first time the complete data of 42 flights is pro-
vided.

We present an overview of the metadata such as the test
location, kites, sensors and the data fields. Then, an
overviewandsomeexplanations about the flight data are
given. Finally, the use of the Python scripts and the use of
the datawith other programming languages is explained.

As a highlight the performance of different types of au-
topilots are shown.

This data set can serve as source for further analysis of

kite power systems based on flexible wings for MSc stu-
dents and PhD researchers.

Plot of the height of the kite during a test flight on 23 June 2012. The
max altitude was 438m and the peakmechanical power 20.5 kW at
an avarage wind velocity of 9.5 m/s at 6 m height.
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Ram air kite tethered to an adjustable handle bar in the wind tunnel of Cranfield University
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Wind Tunnel Parametric Study of Kite Performance for Power Generation

Alex Rementeria Zalduegui, Kevin Garry
Cranfield University

High deformability, high anhedral and low aspect ratio
are some of the features that make ram-air kites differ
from conventional wings. With the emergence of Air-
borneWindEnergy technology, it is considerednecessary
to increase the volume of available data on kite aerody-
namics as they are key to a proper technology optimisa-
tion. Wind tunnel tests of all-flexible kites are rare be-
cause of the practical difficulties in data extrapolation to
full-scale, atmospheric flight. However, they are still use-
ful for parametric studies in a more controlled environ-
ment.

As a result, wind tunnel tests of a scaled, four-line ram-
air kite havebeenundertakenat CranfieldUniversity. The
kite was tethered upside down to a manually adjustable
handle bar, which was used to introduce the two main
input parameters: handle spanwise spacing and handle
pitch angle. The first affects wing anhedral, and the latter
is proportional to the amount of pull of brakes and kite
attitude.

Tests were carried out over a range of wind speeds
for every configuration of wing anhedral and handle
pitch angle. A limitation of the tests has been the lat-
eral/directional stability of the kite. The problem was
overcome by applying aminimum pull of brakes at every
test, which in turn had an impact on the fidelity of exper-
iments.

As for the parametric study, wing anhedral leads to a de-
crease of both CL and CD. The effect of increasing the

pull of brakes is that of reducing L/D, a sign of the effec-
tiveness of the device. CL and CD have been seen to be
Reynolds number dependent, both converging with dy-
namic pressure. Maximum L/D values above 4 have been
obtainedwith thehighestwing anhedral and the smallest
pull of brakes.
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The project is considered valuable as a preliminary study
of the impact of wind speed, wing anhedral and pull of
breaks on kite performance. Further work will focus on
kite stability and an advanced imaging setup, as well as
alternative experimental approaches.
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Effect of Wind Variations on Tether Load Transfer from Kite to Winch

Solenn Le Pense, Tim Brodrick, George Tateson, Russell Anderson, Samuel Tabor
KPS Ltd

Key to the development of optimized Airborne Wind En-
ergy systems are the use of simulators, providing a devel-
opmentand testplatform for subsystemsdesignandcon-
trol systems. Most of the existing simulators idealize the
tether as a rigid or elastic link in between kite and winch
[1], as a chain of rigid rods [2], or as a chain of elastic ele-
ments neglecting dynamic effects. Studies that do use a
more complex tether model tend to focus on control sys-
tems and do not look in details at subsystems-induced
loads and the performance of the full system [3-4].

Some energy is dissipated along the tether due to damp-
ing and drag effects. Given the length of the tether and
the temporal and spatial wind variations, it is expected
that the tether tension signal originating at the kite will
bemodifiedwhile travelling down the tether, and the line
tension signal seen at thewinchwill be different. This can
have significant implications on the loads that have to be
considered to design the system components, in order to
optimizepowerproduction, limit excessive loadsoncom-
ponents, and consider components lifecycle.

The KPS simulator consists of a modular Simulink envi-
ronment that can be adapted to look at specific prob-
lems. In this study, we use amodel comprising a dynamic
winch connected to a lumped mass tether model placed
in a 3D turbulent wind field. The tether model is made
of point masses connected by spring-damper elements,

includes drag forces on point masses, andmodels reel-in
and reel-outbyaddingand substractingmasspoints. The
kite trajectory is fully specified as a history of kite coordi-
nates.

This study will give some insight into the effect of tether
dynamics and energy dissipation on winch loading for
specified kite trajectories, which will help assessing the
importance of considering those effects. This will ulti-
mately feed into tether and winch design requirements
in a view to optimize Airborne Wind Energy systems per-
formance and durability.
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Beyond the Sea project team (from left to right): Christian
Jochum,NedelegBigi, MorganBehrel, GuyLeblanc, Damien
Grelon, Yves Parlier and Richard Leloup, at ENSTA Bretagne
(15 December 2017)
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A Fast Simulation Tool for Ships Towed by Kites:
Assessment of Propulsion Efficiency
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Over the past decades, more and more research pro-
grams are developing innovative and green propulsion
systems for maritime transportation. This is also the ap-
plication background of the present work, which aims at
reducing the consumption of container ships by an al-
ternative propulsion technique. In his pioneering work,
Duckworth [1] proposed kite propulsion. Podeur et al.
[2] confirmed the potential of this technique to achieve
significant fuel savings. However, the assessment of the
possible risk entailed in the towing of a ship by a kite
has not been studied consistently. Existing literature ref-
erences consider static equilibrium [3]. The dynamic in-
teraction between a ship and a kite has been studied by
Bigi [4]. The main objective of the present work is to pre-
cise the dynamic effects on the ship and the kite operabil-
ity for a realistic sea and wind environment. To achieve
this, a unified seakeeping/manoeuvring numerical code
is used by updating the equation of motions with the
forcesgeneratedby thekite [5]. A zeromassmodel isused
for the kite, assuming that the tethers are straight and
inelastic. The aerodynamic lift coefficient and the lift-to-
drag ratio are functions of the yaw turning rate of the kite.
Two types of simulation are considered: firstly, the ship
in calm water and, secondly, the ship subjected to regu-
lar Airy wave for varying parameters such as wave ampli-
tude, wind force, tether length and ship heading. The re-
sults show that the kite is more affected by the dynamic
motion than the ship (see figure). Indeed, a lock-in phe-
nomenon between the wave frequency of encounter and
the first harmonic of the kite is clearly demonstrated. A
dimensional analysis is provided in order to identify this
phenomenon prior to simulation.

ωk1 kite first harmonic frequency, ∆σk kite wind load amplitude,
∆φs heel amplitude, Lt tether length for a kite area Aw=500 m

2,
true wind speed Utw=12.5 m/s, wind direction βtw=45

◦, a wave en-
counter frequencyωe=0.285 rad/s.
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PolyMPC: An Efficient Tool for Embedded Model
Predictive Control for Fast Mechatronic Systems
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Nonlinear optimal control and trajectory optimization
methods for Airborne Wind Energy (AWE) systems have
beenextensively explored in recent years. Very promising
results have been shown in generating and subsequent
tracking of power optimal flight trajectories in simulation
studies. Deployment of these algorithms to research and
commercial prototypes poses a new challenge, since the
computational power of onboard computers is usually
very limited. Herewepresent a new tool that implements
the direct collocation of optimal control problems and a
nonlinear optimization solver that is optimized for these
challenging embedded applications.

Efficient solvers for real-timeoptimal control are required
to run on embedded hardware with highly constrained
computational and memory resources. Most existing
solvers are based on second-order methods which are
prohibitively expensive for many faster applications. The
methodpresented in this paperovercomesmanyof these
challenges.

A nonlinear solver has been developed that applies a
Sequential Quadratic Programming (SQP) strategy using
an Alternating Direction Method of Multipliers (ADMM)
based Quadratic Program (QP) solver. SQP iteratively
solves a series of quadratic sub-problems, which are con-
structed using forward mode automatic differentiation
for linearization and a damped BFGS variant for Hessian
estimation. The descent steps are taken using the line
search method on a merit function. Optimization tech-
niques such as factorization caching and warm-starting
result in efficient iterations.

The solver is implemented as a generic nonlinear solver
in the form of a header-only module, which integrates
into PolyMPC, an open-source C++ library for real-
time Nonlinear Model Predictive Control (available for
free at https://github.com/LA-EPFL/polympc). A Cheby-
shev pseudospectral collocation-based approximation
method is used to efficiently discretize the OCP.

We leverage the flexibility of templated C++ with the
Eigen linear algebra library to construct a problem spe-
cific solverwhichuses only staticmemory allocation. The
implementation is suitable to solve small sized problems
on an ARM Cortex-M7microcontroller with Floating Point
Unit (FPU), which was tested on a simulated path follow-
ing problem of a two-line soft-wing kite as described in
[1]. The computation times on three different platforms is
shown in the table below. With 63 optimization variables
and 45 nonlinear equality constraints the controller ob-
ject uses 83280 bytes of memory when using single pre-
cision floating point types.

Platform Solve time [ms] Factor
Intel Core i7 2.8 GHz 5.83 1.0
ARM Cortex-A15 19.21 3.3
ARM Cortex-M7 349.00 59.9
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A Study on Power Transmission Techniques
for Marine Airborne Wind Energy Farms
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The slender structure of airborne wind energy (AWE) sys-
tems has made them ideal for floating offshore appli-
cations although the limited maximum distance of cur-
rent marine high voltage AC (HVAC) technology (<50 km)
can be a barrier for their development [1]. This research
work is a literature review to study advanced marine
power transmission technologies including high voltage
DC (HVDC), low-frequency AC (LFAC) and direct intercon-
nection technique (DIT), and their compatibilitywithAWE
technologies. The absence of reactive power in HVDC has
led to fewer power losses and higher transmission dis-
tance compared tomarine HVAC. However, high cost and
failure rate of power electronic converters (PEC) nega-
tively affects the economy and reliability of HVDC [2]. Ma-
rine LFAC has higher loadability and distance compared
to subsea HVAC [3]. The low operating frequency of LFAC
(16.7 Hz) is compatible with the generated frequency of
AWE devices; therefore, there is no need for PECs and
their associated equipment in the offshore substation.
However, LFAC requires shunt reactors and larger power
transformers [3]. DIT relocates marine-based PECs to the
onshore site to relieve the negative effects of offshore
PECs on the cost and reliability [4]. Considering the cost
of PECs betweene111/kVA ande150/kVA [5], DIT can save
e22.2M-e30M in capital cost of a 200 MW offshore AWE
farm. The development of DIT for AWE systems needs
more investigation as challenges like mechanical torque
regulation, reactive power exchange, and flight control
complexity are reported [6]. Less power losses and better

economyof LFAC compared toHVDC [7] and its frequency
compatibility with AWE devices show a significant poten-
tial for LFAC to be used as a marine power transmission
for future floating offshore AWE systems. However, more
investigation is necessary to examine this technology for
AWE devices.

References:

[1] Reed, G.F. et al.: Comparison of HVACandHVDCSolutions for Off-
shore Wind Farms with a Procedure for System Economic Evalua-
tion. IEEE Energytech conference, Cleveland, OH, USA (2013)

[2] Zhao et al.: Fault Prediction and Diagnosis of Wind Turbine Gen-
erators Using SCADA Data. Energies 10 (2017).

[3] Fischer et al.: Low Frequency High Voltage Offshore Grid for
Transmission of Renewable Power. 3rd IEEE PES Innovative Smart
Grid Technologies Europe (ISGT Europe), Berlin (2012).

[4] Pican et al.: Direct interconnection of offshore electricity gener-
ators. Energy 36, 11 (2011).

[5] Parker,M. A. et al.: Cost and lossesassociatedwith offshorewind
farm collection networks which centralise the turbine power elec-
tronic converters. IET Renew. Power Gener. 7(4), 390ś400 (2013).

[8] Ebrahimi Salari, M. et al.: Power Control of Direct Interconnec-
tion Technique for Airborne Wind Energy System. Energies 11(11)
(2018).

[7] Ruddy et al.: A Comparison of VSC-HVDCwith Low Frequency AC
for Offshore Wind Farm Design and Interconnection. Energy Proce-
dia 80 (2015).

81



Jonathan Dumon

Research Engineer
GIPSA-lab - CNRS

Domaine Universitaire
11 rue des Mathématiques
Grenoble Campus BP 46
38402 Saint-Martin d’Hères

France

jonathan.dumon@gipsa-lab.fr
www.gipsa-lab.fr

Power Curve Analysis Of Airborne Wind Energy Systems
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Power curves are used as a tool to analyze the economic
feasibility of wind turbines. Over the years, these power
curves have been validated and improved by incorporat-
ing on-field data from thealready installedwind turbines.
Currently, there are very few working prototypes of AWE
systems and none of them is a fully functioning commer-
cial unit. Thus, the power curves for AWE systems are still
an open topic of discussion in the research community.

In [1], a study is presented discussing a family of power
curves of the Enerkite AWE prototype EK30 for different
altitudes derived with a focus on motor and structural
constraints. In [2], a simplified model is analyzed to esti-
mate the maximum feasible drag power for an on-board
production system. In [3], an optimal control problem is
discussed which is then used to obtain power curves for
a rotary kite AWE system. Limits in power and allowable
torque/force have been discussed in [4] for a kite power
system in pumping mode.

In the authors’ previous work [5], a 6-DOF model for a
Magnus-based AWE system validated in simulation envi-
ronment. In addition, a static model of the production
cycle has been presented. Based on this model, we will
present a high-level algorithm that gives reel-in speed,
reel-out speed, working altitude, and elevation angle,
taking into account system saturation. Different ground
station structures, including electrical and hydraulic so-
lutions, have been considered.

The resulting power curves consist of different phases
where each phase corresponds to different configuration
of control variables. They illustrate the high flexibility of
on-ground airborne wind energy systems and their po-

tential over conventional wind turbines. On the other
hand, this approach can be also used to study the effects
of design parameters on the performance.

As authors are working specifically on Magnus-based on-
ground AWE systems, numerical application for this type
of systems is done to draw comparisons with conven-
tional horizontal axis wind turbines. More details can be
found in [6].
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The Second, Most Important, Law of Tether Scaling
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We will present a differential equation describing the
tether as a curve in 3D space along the length of the
tether. Compared to simpler models, it gives more fi-
delity. Compared to piecewise stiff tether simulations it
is easier to reason about and is calculated quickly.

By using this equation, we arrive at ‘the second law of
tether scaling’. The tether length is not only limited by
tether drag but also tether mass. The law states that a
minimum tension is given by:

T > µ
(︂

vl
R

)︂2

where T is tether tension, l is the length, µ is the weight
per meter, v and R is the flying speed and looping radius
of the kite.

α

β

camera

We have done experiments using an in-situ method of

estimating the tether drag coefficient by measuring the
phase difference of the tether at the winch and the kite
looping. This showed preliminary results close to the ex-
pected value C(D,t) ≈ 1.1 [1].
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Numeric solutions of tether shape for a looping kite looking from
the winch along the centerline. The curves show different tether
tensions, for tether length 400m, diameter 4mm, looping radius 30
m and kite speed 40 m/s. Note 4500 N is approximately according
to ‘the second law’.
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Airborne Wind Power Generation Employing Straight BladedWind Turbines

Hiroshi Okubo1, Ryo Hatakeyam1, Hidemi Onodera1, Tsuyoshi Sato1, Hironori Fujii2, Yusuke Maruyama3,
Yasutake Takahashi4, Hiroki Endo5, Kazuichi Seki6

1Kanagawa Institute of Technology, 2TMIT; Tokyo Metropolitan University
3Maeda Corporation, 4University of Fukui, 5Niihama National College of Technology, 6Tokai University

A ground-generator-type airborne wind power genera-
tion (AWPG) system is proposed for utilizing high and
steady wind power over the canopy of a ground wind
boundary layer The proposed system employs vertical-
axiswind turbines carried by a kite or aircraft and a tether
driving mechanism to convey the high sky wind energy
generated by thewindmill down to the ground generator.
Research and development are currently in the stage of a
Phase 1.5 prototype that includes two 0.65m (span) x 0.6
m (diameter) straight bladed wind turbines The system
is expected to produce wind energy power of 6 kW with
an eight figured periodic flight, which represents approx-
imately 30 times greaterwind energy generation than the
usual on ground operation of 0.2 kW.
Performance and power generation tests of the Phase 1.5
windmill model were conducted in October 2018 at the
wind tunnel facility of Maeda Corporation. The wind tun-
nel test showed that the power factor was 21% and the
maximumpower generationwas approximately 20W.We
developeda field testmodel equippedwith twoPhase 1.5
wind turbines ( a singlepair), andconductedapowergen-
eration demonstration test of the floating wind turbine
system by running a carry vehicle at Menuma Air Field on
January 24-27, 2019. An outline of this test is provided in
Figures 1-3. A generator was installed on the bed of the
towing truck, and the number of revolutions of the gen-
eratorand thegeneratedpowerweremeasured. The time
history of the generated power and rotational speed of

the generator are indicated in Figure 4. A maximum of
approximately 30 W of power generation was recorded.

Fig. 1 Overview of experimental
setup

Fig. 2 AWPG field test

Fig.3 Generator (SKY-HR125) on
vehicle bed

Fig. 4 Output power and
rotational speed
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Due to straightforward system scalability and low
tether drag, the multi-kite airborne wind energy system
(MAWES) appears [1] to be a promising concept. The low-
order design space exploration of such a system is an
ongoing challenge because design decisions and flight
trajectories are highly interdependent. This challenge
has been approached (as, for example, in [2] [3] and [4])
from an optimal control perspective, in order to include
the influence of physical and control constraints. From
[5] and [6], we know that the inclusion of an induction
model will change the outcome of a MAWES optimal con-
trol problem. However, as there aremany low-order (łen-
gineeringž) induction models available, it is not yet cer-
tain how best to select a model for this MAWES optimal
control task.

In thiswork,we formulatea trajectory-optimizationprob-
lem for a three-kite, lift-mode MAWES using various engi-
neering induction models ś including a steady actuator
disk model and the classic unsteady rotor model of [7].
We solve theseproblems in theaweboxopen-source tool-
box [8]. The goal is to compare the similarity between the
resulting optimization solutions, and consider any com-
putational trade-offs. Basedon this comparison,wedraw
conclusions about the sensitivity of the solution to the
induction model and make recommendations for future
model selection.
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Complex Wind Profiles Measured Offshore and
Their Relevance to Airborne Systems

Alan Mortimer, Daniel Gallacher
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Airborne wind energy systems have the obvious advan-
tage of being able to exploit the stronger and stead-
ier wind speeds typically found at higher altitudes than
those experienced by ground-basedwind turbines. How-
ever, the relationship between wind speed and height
above the sea (calledwind shear) is often complex, as has
been shown by long termmeasurements using scanning
lidar systems.

Wood Clean Energy has years of experience of measur-
ing wind conditions at offshore locations and has built
up a good understanding of complex sheer characteris-
tics and their prevalence, along with other important pa-
rameters includingveer, diurnal effectsandseasonal vari-
ations. This understanding is considered essential for op-
timal design of airborne wind energy systems and may
in fact present a further opportunity where lidar mea-
surements can be integrated with system controls in real
time, thereby hunting the strongest and steadiest winds
at whichever altitude they are occurring at that point in
time.

WoodCleanEnergywill share its findings fromseveral off-
shore lidarmeasurement campaigns in the context of air-
borne wind system requirements and will invite engage-
mentwith the sector on further work to support the com-
mercialisation of this exciting technology. Approximately
nine years of lidar measurements, acquired since 2011 at
fourNorth Sea locations, were used to assesswind condi-
tions between 40 and 300 m above sea level. Focus was

placed on the identification of complex shear events (in-
clusive of low level jets (LLJs)). Diurnal, directional and
seasonal variation of complex shear events will be dis-
cussed and their implications for operations.

Discussion will also include future lidar applications of
value for the Airborne sector including the potential for
active control, and wake characterisation.

Lidar measured wind shear profiles.
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Heading Angle Control for Pathśfollowing Guidance with
Large Domain of Attraction of a Pumping Kite Generator
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SYSTECśISR, Universidade do Porto

We address the problem of controlling the heading angle
of a power kite to follow a prescribed geometric path.

In a first stage,we solveanoptimal control problemtode-
termine a kite trajectory that maximizes the energy gen-
erated during the traction phase of a Pumping Kite Gen-
erator. (This problemhas beenwidely studied in the liter-
ature; see e.g. [1] and references therein.) The obtained
trajectory is then used to define a timeśindependent ge-
ometrical path, parameterized in the azimuth and eleva-
tion angle, in spherical coordinates, as well as a target
speed under which the path should be followed.

In a second stage, such path is used as the reference in
a pathśfollowing guidance method, based on a modified
nonlinear guidance logic, given by an explicit expression.

Such controller has been shown to be asymptotically sta-
ble and has demonstrated a superior performance in fol-
lowing straight and curved paths when compared with
other common navigational guidance laws. In the mod-
ified controller, the domain of attraction is significantly
enlarged, which represents our main contribution (see
[2]). Robustness of themethod under fast changing wind
conditions, such as wind gusts, is analyzed in simulation.

Reference path (dashed-blue line) closely followed by the kite tra-
jectory (solid red) during production phase.
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20 kW ground station of Kitepower B.V. at the Afsluidijk in operation
during the Windvogel project of Daan Roosegaarde (14 November 2017)
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Light-emitting tether leaving the swivel of the ground station (14 November 2017)
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Kites with light-emitting tethers during the Windvogel project of Daan Roosegaarde (15 November 2017)
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Engineering with a Bending-Optimized HMPE AWE Tether

Rigo Bosman
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The Airborne Wind Energy industry is moving from small
scale hand-controlled prototype drones and kites to
full scale autonomous controlled commercial systems.
Power systemsof 100 kWup to 2MWare already commer-
cial or being developed. In the current commercial scale
prototypes, the tether has a critical role since the tether is
a singlepoint of failure andat the same timea costly com-
ponent. Engineering the tether in the sense of extended
safeand reliableoperations is abalancebetween low ten-
sions (large rope size), reductionof drag andCAPEX costs.
DSM Dyneema has extended the tether CBOS testing [1]
towards 21mm and has engineering data available to de-
signmediumsize tethers. In the graphdata are presented
where the lifetime engineering data are translated into a
maximum amount of power that can be transferred per
kg of fiber in the rope. The results are based on 26 x 16
mmbendingoptimized flat rope (250g/m, image) andex-
trapolated towards larger and smaller rope sizes. A larger
rope sizewill result in a lower tension and in an increased
bending cycle lifetime. The power transferred per kg
Dyneema R⃝fiber is showing an optimum. The amount of
power (kW for one year) that can be transferred by 1kg
of Dyneema R⃝fiber per meter of tether is depicted. The
pulling force of the drone is set at 10 tons. As function of
the size of the rope, represented by its weight (kg/m), an
optimum can be noticed.
As an example, the optimum of 7 kW/kg/m can be used
for estimating the desired pulling force at a given tether
size for an AWE system. If the running (yo-yo) length is
200m and the system has 2 sheaves and a 0.25 kg/m flat
rope, the optimum pulling force is 7 tons. The rope will
transport 176 kW for one year. These results are based on
cycles to break. After one year the rope will fail. It is ad-

vised to calculate with awell-definedmargin on life time.
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Power transferred in kW/kg/m for one year by a bending opti-
mized flat tether with Dyneema R⃝ DM20XBO fiber at different rope
weights running over one sheave with D/d = 30 and a drone pulling
force of 10 tons.

Bending optimized flat rope construction results in increased
power transfer.
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OpenOCL - The Open Optimal Control Library
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With OpenOCL, we aim to develop an optimal control
modeling framework that allows to define optimal con-
trol problems in a user friendly way. Domain specific
models for airborne wind energy can be implemented in
Matlab or using the optimal control modeling language
(.ocml). A library of power optimization models for the
Ampyx Power AP2 system is available at the OpenAWE
project [1]. Results are shown in the figure on the right.

The two main applications of optimal control are trajec-
tory optimization andmodel predictive control. Open-
OCL is designed to be used for both. While trajectory opti-
mization can be used to study, analyze, and simulate the
behavior of the system, model predictive control can be
used to control the actual physical system in a real-time
loop.

For trajectoryoptimization,OpenOCL implementsadirect
collocationmethod that transcribes the continuous time
optimal control problem into a non-linear program. The
non-linear program is then solved using ipopt [2]. For
real-timemodel predictive control there is an interface to
acados that allows to generate efficient code that can run
on embedded systems [3]. Derivatives for themodels are
automatically generated using CasADi [4].

OpenOCL is available online as a Matlab package at
https://openocl.org/

An optimal flight path for an airbornewind energy system to gener-
atemaximalpower calculatedbyOpenOCLusingCasADiand Ipopt,
flight models from OpenAWE. The system generates power when
the winch releases tether (indicated by the orange lines).
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Airborne Wind Energy (AWE) systems use tethered flying
devices to access higher altitudes, typically up to 500me-
ter, wherewind is generally stronger andmorepersistent.
To estimate the Annual Energy Production (AEP) of AWE
systems, the wind speed statistics close to the ground
are typically extrapolated to higher altitudes, introduc-
ing substantial uncertainties. A methodology is devel-
oped for characterising a site’s wind resource using a set
of wind profile shapes. It is demonstrated how this wind
resource representation is used together with a perfor-
mance model to do fast AEP calculations for flexible-kite
pumping AWE systems.

The wind profile shapes and corresponding statistics are
obtained from the Dutch Offshore Wind Atlas (DOWA)
wind dataset. The wind profile shapes do not only de-
scribe the change inwind speedwith height (wind shear),
but also the change in wind direction (wind veer). The
Quasi-SteadyModel (QSM)of apumping flexible-kiteAWE
system as proposed by Van der Vlugt et al. [1] assumes
no change in wind direction with height. It is assumed
that the kite is continuously steered to correct for the
changes in wind direction without penalizing its perfor-
mance. The QSM is used to specify themean cycle power
output of an AWE system for relevant combinations of
windprofile shapesand referencewind speedsat 100me-
ter height, yielding a power curve for each wind profile
shape. The power output is obtained by optimising the
mean cycle power over a small set of operational settings
[2]. The wind profile shape statistics together with the

corresponding power curves are used for estimating the
system’s AEP.

It is investigated how many wind profile shapes are
needed to characterise the wind resource in the fast AEP
calculation for the AEP to converge to a steady value. The
convergence is studied using a wind resource represen-
tation that is obtained specifically for the evaluated loca-
tion and one that represents a larger area. For the single
location representation, the AEP fluctuations are moder-
ate starting from eight wind profile shapes. The multi-
location representation is used to evaluate the spatial
variability of theAEPover theNetherlands andNorthSea.

As a first step in validating the fast AEPcalculation, results
of the adapted QSM are compared to flight test data of
an endurance test campaign of Kitepower’s technology
demonstrator. This data set allows assessing the mod-
elling accuracy for roughly 1000 pumping cycles and a
larger spectrum of wind conditions compared to earlier
validation studies [1].
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Airborne Wind Energy Systems (AWES) have different
power generation characteristics than conventionalwind
turbines, which can not be accurately captured in the tra-
ditional power curve. One important aspect is that it can
harvest wind energy in a much wider range of altitudes
than conventional wind turbines. Theoretically also High
Altitude Winds (HAW) can be harnessed and the systems
can be placed at a larger variety of sites.

Project developers lack technical knowledge for assess-
ing the potential of AWES. It is up to the AWE commu-
nity to fill this gap. A first step towards this goal is taken
by performing a new wind resource study for AWE using
the ERA5 re-analysis data, a world-wide, historical wind
data set. In the łAirborne Wind Energy Resource Analy-
sisž [1] we study the wind resource in Europe from 2010
to 2017, using a fine spatial and temporal grid, and for
maximal operating altitudes of AWES between 300m and
1500m. For most of Europe we find that the wind power
density which is available for 95% of the time increases
by a factor of two when continuously adjusting the har-
vesting height compared to a fixed harvesting height at
100m. The data and source code used for this analysis
is available from [2] Following-up on the wind resource
study, the ERA5 data is also compared to LiDAR data to
assess the uncertainty of the AWE resource analysis.

An important future step for the AWE community would
be reaching a consensus on how to characterize the
power output of an AWES. These characterizations could

be used together with the ERA5 wind data to make pro-
jections of the energy production of AWES farms. This re-
quires that the power output is specified for each AWES
concept and for a large spectrum of wind conditions. An
example for a simplified version of such an interface will
be discussed. We then interface the power output with
time-dependent current exchange energy prices, in or-
der to allowproject developers to compare the economic
performance of different AWES designs at different sites
and energy markets of interest.

Additionally, a new possibility on characterizing AWES
power output is explored as part of this project. An ERA5
data driven methodology of characterizing the wind re-
sources is developed, covering a wider range of altitudes
relevant for AWES. The wind resource is represented by
a set of wind profile shapes and their probability distri-
butions. An AWES power output specification as a func-
tion of the wind profile shape and wind speed at 100m,
togetherwith thewindprofile shapes andprobability dis-
tributions, is used for performing AEP estimations.
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Airborne wind energy systems (AWES) aim to operate at
altitudes above conventional wind turbines where wind
speeds are generally higher and assumed to bemore pre-
dictable. However, these devices will still operate within
the atmospheric boundary layer, the part of the atmo-
sphere which is directly influenced by the contact with
earth’s surface. Therefore, a wide range of atmospheric
stability conditions develop as a result of synoptic and
diurnal weather patterns. These lead to significant vari-
ations in wind speeds and wind speed profile shapes [1].

This study presents results fromaparametric sizing study
of ground-generation AWES. Several representative kite
and tether sizes are defined to explore the AWES de-
sign space. We estimate average power, annual en-
ergy production and dynamic tether loads based on 10-
minute modeled wind speed profiles for an onshore lo-
cation inNorthernGermany [2]. Wind speedprofiles from
the mesoscale Weather Research and Forecasting Model
(WRF) [3] are implemented in the open-source Airborne
Wind Energy trajectory optimization toolbox (AWEbox)
[4]. To reduce computational costs, the one-year wind
speed profile data set is divided up into 20 clusters using
a k-means clustering algorithm and representative pro-
files are chosen fromwithineachcluster. Results are com-
pared to reference logarithmic and uniformwind inflows.
Theoptimizationproblem isdefined tomaximize average
power over one pumping cycle, subject to tether speed,
length and tension constraints.

Estimated annual energy production of a 12m2 wing area ground-
generation AWES (blue) over mean wind speeds up to 500 m. Wind
inflow is based on 10-min onshore WRF model. The background
shows the WRF-simulated annual probability distribution of aver-
age wind speeds up to 500m.
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In their efforts to compete with conventional wind tur-
bines, leading airborne wind energy companies an-
nounced their intentions to develop utility-scale systems
withmulti-megawattpoweryields [1] and therefore,man-
ufacturers of both ground-based and on-board power
generation systems engaged in the scale-up process. At
these large scales, significant velocity deficits and in-
creased turbulence levels are observed in the airborne
system’s wake. When operating in a farm, these wakes
are expected to have a high impact on the operation of
downstream systems, characterized by a decreased per-
formance. We propose a simulation framework combin-
ing optimal control [2] and large eddy simulations to in-
vestigate the interaction between airborne wind energy
systems and the atmospheric boundary layer. In this
study, we consider large-scale systems operating both in
pumping-mode, i.e. flying crosswind maneuvers in al-
ternating reeling-out and reeling-in phases as well as in
drag-mode, i.e. wings with on-board generators operat-
ing at a fixed tether length. The wing-tether system is
modeled as a three degrees of freedom mass-point and
we derive the equations of motions using a Lagrangian-
based modeling procedure. The optimal flight trajectory
is computed offline by solving an optimal control prob-
lemwhichmaximizes the power generated by the system

while subject to a set a constraints. A model predictive
controller is used to track theoptimal trajectorywhen the
system is subject to changes in local wind conditions due
to turbulence and upstream systems. The wind environ-
ment is modeled as pressure-driven boundary layer and
its dynamics are computed by means of large-eddy sim-
ulations using the inhouse code SPWind developed at KU
Leuven. The effects of the kite system are added onto the
flow using an actuator sector method that deals with the
difference of length- and timescales between flow and
system dynamics. The objective of the work presented
here is to investigate each generation mode in terms of
wake characteristics and assess their effects on system
performance fordifferent layoutsof airbornewindenergy
farms.
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Effect of Mass on Airborne Wind Energy Performance
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This studyexplores the impactof airbornedevicemasson
systemperformanceandyield in anairbornewindenergy
system. This is studied using a quasi-steady-state time-
stepped model. The baseline system is a utility scale,
yo-yo, system flying circular trajectories and operating at
constant line tension during generation.

The effect of the airborne device mass on the system
power output depends on the wind speed (Figure 1).
At nominal rated wind speed there is a small impact
(doubling theairbornemass reduces thepoweroutputby
12%). During lighter wind conditions the airborne device
mass has a larger effect on the system power output (at
75% of rated wind speed doubling the airborne mass
reduces the power by 26%).

Varying the airborne device mass significantly impacts
the winch requirements. Changes in gravitational
potential energy during the generation phase produce a
sine-like wave in the power output (Figure 2), and hence
also in line speed. A heavier airborne device gives a larger
amplitude of variation. This is a tougher requirement for
the winch and therefore will have cost implications.

The effect of the airbornemass upon the system’s annual
yield was also analysed. It was found that doubling the
mass reduces the yield by 15%, and halving the mass
increases the yield by 6%.

Figure 1: Power curves for a kite system at 5 different airborne
masses normalised by the baseline system.

Figure 2: Variation in instantaneous power during a single circular
flight trajectory for 5differentairbornemassesat thenominal rated
wind speed.
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An Analytical Performance Model for AP-4 Conceptual Design Phase
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The conceptual design phase of a utility-scaled Airborne
Wind Energy System (AWES) spans over the sizing of the
tethered-aircraft, the power generator and the tether.
The design is further complicated by the fact that these
systems cannot be optimized separately given their in-
terdependencies. Numerical approaches of high simu-
lation fidelity have been developed at Ampyx Power, to
anticipate on techno-economic performance levels. Yet
in a conceptual design scope, these models may be al-
ready too detailed, or computationally too expensive to
search the design space efficiently. Besides, numerical
approaches may lead to obscure results, where the ef-
fects of various design choices are combined and their
isolated contribution to the overall trend cannot be eas-
ily distinguished. If the system behaviour can be approx-
imated by integral equations, then our understanding of
the mechanisms at play and of their corresponding gov-
erning variables can bemade fully explicit.

We present here a physics-based approach to perfor-
mance modelling that emphasizes a key metric of glid-
ing performance: the ‘sink rate’ of the tethered-aircraft
against the incidentwind. The resultinganalyticalmodel,
which relies on the steady-state aircraft dynamics, ap-
proximates sufficiently well the overall behaviour of the
system to account for the main trade-offs at play. This
approach provides a different point of view than the ex-
isting literature, even though it leads to well-established
results. It is easily understandable and applicable to var-
ious steady-state variations of the well-known straight-
line case [1]. Besides, it provides additional levels of in-
sight about the power curve, specially at the operational

limits.

Thismodel enables to investigate key trade-offs between
high-level design variables, which will be illustrated. We
will detail how this analytical approach helped to formu-
late an airfoil optimization function and more generally,
how it can help to reduce the design space and orien-
tate the grid search. Finally, we will present an overview
of the various numerical tools used at Ampyx Power and
howthey integrate intoanoverall input-output toolchain.
Wewill describehow this quantitative approach is associ-
ated to the analyticalmodel described above to converge
towards candidate designs for AP4.

*

𝑉𝑎𝑖𝑟.𝑥 = 𝑉𝑐𝑉𝑎𝑖𝑟.𝑧 = 𝑓(𝑡𝑒𝑛𝑠𝑖𝑜𝑛)

𝐶𝐿 𝑚𝑎𝑥 𝐶𝐿𝐶𝐷 𝑚𝑎𝑥
𝐶𝐿3𝐶𝐿2 𝑚𝑎𝑥

𝑉𝑎𝑖𝑟 𝑚𝑖𝑛

𝑉𝑅𝑂
𝑉𝑎𝑖𝑟 .𝑧∗ 𝑊

𝑉𝑎𝑖𝑟

Remarkable points along a glide polar: stall, minimum sink rate
andmaximum glide ratio along with remarkable speed vectors.
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Developing Airborne Wind Energy Safety and Technical Guidelines
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The aim of the łWG Safety and Technical Guidelinesž of
AirborneWindEurope is to draft a guideline applying best
practices and complyingwith official requirements for all
safety related issues. The goal is to prevent any dam-
ages through AWE systems, to enhance confidence in the
compliance with safety and other requirements and to
provide guidance to any competent authority and other
stakeholders that deal with AWE projects, e.g. regarding
granting permits, loan financing, etc. AWE systems will
have to comply with twomain frameworks:

• IEC Standards which cover electro-technical aspects.
• EASA guidelines and standards which cover all
airspace and aviation related aspects.

As AWE technology is a novel application, the two frame-
workswill be applied inoverlap, especiallywhen it comes
to safety issues. It was agreed to elaborate a techni-
cal guideline structured according to IEC 61400 for wind
energy systems and to link or reference crucial require-
ments and suitable components from the EASA frame-
work. It was agreed that in the beginning, the guideline
should be rather on high level, defining clear principles
that are acceptable to all companies. However, as the
aim is to give also third parties and competent authori-
ties agoodunderstandingwhetheracompany is applying
theguidelines (or future standards), it shouldalso include
specific information in annexes or additional documents.

The Technical AWE Guideline is meant to become an um-
brella document defining all relevant AWE aspects to be
presented towards administrations and other stakehold-
ers andwhereall companieswould find theparts relevant
for them. The following approach has been taken:

• Working on the draft guideline to present at a starting

point to non-AWE stakeholders
• Inviting partners to the process, e.g. universities, sup-
pliers, certification companies, authorities, project
developers and planners etc.

• Elaboration of the guidelines with stakeholders:
Based on the draft, the guideline will be further de-
veloped in subgroups or committees where non-AWE
companies will be involved.

The German FGW e.V. (Fördergesellschaft Windenergie)
will support the elaborationprocess. After aprioritisation
exercise, sixWorking Sub-Groupswere set upwhich elab-
orate the first drafts of the most relevant chapters:

• Tether ś durability
• Tether ś safe operations
• Ground station
• Airborne structure
• Wind conditions and power performance
• Operation risk assessment

Meanwhile, the first drafts have been shared and com-
mented on. Most advanced is the elaboration of the
guidelines for the operational risk assessments which is
basedon theSpecificOperationsRiskAssessment (SORA)
V2.0 Guidelines recently published by the Joint Authority
on Rulemaking for Unmanned Systems (JARUS) on spe-
cific operations. It also considers the recent experience
of the AWEuropemember in applying this process to seek
anOperational Approval (OA) for an AWE operation in the
specific category.

AWEurope plans to present the approach taken by the
Working Group as well as initial findings at AWEC 2019 to
seek feedback and further input from stakeholders and
experts. 99



Rotational launchmechanism of Enerkite (25 September 2018)
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The EnerKíte team has been successful in automation
of kite systems for more than a decade. Our first au-
tonomous kite flights with figure of eight patterns took
place in May 2008. Since then the technology of the
ground-station, the wing and tether and the landing and
launching systemhasbeensystematicallydeveloped, im-
plemented and improved ś driven by cost, performance
and safety targets derived and approved by customers.

By use of ultra-lightweight wings with high lift configura-
tions, the specific designs by EnerKíte allow for extraordi-
nary capacity factors.

Based on a techno-economical comparison of different
launching and landing techniques[1], EnerKíte has cho-
sen a rotating arm. In favour of good scalability, low
weight and low complexity of the bridled wings all con-
trol forces are introduced solely through actuators from
the ground.

On theway to reachhigher tether lengthandaltitudesout
of the rotation, lots of lessons have been learned, mod-
els have been enhanced and validated. Together with

the comprehensive software developments and testing
andvalidationprograms - including full scale and compo-
nent, indoor and outdoor testing - we focus now on the
further development of the wing structure itself. This is
covered by a comprehensive R&D cooperation with lead-
ing research institutes and other industry players.

This presentation will give a brief overview on the status
of EnerKíte and the currently running R&D programs and
cooperation’s such as a 2.3 EURm SME phase 2 grant and
theEnerWingProject, which is fundedby theGerman fed-
eral ministry of economy.

The authors will illustrate major lessons learned and
achievements in the field of autonomous landing and
launching and lightweight structures.
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Rotational launchmechanism of Enerkite (9 October 2018)
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TwingTec’s pilot system next to a wind turbine of comparable power (28 August 2019)
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TwingTec’s mobile pilot system ready for launching (28 August 2019)
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TwingTec

TwingTec is an AWE leader with its ground based gener-
ation - rigid wing - VTOL technology. Our main design
drivers have been economics, fully automated operation
and safety. Key enablers for our product are the emerg-
ing civil drone industry and e-aviation. Last year we have
reached full proof of concept with a small scale proto-
type, where launching from a platform on a ground sta-
tion, powerproductionand landingon the sameplatform
at the specified level of automation was demonstrated.

Extensive testing of the prototype has allowed us to val-
idate the performance of the prototype and our simu-
lation tools. These simulation tools enabled us to de-
termine the power curves of our products ranging from
100 kW to 3 MW and to estimate the annual energy pro-
duction at different sites. The detailed analysis shows,
that the LCOE strongly depends on the size of the system.
As a result, products in the range of 100 kW to 500 kW
are highly competitive with diesel generators which typi-
cally produce electricity for 20-30 Cents/kWh. Integrated
in standard shipping containers, these products are easy
to transport and deploy which is a major advantage in
the off-grid market, where power consumers such as is-
land, communities and mines are often in remote loca-
tions which makes the installation of conventional wind
turbines prohibitively expensive.

Larger products from 500 kW onwards are interesting for

on-grid applications. Our LCOE analysis shows, that the
multi-megawatt units have the potential to significantly
lower the LCOE of conventional wind turbines, taking
favour of thedramatically reducedneed formaterials and
the higher energy production due to their operation at
higher altitudes. Installed on floating platforms, airborne
wind energy farms with megawatt units will unlock deep
off-shorewind, ahugemarketopportunitywhere thepro-
duction potential in Europe alone has been estimated to
be 4 TW [1].

With the learnings from the proof-of-concept prototype
we started to build a scaled pilot system together with
industrial partners this year. The pilot will be tested and
operated in Switzerland and abroad. The key focus is on
long-term testing and customer demonstrations. In par-
allel, wewill design andbuild our first commercial 100 kW
product for the off-grid market. We are convinced that
off-grid is a very interesting starting market for airborne
wind energy. Off-grid enables a fast market entry with a
relatively small product without the need for subsidies.
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TwingTec’s pilot system in hovering mode (21 July 2019)
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TwingTec’s 100 kW product for off-grid applications
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Brainwhere’s airborne wind turbine system
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Brainwhere’s AWE System for Harvesting High Altitude Wind Energy
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The Brainwhere airborne wind power solution aims at
harvesting high altitude wind energy. Our IP protected
airbornewind turbinesystemoperates inaquasi-singular
point in space and can be configured as a system-of-
systems. We envision to ladder up to jet stream altitude.

TheBrainwhere static airborneplatformhas ahybrid use.
While it convertsmechanical energy into clean electricity
it can also hosts sensing, observation or communication
systems.

We have conducted a feasibility study and wind tunnel
tests and we are now in the design stage of a flying pro-

totype. From a commercial perspective we have signed a
Letter of Intent with a launching customer and we have
interest from telecommunication providers.

The key technical challengewe face is cableweight. From
a commercial perspective declining energy prices led us
to expand our business model towards offering sensing
and telecommunication services from the platform.

We are looking for highly skilled aerospace and electrical
engineerswho share our vision for shaping a betterworld
together.
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What Will it Take for AWE to be Successful in Remote &Mini-grid Applications?
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AWES show promise to greatly increase the potential of
wind harvesting on a global scale. However, due to the
significantly higher costs than other renewable energy
sources like solar PV & conventional wind plants, many
AWEsystem integrators target off-grid /mini-gridmarkets
for their initial commercial products in the 100-500 kW
range, as cost-constraints are believed to be less of a hur-
dle in these markets.

While this appears to be a viable strategy to increase the
number of deployed units and drive down cost via learn-
ing effects, a number of critical real-world parameters
need to be considered for the design of these initial prod-
ucts.

Modern mini-grids generally use a solar-battery system
with diesel backup, achieving a 30-70% solar share.
Adding AWES will increase the share of renewables at a
cost below that of additional solar PV & storage. AWES
will not be able to compete with solar PV during daylight
hours in most locations, as PV costs are already very low
(investment costs of <$150 / kWh / day). Instead, AWES
are needed at night and during bad weather, when solar
PV would require storage, driving up investment costs to
around $500 / kWh / day (in 2019 but falling by 10% an-
nually).

There are some requirements for early commercial AWES
products:

(a) Ability to operate duringnight-timeandbadweather
need to be demonstrated early on.

(b) Initialmini-grid deploymentswill oftenbe in remote,
harsh (e.g. arctic, tropical, marine) environments
and components need to be designed to withstand
these conditions.

(c) Given that most potential clients will already have
deployed solar and storage, in-house development
of balance of systems and storage integration by
AWES manufacturers is probably not required, as
this task can be outsourced to existing technology
providers.

(d) Fully autonomous operation is not a key require-
ment, as most potential clients have local operators
for the diesel generators.

(e) Cost of business development for these applica-
tions is high, as customers are in remote locations.
Suitable business development strategies, including
commercial frameworks for distributors and local
O&M providers, will need to be developed early on.

(f) While ground-space can be a concern on islands,
airspace is often not a problem, but it makes a com-
pact design (shippable in standard ISO containers) a
must.

(g) Demonstrating the complementarity of AWEproduc-
tion with solar PV needs to be a priority for the in-
dustry, as this will provide a justification for further
investmentbybothpublic&private funding sources.
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We have studied two types of airborne wind power gen-
eration.

Firstly, the Fly-Gen system for fixed-point meteorological
observations in the Antarctic. The Japan Antarctic Re-
search Expedition has observed the Antarcticweather us-
ing kites for several years. However, power supply and
kite payloads have caused problems during these obser-
vations. Jointly with the National Institute of Antarctic
Research of Japan we began research to address this.
We developed a payload adjustment technology for kite
trains. Legal restrictions on research using the Aviation
Act including aircrafts, kites and drones in Japan restricts
research on airborne wind power generation compared
with other countries. Nevertheless, highly durable prod-
ucts can be supplied for generators and various other
components.

Secondly we produced the design for a pumping kite
ground station. The power generation used in the exper-
iment was a high rotation type generator. Therefore, a
centrifugal force variable flywheel was installed. We de-
veloped amathematical representation that predicts the
generated power. Using the rotational motion of the gen-
erator and flywheel, the tension in the kite tether, the
speed of the kite and the generator settings wewere able
to predict the generated power. The simulation results
agree with the experimental values.

Top: Fly-Gen Experiment, Bottom: Pumping-motion Ground-Gen
Experiment
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A Solution to the Pose Estimation Problem for Airborne Wind
Energy Systems using Multiple Bluetooth 5.1 Devices

Espen Oland
Kitemill AS

The common approach to estimate the position and the
attitude of a rigid body outdoors is to use an inertialmea-
surement unit (IMU) providing measurements of the an-
gular velocity and linear acceleration vector and combine
it with a magnetometer to provide attitude estimates.
The position is commonly measured using GPS signals
and combining the IMU and GPS through sensor fusion
leads to very good estimates of the pose of a rigid body.

Accelerometers estimate the roll and pitch angles by
comparing the measurements with the expected gravity
vector. However, accelerations generated by the tether
will perturb these estimates and must be accounted for
before using the measurements as part of the sensor fu-
sion algorithm. Further, magnetometers are commonly
used for yaw estimation by comparing themagnetic field
with the expecteddirectionof themagnetic field linesbut
suffers from inaccuracy (typically 1 − 5◦) and is prone to
perturbations from local magnetic fields generated from
the electronics and power cables. It is also possible to
find the yawangleusingpositional history fromGPSmea-
surements or combine twoGPS sensors and compare the
change in position for each sensor over time. However,
most GPS signals tend to drop out when exceeding 4G’s
(due to inherent design) and pose a major challenge for
AWE systems that desire to operate at 10− 15G’s ormore.
Kitemill has extensive experiencewith drifting in both po-
sition and attitude estimates and proposes a novel solu-
tion to pose estimation thatmitigatesmost of these chal-
lenges.

Bluetooth 5.1 was announced 21 January 2019 and
promises to provide centimeter positional accuracy [1]
with a range of up to 1000 meters [2]. Using the angle of
arrival and angle of departure enables the localization of
Bluetooth devices and will result in a new array of prod-
uct providing tracking of keys, cell phones, animals and
other objects with high accuracy at a low cost (A Blue-
tooth 5.1 chip costs about e4). Another potential lies in
pose estimation for AWE systems, where this solution can
reduce the levelized cost of energy through cheaper nav-
igation systems. The basic idea is to place multiple Blue-
tooth 5.1 devices inside the body of the kite oriented as
its own reference frame representing the body frame of
the kite. Then, position measurements can be used di-
rectly to recreate the reference frame that describes the
attitude of the kite.

This work models the Bluetooth 5.1 devices as particles
that move with the kite, showing how to combine four
parallelUnscentedKalmanFilters andsomesimpleequa-
tions to find the pose of the kite. We share this work be-
cause this solution has the potential to become a stan-
dard for the AWE industry, however, it requires further
R&D to create a complete system that is able to deliver
the promised performance ś something that can be per-
formed through a joint project between the companies.
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Design Space Exploration of a High Altitude Aerial Platform, łMothershipž

Taewoo Nam
Toyota Research Institute of North America

A global Toyota research team is investigating the feasi-
bility of a futuristic high altitude aerial platform concept
(called Mothership), envisioned to be reconfigurable to a
variety of applications such as wind energy harvesting,
atmospheric data acquisition, high speed communica-
tion relay, and payload transportation [1]. As a part of this
endeavour, a preliminary system level analysis was con-
ducted to gain initial insight into key system attributes as
well as sensitivities with respect to design and technol-
ogy parameters.
An integrated design and analysis environment was cre-
ated by harnessing fast analysis tools covering key disci-
plines such as wind data, aerodynamics, inflatable struc-
tural analysis, mass properties, kite stability, and tether
catenary. To expedite the design space exploration, a
set of surrogate models was created from the integrated
multi-disciplinary tool. Utilizing the surrogate models,
a Monte Carlo simulation was performed to generate
30,000 different designs. The feasibility of those designs
was evaluated against a set of design requirements in-
cluding the internal pressure of the inflatable structure,
kite stability, and tether tension. A baseline design, se-
lected from a Pareto front, was further evaluated for im-
pacts of design altitude and advanced technologies. This
preliminary analysis indicates that access to high altitude
(10km) requires a significantly large and lightweight kite
and tether construction. In addition, advanced technolo-
gies are necessary for reliable operation at high altitudes.
To copewith awide seasonal variation ofwind speed, ad-

vanced actuation system appears to be highly desired for
stability augmentation, load alleviation and flutter sup-
pression.

Integrateddesignandanalysis environment for highaltitudeaerial
platformconceptdesign. OpenVSPwasused todefinewinggeome-
try and to estimatewetted area. VSPAerowas used to predict aero-
dynamic properties. Wing structure was approximated to a can-
tilever beam and analysed based on Euler beam theory. Once a
kite design is defined, it was determined whether the kite can stay
at 10km altitude for a variety of wind speed profiles derived from
NCEP/DoE R2 data accounting for drag and weight of a tether.
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Drone perspective of Kitepower’s 25 m2 kite flying automatic figure-of-eight maneuvers, while the
40 and 60m2 kites are setup on the ground at the former naval airbase Valkenburg (8 May 2018)
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Hysteresis Control of a Kite Flying Figure-of-Eight Maneuvers

Masafumi Narikawa, Yasutake Takahashi
University of Fukui

We are interested in wind power generation using a kite
and the behavior of the figure-eight flight based on a sim-
ple controller. The kite flies dynamically, executing cer-
tain maneuvers instead of being stationary in air. Among
theproposedmaneuvers, a figure-eight flight path is con-
sidered to be the most efficient. In conventional meth-
ods to perform the figure-eight flight path, the kite needs
to be controlled so that it follows a predefined trajectory.
Moreover, the controller requires precise real time infor-
mation on the kite position, on the kite orientation, and
on the wind surrounding the flying object. However, the
foil kite is susceptible towindand requiresprecise control
order to follow the target trajectory in response to wind
conditions, which are difficult to predict.

We propose a simple switching/hysteresis controller
based only on the attitude angle of the kite to realize a
figure-eightmaneuver flight. With this approach, thecon-
troller does not require any additional information, such
as position or height of the kite in the air. We verified
the feasibility of thismethodwhen realizinga figure-eight
maneuver under wind disturbance with FreeKiteSim [1].

The foil kite is assumed to rotate around the z-axis at the
topof thekite. Theangle is called theattitudeangleof the
kite. We propose a hysteresis controller that controls the
kite to rotate counterclockwise when the attitude angle
exceeds a certain threshold θ or rotate clockwise when
the attitude angle is less than−θ.

We investigated the figure- eight flight trajectory and
the stability of the kite under various wind conditions:
no wind disturbance, sine wave change of the wind

speed, and changes following the Dryden wind turbu-
lence model. The figure below shows an example of the
flight trajectory of the kite under the hysteresis control
when subjected to the Dryden wind turbulence model.

All experimental results show that the kite can perform
stable figure-eight maneuvers under various wind condi-
tions when using the proposed hysteresis controller.
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Flight trajectory under the wind condition based on the Dryden
wind turbulence model (wind speed 6m/s base)

This work was supported by JSPS KAKENHI Grant Num-
ber 16K00647.
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NCSU’s marine hydrokite in the water channel (22 May 2019)
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Development of Iterative Learning Strategies for Optimal
Crosswind Flight of Airborne Wind Energy Systems

Mitchell Cobb, Chris Vermillion
North Carolina State University

As is well known, effective crosswind flight is predicated
on executing efficient circular or figure-8 paths andmain-
taining optimal lift and drag coefficients over the dura-
tion of each cycle. The optimal parameters for both the
path and the aircraft trim are known to be dependent on
environmental changes and are subject to significant un-
certainties, due to the nascent nature of dynamicmodels
for AWE systems. The present work leverages the repet-
itive nature of crosswind flight to utilize iterative learn-
ing control (ILC) strategies in improving average power
production from one lap to the next. The proposed ap-
proaches present three challenges relative to existing it-
erative learning control techniques, however:

1. Environmental conditions (particularly wind condi-
tions) can change from one figure-8 cycle to the next,
rendering the previous cycle’s path suboptimal for the
new conditions.

2. While traditional ILC approaches assume the path to
be followed to be fixed and merely seek to improve
performance between pre-defined waypoints along
the path, the proposed techniques in this work ad-
dress the more fruitful problem of iterating on the
path itself.

3. While most ILC tools work in environments where
there is a pause during operation, the tools developed
in this work are designed for continuous operation.

This presentation will review the ILC approaches pio-
neered by the team at NC State, which have been val-
idated in simulation in [1], [2], and [3] using a unique
łunifoilžmodel that accurately captures the translational
dynamics of the system but incorporates unicycle con-
straints on the motion of the wing to simplify the under-
lying path tracking problem. Thepresentationwill review
these results, which have been obtained under both con-
stant wind and realistic variable wind scenarios, and will
present an outline for future simulation and experimen-
tal validation of the proposed approaches.
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The Value of Airborne Wind Energy in a Zero-Emission Electricity System
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Airborne wind energy system (AWESs) harvest wind en-
ergy at high altitudes. In the future, AWE systems might
be available at large scale, and part of the electricity gen-
eration systems. In order to assess the viability and eco-
nomical value of AWESs in the power grid, the hourly
power production and the related costs are of impor-
tance. The potential AWE power production can be es-
timated with the help of data on the local wind re-
sources, and accuratemathematicalmodels of the AWES.
The costs, on the other hand, are hard to determine as
no commercial installations exist yet. Alternatively, the
marginal system value (MSV) of AWESs can be estimated
[1]. The MSV defines the economic value of adding a cer-
tain technology to the electricity system.

In order to evaluate the MSV of AWE, first, the annual
power generation of AWESs is calculated at an hourly res-
olution for one year. In this study the region of Ireland is
chosen. The wind resource is obtained from ERA-5 wind
data, available hourly in a 0.25×0.25◦ spatial resolution.
Theverticalwind shearup to800m isobtained fromwind
speeds at 18 different pressure levels. For a realistic re-
source potential within a region, inaccessible areas are
subtracted. The power production is obtained by an op-
timal control problem (OCP), that takes the hourly wind
speeds as input and computes the average power pro-
duction of one rigid wing during an optimized flight tra-
jectory. As the OCP computation is time costly, a regres-
sionmodel is trained tomap theverticalwind speedcom-
ponents to the computed power output to a high preci-

sion. The study is focussed on drag-mode AWESs. Taking
into account the percentage of available area, the wind
distribution over a wind farm, and efficiency losses due
to wake and downtime, a power production potential es-
timate can be obtained for each grid point.

Further on, the hourly power generation profiles will be
implemented into a regional cost-minimizing investment
model for power production technologies, presented in
[2]. The investment model is set up as a łgreen field
study", i.e. assuming zero installed capacity and estab-
lishing a regional electricity generation system for the
year 2050 that meets the hourly demand without emit-
ting CO2 at minimum cost. The inputs to the model are
the regional electricity demand as well as the available
renewable resources, storage devices, demand sideman-
agement and different types of thermal power plants.
The output gives the installed capacity per technology,
thehourly powerdispatchand theminimizedannual cost
of the electricity system. As a result, the economic value
of the AWESs can be estimated based on the change in
total annual electricity system costs.
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Configuration Optimization of a Generic Crosswind Airborne Wind Energy System

Filippo Trevisi, Mac Gaunaa
Technical University of Denmark

The aim of this work is to address fundamental questions
related to crosswind airborne wind energy systems with
hard wings: are the ground generation or the fly genera-
tion airborne wind energy system most cost efficient? In
which cases are one better than the other? Which sub-
systems are crucial in terms of overall performance and
costs?

To investigate these topics, the two crosswind genera-
tion types are studied with a uniquemodel. A generaliza-
tion of the Loyd power equations[1] into one expression
is thus derived to leave a gradient-based optimization al-
gorithm to range continuously within the two types. This
expression is derivedwith the assumption of steady-state
flight, the power losses due tomass are included with an
analytical model. The optimizer can then design the ge-
ometry and the aerodynamics of the systemwhile choos-
ing some performance parameters, describing the gen-
eration types. To refine the model, the main subsys-
tems and physics are considered. The model computes
the power curve taking into account reel-in phase, drag
penalty of the tether, wind shear, structural design of the
tether and of the kite, take-off strategies and presence of
tower. A cost and an operational life are finally assigned
to these subsystems to make the optimizer to maximize
the economic profit.

Unfortunately, or interestingly, many aleatory uncertain-
ties and many epistemic uncertainties, related to differ-
ent design strategies, are present in such a problem.
Thus, a global sensitivity analysis involving physics and
cost parameters is a suitable tool to analyze how these

uncertainties influence the design. After the uncertainty
quantification, the sensitivity analysis is carriedout tode-
termine the conditions forwhichone configuration is bet-
ter than the other in terms of annual energy production
and levelized cost of energy.

The main outcome of the present work is to give a quan-
titative overview of which subsystems are driving the de-
signandunderwhich conditions a fly generation couldbe
preferable to a ground generation and vice versa.
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Airborne Wind Energy SystemOptimizer (AWESOpt)
for Fly-gen Analysis and Optimization
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A performance analysis tool fast enough to be feasible for
system design optimization is important for fly-gen AWE
technology to mature. Design trade-offs are difficult to
analyzewith traditional tools; using simulations to iterate
through parameters for design optimization is undesir-
able. The analysis tool developed is better suited for this
task. It analyzes AWE performance as an ‘inverse prob-
lem’ to controls-focused models: the path, velocity, and
lift of the aircraft are input as Fourier series coefficients,
guaranteeingaclosed, steadystate cycle (rather than iter-
ating to converge to a steady state solution). The gravita-
tional & inertial forces for the trajectory and aerodynamic
forces for the aircraft & tether are calculated, the roll an-
gle to balance lateral force is determined, then tether ten-
sion and rotor force are calculated to balance the lateral
forces, allowing power to be calculated. No controller de-
sign or tuning is required for each set of system parame-
ters, and there are no deviations from the proscribed tra-
jectory or instabilities due to a controller.

Constraints can be applied to tension, rotor force, roll an-
gle, roll rate, and wingtip angle of attack, etc. to ensure
that the trajectory is realizable. Analyzing one system
on one trajectory requires no iteration, though ensuring
constraints aremetmay. Comparing different system de-
signs is relatively computationally inexpensive, therefore
iterating over system designs tominimize a cost function
is feasible. Other analyses have optimized flight paths,
however fly-gen system performance requires optimiza-
tion of turbine drag or flight speed and requires account-
ing for mass (another analysis concluded that mass is an

important parameter in ground-gen performance[1] and
fly-gen aircraft generally have higher mass than compa-
rable ground-gen aircraft).

Power transfer calculated and simulated

A validation against a high fidelity simulation matches
well, despite simplifications suchasastraight rigid tether,
constant lift and drag coefficients, and a simplified rotor
model. A design optimization focused on tether parame-
ters is presented. The tether plays a central role in system
performance. In a simplified model, increasing allow-
able tether tension, power transmission capability, and
length increase rated power. However, the associated in-
crease in tether weight and drag reduce output through-
out the power curve. The AWESOpt tool determined op-
timal tether length and conductor and strength member
sizes in order to maximize system-level capacity factor.
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Kite technology provides an innovative contribution to
the renewable energy industry, allowing previously inac-
cessible wind resource to be harnessed for energy gen-
eration. Assessing the environmental impact of kite de-
vices will inevitably constitute a key concern when plan-
ning deployment sites. One key consideration which has
shaped the wind energy industry has been the potential
for bird mortality through collisions. In Europe, avian col-
lision risk modelling is often a mandatory requirement
of the planning phase for wind farms and this will likely
also apply to airborne wind energy. However, modelling
the collision risk of a kite device presents new challenges
since their movement is somewhat more complex than
that of wind turbines.

We will present two models to predict the avian colli-
sion risk of a rigid-wing kite device. The first uses bird
characteristics to assign species-specific collision vulner-
ability indices. These are combined with information on
recorded mortality rates from power lines (a proxy for the
tether) and small aircraft (a proxy for the kite itself) to pre-

dict fatalities per species [1]. The model is based on ob-
served fatality rates and is simple to apply. However, it re-
lies on the similarity of the collision risk posed by the de-
vice to the surrogates used. The second model uses bird
flight activity data from the proposed deployment area,
and flight path data from the kite device. This model is
more complex to implement and cannot readily be val-
idated but provides a general framework which can be
adapted for different device types and scenarios.

Wewill discuss lessons learned from thewind farm indus-
try, current knowledge gaps in collision risk assessment
for kite technology, and potential monitoring strategies
and validation methodology.
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Rare Event Prediction for Enhanced Control System Reliability of AWE Systems
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Reliable autonomous operation of Airborne Wind Energy
(AWE) systems requires control algorithms that are able
to attenuate the effect of stochastic disturbances on the
control performance in continuously changing wind con-
ditions. Assessing the stability and robustness of the con-
trol system is in general carried out using simplified sys-
tem models where the real stochastic nature of the con-
trol problem is neglected. Therefore, a directMonteCarlo
approach is used in practice to increase the confidence in
the control system’s reliability. However, this approach
performs poorly if it is used to estimate the effect and the
probability of rare events such as strong gusts. Statisti-
cally, these events are located at the tails of the underly-
ing joint probability density function. Consequently, only
a few samples leading to rare events can be identified in a
reasonable amount of timewhich leads to a biased prob-
ability estimate. In addition, it is difficult to recognize and
leveragepatterns if onlya small setof samples is available
that lead to a violation of a critical control requirement.

In this talk, wepresent an approach to predict rare events
in the context of AWE using a combination of Subset Sim-
ulations (SS) [1] and time series classification. SS will be
used to systematically create samples that lead to the
violation of a specified closed loop performance crite-
ria. Furthermore, based on the identified samples a time
series classifier is trained that is able to detect critical
situations using on-board sensor measurements before
the AWE system enters an unrecoverable state. The ap-
proach will be evaluated by means of simulations of a

generic AWE system operated in pumping cycle mode in
randomly generated wind fields.

Pumping cycle flight path.
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Safe Testing of Airborne Wind Energy Systems
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TwingTec

ver the past years, TwingTec has accumulated an excel-
lent safety record in the testing of Airborne Wind Energy
systems through the adoption of suitable operational
procedures. A methodology to assess the effectiveness
of such procedures and to assign the additional opera-
tional safety requirements in order to ensure the oper-
ation stays under control have been formalized through
theSpecificOperationalRiskAssessment (SORA)process.
This process was developed for the civil drone industry
by the Joint Authority on Rulemaking for Unmanned Sys-
tems (JARUS) and is being adopted by Civil Aviation Au-
thorities (CAAs) throughout Europe.

This process starts with the development of a Concept
of Operations (CONOPs) which describes the not only the
systemtobedeployedbut also theorganization itself and
the various procedures and risk mitigation measures to
be applied in order to sufficiently mitigation the various
ground and air risk inherent to the operation. Working
together with the Swiss Federal Office of Civil Aviation
(FOCA), TwingTec has secured an Operational Approval
(OA) forpilot system(seepicture) test operationsatmulti-

ple sites in Switzerland. An overview of the SORA process
which was followed to apply for this OAwill be presented
alongwith some general guidelines for the safe testing of
AWE systems.

TwingTec pilot system.
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Airborne Wind Energy Systems as an Obstruction:
Makani’s Journey with the US Federal Aviation Administration

Neal Rickner
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Sustained engagement with the US Federal Aviation Ad-
ministration (FAA) resulted in the announcement that Air-
borne Wind Energy (AWE) systems in the United States
will be regulated as obstructions under 14 CFR Part 77.
ThismeansAWEsystemswill be regulated ina similarway
to large buildings, towers and Horizontal Axis Wind Tur-
bines (HAWTs).

Makani’s 10+ years of engagement with the FAA began
with early conversations about howAWEsystemspresent
an obstruction that would be perceived by pilots as
suchÐalways in the same geographic location. This led
to a collaboration with the FAA to develop a lighting and
marking scheme for Makani’s 20kW demonstrator; which
was flown with the FAA observing at Makani’s Sherman
Island test site in 2013.

The Makani-FAA collaboration continued as Makani de-
veloped the M600, a 600kW 26m wingspan kite. In 2016
the FAA issued a temporary determination of no hazard
(DNH) for Makani’s Hawaii test site, allowing Makani to
operate for a limited time. This DNH also provided the
basis for the Norwegian Civil Aviation Administration to
issue a permit for Makani to operate at Metcentre in Nor-
way.

In late 2018/early 2019 the FAA observed the M600
in Hawaii and reached final conclusions. As a re-

sult, Makani’s DNH is on track to become a perma-
nentÐmarked as an obstruction in a similar way to other
wind turbines on aviation charts.

Makani M600 energy kite in flight in Hawaii. April 2019.
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Advances in Aerodynamic Modelling of Crosswind Kite Power Systems
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2New Leaf Management Ltd., Vancouver, B.C., Canada

We present numerical results from an ongoing research
on the aerodynamics of crosswind kite power systems
(CKPS). These results have been obtained from a com-
putational fluid dynamics (CFD) simulation (∼ 51 days of
CPU time) for a large-scale kite (∼ 5 MW) flying on a pre-
scribed circular trajectory in the simplified straight down-
wind configuration, where the tether elevation angle is
assumed to be zero. The CFD simulation was performed
using a URANS flow solver combined with the k − ω

SST turbulence model. Also, the kite exact geometry was
modelled. The results uncover interesting aspects of the
flow behaviour in the vicinity as well as downstream of
the kite. Most studies on the aerodynamic modelling of
CKPS neglect the effects of flow retardation or ‘induction
factor’ as well as the wake flow developed downstream
of a crosswind kite. However, results from our previous
[1,2] and current studies confirm that such effects exist
and may significantly degrade the aerodynamic perfor-
mance of CKPS, and thus should be considered when de-
signing andoptimizing a kite farm layout, aswell aswhen
predicting the economical returns of such system.

Our numerical results for the above-mentioned kite sys-
tem show that the average induction factor over the an-
nular area swept by the kite is a = 0.12, which also agrees
well with the analytical solution obtained from the the-
ory developed in [2]. If this induction factor is ignored, for
example, it will result in nearly 20% power output over-
estimation and consequently considerable underestima-
tion of levelised cost of energy. In addition, it is found
that the span of the near-wake region, withinwhich static
pressure is recovered to the freestreampressure, is of the

order of 3 to 4R; R being the gyration radius. Beyond
the near-wake region, the wake expands almost linearly
with the streamwisedistance fromthe rotorplane, x (pos-
itive in the downwinddirection) towards the centre of the
annulus, while it expands with a lower rate towards the
outer flow region. Inside the wake region, it is observed
that the flow velocity undergoes a deficit which in shape
looks like aGaussianprofile. At x = R, thepeak flowveloc-
ity deficit is around 25% of the freestream velocity. The
flow deficit then gradually decreases with x; for example,
at x = 10R, the peak flow velocity deficit is nearly 10%.

Thepresent results are intended toprovide some insights
about why the effects of the flow retardation and wake
flow of individual kites, which have been ignored so far,
should be taken into account for kite farms layout design
and optimization. This new requirement should be met
in addition to the geometrical interference which is com-
monly considered as the sole requirement. Further re-
search is certainly warranted on the effects of the tether
aerodynamic interference, non-zero tether elevation an-
gles as well as energy harvesting modes on the aerody-
namic performance of CKPS.
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Multi-MW reference kite developed by TU Delft, DTU and ETH Zurich
as part of the graduation research project or Dylan Eijkelhof
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Aeroservoelastic Analysis and Optimization Framework for Morphing AWEWings
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Morphing wing AWE aircraft based on compliant internal
structures ś compared to aircraft equipped with discrete
wing control surfaces ś show great potential in increas-
ing the power production capabilities of AWE systems [1].
Potential benefits of morphing wings range from greater
adaptability to different flight conditions to reducing the
drag ś and therefore increasing the power harvesting fac-
tor ś due to the smooth wing surface. Furthermore, a re-
duction in parts count and complexity can be achieved,
especially when applying novel additive manufacturing
techniques. The greatest challenge in applyingmorphing
to AWE are the contradicting requirements of high stiff-
ness and strength to withstand the aerodynamic loads,
while simultaneously maintaining compliance to allow
for the desired shape adaptation. Therefore, it is of great
importance in the design of morphing wings to consider
the full system dynamics from an early stage.

In this work, a design methodology is presented that al-
lows to concurrently analyze and optimize the control,
structural, and aerodynamic design parameters of an
AWE morphing aircraft. The numerical model presented
in this work couples a dynamic systemmodel, consisting
of a ground station, tether, and aircraft dynamics model,
witha two-way fluid structure interaction (FSI) simulation
of the wing [2]. The FSI model consists of a detailed 3-
D finite element model to assess the structural behavior,
coupledwith a 3-D panelmethod to calculate the aerody-
namic characteristics of the wing.

To increase the computational efficiency of the simula-
tion, reduced order modelling (ROM) techniques are ap-
plied to the structural and aerodynamic model of the
wing. The structural ROM relies on a mode superposi-

tion method, whereas the aerodynamic model relies on
a Taylor-expansion of the aerodynamic influence coeffi-
cient matrix in the direction of the structural modes. The
Taylor-expansion can be efficiently computed using the
Sherman-Morrison. This allows theROMtodeliver speed-
up factors of about 180, when compared to the full simu-
lation, at virtually no decrease in accuracy. The ROM is
coupled to the dynamic system model and a flight con-
troller consisting of an aircraft and ground station con-
troller is included in the dynamic simulation, enabling
the tethered aircraft to follow predefined trajectories.

To identify the optimal system parameters, the intro-
duceddynamicmodel is embedded inageneticoptimiza-
tion framework [3]. With the proposed framework, opti-
mizations can be performed, maximizing the power pro-
duction capabilities of morphing AWE aircraft. Further-
more, the framework is not limited to morphing wings,
but can also be used for the design and optimization
of conventionally actuated AWE aircraft of arbitrary size,
with arbitrary flight trajectories and control strategies.
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Development of a Toolchain for Aero-structural Design of Composite AWE Kites

Ashwin Candade1,2, Maximilian Ranneberg1, Roland Schmehl2
1EnerKíte GmbH

2Faculty of Aerospace Engineering, Delft University of Technology

The earlier in the design process the trade-offs between a
system’s cost and its performance canbedetermined, the
easier it is tonarrow inonanoptimal final design. Inorder
to explore the initial design space for composite carbon
kites, it is imperative to assess the load couplings effects
and its impact on the aerodynamics of the wing, and ulti-
mately theperformanceof the system’s yield. CFDand3D
finite element methods are currently too computation-
ally expensive to efficiently explore the design space at
such an early stage of the design process. This leads to
the need for a toolchain that has sufficient modelling fi-
delity while being efficient enough to be used for concep-
tual design. An efficient aero-structural toolchain is the
focus of this work.

Inorder toanalyse thecomposite structureof thekite effi-
ciently, instead of a traditional 3D finite elementmethod,
a 2+1Dmethod that can capture the effects of fibre orien-
tation, stack up sequence, and other aspects of the inter-
nal structure of the wing with sufficient fidelity, while be-

ing computationally efficient is employed[1]. This struc-
tural model is coupled with the aerodynamics of the kite
via a 3D nonlinear vortex step method[2]. The toolchain
also includes the effects of the underwing bridle configu-
ration and is able to model the influence of different bri-
dle and pulley configurations on the aero structural per-
formance of the kite. A design space exploration exercise
using the toolchain is carried out for a typical EnerKíte
wing.
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Bridle design space exploration using the described toolchain.
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Computer rendering of the Skysails Power 200 kW AWE system
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SkysailsPower200kWAWEsystem inoperationas ren-
dering (left) and in the workshop (11 September 2019)
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We present a computationally efficient steady-state solu-
tion method to model the aeroelastic deformation of a
ram-air kite for airborne wind energy applications. The
kite’s weight in comparison to the aerodynamic forces is
small which justifies a quasi-steady analysis, neglecting
gravitational and inertial force effects [1]. The approach
is suitable to efficiently determine the deformed config-
uration of a ram-air kite for design and optimization pur-
poses as found in [2]. Because of the expected large de-
formations and changes in the flow field, fluid-structure
interaction has to be taken into account in the analysis.

Ram-air kites have been modeled in the past using ex-
plicit time integration, such as in [3], to study transient
flight behavior andmaneuvers. At SkySails Powerwe aim
tomodel the steady-state for specific angles of attack us-
ing dynamic relaxation (DR) by finding the equilibrium
state between flow and structure. The steady-state solver
ignores transient effects and therefore dramatically re-
duces computation time.

The kite’s deformations are computed with the finite
element method. Membrane elements with a non-
compressionandorthotropicmaterialmodel are used for
the canopy, and the bridle system is modeled using ca-
bleelements. Theaerodynamic forcesarecomputedwith
a 3D inviscid panel method which allows a fast pressure
field computation.

The solver is used to determine the deformed shape and
forces acting on the kite’s structure during flight and can

be used for geometric parameter optimization.

Deformed ram-air kite under pressure load determined by fluid-
structure interaction.

References:

[1] R. van der Vlugt, et al., Quasi-steady model of a pumping kite
power system., Renewable energy 131 (2019): 83-99.

[2] P. Thedens, et al., Ram-air kite airfoil and reinforcements opti-
mization for airbornewind energy applications., Wind Energy 22.5
(2019): 653-665

[3] R. Flores, E. Ortega, E. Oñate, Simple and efficient numerical
tools for the analysis of parachutes, Engineering Computations,
Vol. 31 Issue: 5, pp.957-985, 2014.

131



Maximilian Rueger

University of Bonn
Physikalisches Institut

Nussallee 12
53115 Bonn
Germany

rueger@physik.uni-bonn.de
www.lhc-ilc.physik.uni-bonn.de/research-
groups/experimental-physics/prof.-k.-
desch/research/airborne-wind-energy
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AWEsome (Airborne Wind Energy Standardized Open-
source Model Environment) [1,2] is a test platform for
airborne wind energy systems that consists of low-cost
hardware and is entirely based on open-source software.
It has been implemented on two different flight control
platforms and tested on two different model plane air-
frames. It can be used without the need of large financial
investments (< 1000 $), in particular by research groups
and startups to acquire first experiences in their flight op-
erations, to test novel control strategies or technical de-
signs, for academic student training or competitions, or
for usage in public relations and for raising awareness for
AWE.

The system consists of amodified off-the-shelfmodel air-
craft that is controlledby thepixhawkautopilot hardware
and the ardupilot software for fixedwing aircraft. The air-
craft is attached to the groundby a tether. Wehave imple-
mented new flight modes for the autonomous tethered
flight of the aircraft along periodic patterns. We present
the principal functionality of the algorithms, a simula-
tionenvironment to test anddevelop the flight controller,
and report on first successful tests of these modes in real
flights [3] and on the analysis of the flight data.

In addition to using the flight control software Ardupi-
lot, some of the original flight control algorithms of the
AWEsomeprojectwere implemented in the PX4 software.

A tether coupling mechanism was designed, leading the
tether vertically through the fuselage. The ability to re-
lease the tether offers more safety in critical flight sit-
uations and for landing, which has been proven in test
flights.

Tethered test flight of an AWEsome vehicle, Stuttgart.
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Flight Testing, Aerodynamic Parameter Identification and Dynamic Simulation of
Rigid and Flexible Kites Applied to Airborne Wind Energy systems
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Simulation, state estimation, and aerodynamic parame-
ter identification from in-flight data are actual research
topics in AWE [1,2]. This work summarizes the status
of four infrastructures developed at Universidad Carlos
III de Madrid that are related with them: (i) a portable
experimental rig for the acquisition of flight data like
kite position, velocity, Euler angles, angular velocity,
aerodynamic speed, angle of attack and sideslip angles,
tether tensions, and wind velocity, (ii) an estimator of
the state of the system, including the aerodynamic force
and torque (iii) an optimization algorithm to compute the
aerodynamic parameters from the estimated state vari-
ables, and (iv) the open-source simulator LAKSA, that
contains modules aimed at the dynamic simulation and
control of fly-gen and ground-gen generation systems, 2-
line acrobatic kites, four-line kitesurf kites, and a train of
N stacked kites.

These four tools have been applied to two four-line flex-
ible kites of different surfaces and stiffness (Cabrinha
switchblade, 10m2, 5 struts and Cabrinha Contra, 13 m2,
3 struts) and a 2-line acrobatic rigid frame kite (Fazer XXL,
3.6m wingspan). The full state vectors of the three kites
were reconstructed and a data set with the aerodynamic
force and torque, angle of attack and side slip angle for
different maneuvers was created. However, difficulties
arose for the aerodynamic parameter identification be-
cause the kites spentmost of the time in a post-stall state
during the flight. This conclusion, which is evident from
the lift anddrag coefficients versus angleof attack curves,
was corroboratedby thedirectmeasurement of the angle

of attack. Experimental and simulation results are pre-
sented together with a critical review of the capabilities
of the infrastructures.

Flight testing of an acrobatic rigid framed kite.
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Hardware-in-the-Loop (HIL) and System Identification
of a Pumping Kite Power System
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Airborne wind energy (AWE) is an emerging renewable
energy technology which uses flying devices that are
tethered to the ground. So far AWE has been demon-
strated at tens of kilowatts level, a scale much smaller
thanwhatwouldbe commercially viable in theutility sec-
tor [1]

Figure 1: Kite power system: KCU, and Real Flight Test.

In KyushuUniversity, we established our kite systemwith
the aim of designing and manufacturing a small-scale
prototype to generate amaximumpower of 7kW using an
inflatable wing with 10m2 surface area [2,3]. The system
consists of a kite connectedwith aKite Control Unit (KCU)
to steer the kite wirelessly and follow a designed path of
flight called Figure-of-Eight as depicted in Fig. 1. In the
current stage, the KCU is acting as a ground anchor, not
flying with the kite.

To obtain autonomous flight for the kite, it is required to
design and manufacture a measurement unit for the po-
sition and attitude. GPS, IMU, Xbee, and arduino micro-
controller were used to manufacture the circuit installed

on the kite during flying. This unit collects the data, kite’s
position and attitude, then send them wirelessly to the
ground station through the XBEEwith sample timeof 0.15
second. Several field tests have been performed and the
respectivedatahasbeenanalysed for thesystem’sperfor-
mance. The current experiments aim to let the kite per-
form as HIL technique; the data of the kite are sent to the
ground station and the control action is calculated, then
the control signal is sent back again to the KCU to steer
the kite during flight.

Finally, the technology used in our project will be de-
scribed, and an update on the overall progress of the
project will provided. The system is designed to produce
7kW/10m2 . Our largest kite is 10m2 surface area and has
a KCU with weight of 3 kg. The key lessons learned in the
current project and the planned future work will be de-
scribed.
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Prototype AWE system built by the ftero student team of ETH Zurich
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ftero student team of ETH Zurich with their prototype AWE system (2019)
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Fast Prototyping Morphing Wings for Airborne Wind Energy
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The student project ftero, from theSwiss Federal Institute
of Technology (ETH), has developed, designed and pro-
totyped a fully functional small scale Airborne Wind En-
ergy (AWE) system. The system relies on a ground-based
power generation approach and an adaptive composite
fixed-wing aircraft. In contrast to other research projects,
ftero is entirely run by engineering students as part of
the final year of their undergraduate education. Within
the two semesters of the project, the current team had
to raise the required financial means, fabricate a new air-
craft, adapt the ground station and implement the neces-
sary controllers for full autonomous power production.
The additional implementation of a morphing wing, re-
placing the control surfaces of a conventional design by
a continuously deforming carbon-fibre reinforced plastic
(CFRP) structure, enabled decreasing drag and allowed
an adaptation of the wing profile for different flight con-
ditions.

The limited resources in combination with the ambitious
goals created a unique and demanding, yet comprehen-
sive learning experience, while setting up an experimen-
tal framework for innovative ideas in the field of AWE.

To meet the given challenges, rapid manufacturing and
ease of repair were key elements in achieving 141 con-
ducted flight tests with three self-manufactured CFRP
and three styrofoam aircraft. The innovative manu-
facturing approach uses additively manufactured (AM)
parts and the newly developedmanufacturing technique
Cured Carbon Folding (CCF). In combination with a mod-
ulardesign, theproposedconceptprovides sufficientme-
chanical and aerodynamic performance while minimiz-
ing the manufacturing and repair time. In fact, a morph-
ing wing with a span of two meters could be produced
within only twomanweeks.

The latest build prototype has a total wingspan of 4.6 m
consisting of a 2m base wing and 1.3mwing-extensions,
making use of a modular assembly concept. With this
aircraft, all flight phases were flown manually, using
the chosen quadplane approach for vertical take-off and
landing (VTOL) as well as the implemented morphing
structure. Furthermore, with a smaller prototype, a teth-
ered autonomous power cyclewas flown, yielding usable
electrical energy on the ground station.
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Computational flow simulation of a Skypull prototype: streamlines and surface pressure coefficient
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Skypull’s AWE system ready for launch (1 December 2018)
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Composite photo of a successful test flight of the Skypull system (May 2019)
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A control design approach for a tethered, hybrid multi-
copter/box-wing drone for pumping airborne wind en-
ergy is presented. The drone, designed by Skypull SA
[1] (see Figure), features four propellers and multiple
aerodynamic control surfaces, and can operate either as
multi-copter or as an airplane. The goal is to achieve fully
autonomous vertical take-off, transition todynamic flight
and pumping operation, and vertical landing. A model-
based, hierarchical feedback controller is proposed, with
linear inner control loops to stabilize the drone’s attitude,
and outer nonlinear loops to obtain the desired flight tra-
jectory. A switching strategy is employed to transition
from hovering mode (i.e. multi-copter) to dynamic flight
mode (i.e. airplane), and vice-versa. Eachmode has a dif-
ferent outer controller, while the low-level loops are the
same. Simulation resultswith a realistic systemmodel in-
dicate that the controller can achieve good performance
and robustness in all flight conditions, notwithstanding
its simplicity and ease of implementation, and carry out
the wanted pumping cycles. This work builds on a re-
cently presented contribution [2], where an untethered
systemwas considered.

Example of prototypes of the considered hybrid drones during tests
in the Swiss Alps
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On Using Drones for the Take-off and Landing Phases of an AWE System
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Modeling, control and optimization of AWE system have
been extensively studied theoretically, in numerical en-
vironments and through infield experiments. Despite of
these above-mentioned developments, several relevant
and urgent aspects have to be addressed for the techni-
cal feasibility and commercial success of AWE systems.
One of such aspects is the take-off and landing of the air-
borne platform, especially for on-ground production sys-
tems with rigid airfoils.

In this work we have studied the control design of the
take-off and landing of a rigid-wing airborne wind en-
ergy system using a multicopter. First a 2D model was
developed including the drone and the airborne airfoils.
The system is subject to aerodynamic forces but also to
the thrust force of the drone. From this model a con-
troller was designed using an output feedback lineariza-
tionmethod. The aim is to transform the nonlinear track-
ing problem to a linear stabilizing problem. Then, an in-
termediate linear control law is computed to ensure the
asymptotic stability of the tracking error. The position of
the drone is controlled thanks to the winch torque and
the lateral force of the drone, while the tension in the
tether is controlled with the radial force of the drone.

A simulationona specific scenario is performed including
a take-off, a disturbance due to thewind and then a land-
ing. The obtained results show the efficiency of the pro-
posed control policy in simulation environment of a hy-
brid tethered system that is composed of a rigid wing at-
tached to multicopter drone both attached to on-ground
winch where the torque is controlled.

In the near future, we are working on implementing a
tether model [2] and test the algorithm in a ROS/Gazebo
simulation environment. Meanwhile, a small-scale pro-
totype is under development to validate the approach
experimentally.

The airborne wind energy system with the drone connected to the
on-ground station. All forces acting on the system are shown.

References:

[1] Lorenzo Fagiano and Stephan Schnez. On the take-off of air-
borne wind energy systems based on rigid wings. Renewable en-
ergy, 107:473ś488, 2017.

[2] PaulWilliams. Cablemodelingapproximations for rapid simula-
tion. Journal of guidance, control, and dynamics, 40(7):1779ś1788,
2017.

142



Espen Oland

Control System Manager
Kitemill AS

Evangerveien 3
5704 Voss
Norway

eo@kitemill.no
www.kitemill.com

Kitemill’s Vertical Take-off and Landing System for the KM1 Model
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There are many different launching systems for airborne
wind, ranging from catapult launches, spiral launches
and vertical take-off and landing (VTOL) solutions. After
a thorough analysis, Kitemill found VTOL to be the best
means for launch and recovery of their kites and has in-
vested much time and effort to develop an autonomous
VTOL system for airborne wind leveraging the research
within drone technologies.

The KM1 model called the Spark model has a wing span
of 7.4 meters, and four different motors, two large mo-
tors fixed to the fuselage, and two smaller motors on the
wings that canbe tilted to produce a forward thrust to en-
able a transition from VTOL mode to production mode.
The tilt-motors can also be used in regenerative mode
to enable recharging of the batteries onboard the kite
during the return phase to enable 24/7 continuous au-
tonomous operation. In addition to the four motors, the
kite hasmultiple control surfaces thatwork togetherwith
the motors to control the kite in high wind conditions.

This work presents how the combined sets of actuators
are used to control the attitude and altitude of the kite,
how to reach a desired position through a novel guid-

ance strategy specifically designed for airborne wind en-
ergy systems thatminimizes the required power, how the
teamhas developed and tested the system, aswell as the
experiences obtained through this work. Experimental
results show the performance of the system.

Experimental testing of the VTOL system for the KM1 model.
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Off-shore wind park using Ampyx Power’s AP-4, each generating 2 MW
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Autonomous Takeoff and Landing of Rigid Wing Airborne Wind Energy Systems
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An overview of the design of an autonomous horizontal
takeoff and landing approach for AWES utilising a rigid
wing aircraft is presented. Ampyx Power’s approach uses
a combination of ground-based and aircraft-based sys-
tem components to provide and remove energy from the
system, specifically a catapultmechanism for injectingki-
netic energy into the system during launch, and an ar-
resting systemthatutilises the tether for removingenergy
during the landing. The design approach is rooted funda-
mentally in minimising the system footprint.

The methodology for sizing of the catapult is presented,
as well as themeans for ensuring the tether does not col-
lide with the aircraft body during the initial climbout. A
mathematical model for simulating the catapult interac-
tion with the aircraft is presented, together with simula-
tion results of the launch phase over all operational wind
speeds.

During landing, the aircraft is guided to the landing point
without active propulsion, with control of airspeed pro-
vided by tether tension. Unlike conventional piloted air-
craft that fly an inertial glideslope, our system flies a flight
path that is determined as a function of wind speed, and
optimised to minimise the effective landing dispersion.
This results in approach paths that are not a constant an-
gle in the inertial frame. In the final stages of the landing,
thewinch is decelerated and locked to allow the tether to

beused for braking theaircraft. However, using the tether
directly without any additional damping leads to forces
on the aircraft along the longitudinal axis that would sig-
nificantly increase the design requirements for the tether
attachment point. To prevent this, an arresting mass is
used to cushion the impact. The arresting mass is at-
tached to a passive damper that allows for the deceler-
ation forces transmitted to the aircraft to be tailored. The
optimisation process for choosing the damper profile, to-
gether with Monte Carlo simulation results are presented
to illustrate the robustness of the landing approach.

Tether-arrested landing, showing aircraft landing on a platform
with tailored arresting system.
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someAWE Labs’ continuous torsion-based power transfer from rotor to ground (10 March 2019)
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Practical Experiences with a Torsion Based Rigid Blade Rotary Airborne Wind
Energy Systemwith Ground Based Power Generation

Christof Beaupoil
someAWE Labs S.L.

Rotary airbornewindenergy systems thatuse rotors simi-
lar to conventional wind turbines and ground based gen-
erators combine some of the known benefits of Loyd [1]
based crosswind kite power systems with potential addi-
tional benefits such as continuous energy generation, no
tether drag from crosswind flight, passive control, use of
łcheapž lift and easier launch and landing.

Airbornewind energy systemswithout crosswindmotion
typically have a bad power/blade area ratio. The talk dis-
cusses a rotor design that can alleviate this disadvantage.
It treats the blades of the rotary wing as independent air-
borne wings that are only connected for easier control
and launch. The airfoils start at some distance from the
hub thus achieving high tip speeds with smaller blade
area than conventional rotors.

Our implementationof sucha rotor uses rigid blades. The
rigid design provides a better power coefficient and sta-
ble operation in turbulent air. Thereby allowing us to fo-
cus on the stability of the energy transmission.

For continuous torsion-based power transfer from the ro-
tor to the ground a tensegrity based torsional stiff struc-
ture (łhelixž) has been developed and tested.

This design has been chosen over the pure Tensile Rotary

Power Transmission (TRPT) of the DAISY system [2,3] as
it allows for linear scaling with constant diameter. The
power transfer lines are being held in a squared helix
shape reducing twist induced lag and oscillations.

A 300 W demonstrator system with 60 cm blades, a rotor
diameter of 4.8m and a helix length of 30mhas been de-
signed, build and tested for more than 10 hours.

This talk shares practical experiences with this torsion
based rigid blade rotary airborne wind energy system.

The talk discusses the design rationale, lessons learned,
successes and dead ends. It presents field test footage
(also available here https://bit.ly/2maLiLs) and provides
an outlook.

References:

[1] Loyd, M. L.: Crosswind Kite Power. Journal of Energy 4(3), 106-111
(1980)

[2] Read, R.: Windswept and Interesting - Kite Power No Tower. [On-
line] https://www.windswept-and-interesting.co.uk/

[3] Tulloch, O.: Development of Safe and Efficient Operation for an
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kiteKRAFT founders (from left to right): Max Isensee, Florian Bauer, André Frirdich, Christoph Drexler (13 February 2019)
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kiteKRAFT onboard turbines that are also used for propulsion (13 February 2019)
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Fig. 1: Proposed power electronic topology for a drag power kite.
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Power Electronic Topologies of Drag Power Kites

Florian Bauer, Hannes Börngen, Ralph M. Kennel
Technical University of Munich

Drag power kites belong to the class of crosswind kite
power systems, which harvest energy from thewindwith
onboard turbines [1]. All electricity is generated onboard
the kite and transmitted to the ground through electrical
cables integrated in the tether. For a high power extrac-
tion efficiency, the tether must be thin and light. Opti-
mizations of the tether design reveal the optimal trans-
mission voltage at around 8 kV [2], though with a rela-
tively low sensitivity for off-optimal voltages to around
2 kV [3]. Several kV transmission voltage is a challenging
demand for the design of the power electronics, in partic-
ular for the airborne part. Besides the goals of low costs,
high efficiency, and lowweight, the topology and compo-
nents must be fail-safe and have a low complexity.

In this talk, recently published power electronic topolo-
gies are presented and assessed, including those specif-
ically targeted for drag power kites [2,4ś7]. To achieve
all of the above stated goals, a promising topology is a
combination of concepts, visualized in Fig. 1: The differ-
ent rotor powertrains are electrically isolated from each
other as in [5] to achieve a very high fault tolerance with
nosinglepointof failureÐevenashort circuit in the tether
has no harm (assuming there are enough isolated rotor-
drivetrain groups). Additionally, the electrical machines
(motors/generators) have several three-phase windings
(multiphase machines), each of which is connected to a
voltage-source AC-DC converter, whereas these convert-

ers are connected in series on the DC side. This allows
to obtain not only the advantages of [4,7] being low-cost
and high-efficient, but also having a lower complexity
and higher modularity. In particular, no high-power DC-
DC converters or transformers are required onboard the
kite.
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Towards a Modular Upscaling Strategy for Utility-Scale Airborne Wind Energy

Jochem De Schutter1, Rachel Leuthold1, Thilo Bronnenmeyer2, Reinhart Paelinck2, Moritz Diehl1
1University of Freiburg, 2Kiteswarms Ltd.

The prevailing industrial upscaling strategy towards
utility-scale AWE systems is based on single-kite systems
and relies on increasing aircraft size until the desired
power output in the MW range is reached. This strat-
egy suffers from many of the drawbacks associated with
the upscaling of conventional wind turbines, such as in-
creased costs related to production, transport, repair,
challenging structural mechanics, etc.

It has been shown in simulation that AWE systems based
on multi-kite topologies could drastically reduce the re-
quired aircraft size for a given power demand due to the
intrinsically lowmain tether drag [1]. However, safety and
efficiency concerns limit the amount of kites that can be
added to a single multi-kite system.

Hence the idea of extending the design space to multi-
layer multi-kite configurations, obtained by stacking
multi-kite systems on a sharedmain tether, as illustrated
in the Figure. This concept naturally allows to increase
the total amount of harvesting area together with the
number of aircraft in the system. It results in an ef-
ficient and modular upscaling strategy, effectively de-
coupling aircraft sizing from power demand. Therefore,
multi-layer topologies could enable the realization of
utility-scaleAWEsystemsbasedon relatively small,mass-
producible aircraft.

This research aims to assess the upscaling advantage of
multi-layer relative to single-layer multi-kite topologies
for rigid-wing aircraft systems. Optimal control is applied
to simultaneously optimize both systemdesign and flight
trajectories for a large set of possible topologies. The
models are based on 6DOF aircraft dynamics and low-

order layer-wise induction models, similar to those pre-
sented in [2]. The optimal control problems are formu-
lated and solved using the open-source AWE optimiza-
tion framework awebox [3]. The results are computed
for different power output requirements associated with
industry-relevant wind sites. Flight trajectories and re-
quired aircraft size are compared for considered topolo-
gies. Finally, results for both drag-mode and pumping-
mode systems are compared and discussed in detail.

Illustration of the topology of a single-kite (left),
single-layer-triple-kite (middle) and two-layer-dual-kite (right)

AWE system.
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Model-Based Development and Verification of
Ampyx Power’s Airborne Wind Energy System
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The systematic processes used by Ampyx Power to eval-
uate conceptual design choices, perform detailed algo-
rithmicdesign, and conduct simulated-based verification
during the development of its Airborne Wind Energy sys-
tem are presented. Ampyx Power is currently simultane-
ously working on different parts of the development cy-
cle for a rigidwind AWES: 1) Flight test and evaluation of a
small-scale prototype (AP-2), 2) Detaileddesign andman-
ufacture of amedium-scale prototype (AP-3), and 3) Con-
ceptual designof a large-scale commercial prototype (AP-
4). Each of these phases requires a different approach so
as to properly balance process rigour taking into account
efficiency, accuracy of output, and risk.

A detailed description of the methods and lessons
learnedusedby AmpyxPower during the development of
its AWES are presented. The main development frame-
work utilises MATLAB/Simulink with a set of customised
tools developed specifically for AWES. The approaches
used by Ampyx Power are presented together with repre-
sentative examples of the output of the processes for the
AP-2, AP-3 and AP-4 projects. For context, the aviation-
industry design guidelines SAE ARP 4754A for complex
systems, and DO-178C/DO-331 for software incorporat-
ing model-based design elements are used to provide a
methodological approach to design and development,
with the ultimate aim to deliver a certifiable product that
meets stringent safety standards. Ampyx Power believes

that this currently provides the best context for develop-
ment of AWES, with some specific tailoring, so as tomeet
the high reliability and safety requirements that a com-
mercial AWES should be capable of meeting.

Ampyx Power employs physics-based modelling of the
rigid-wing aircraft, with a major focus on the aerody-
namic and actuator modelling, which drive the stability
and control performance of the system. Combinations
of CFD, nonlinear lifting line, and a vortex-lattice method
are used to derive the static and dynamic aerodynamic
coefficients for the bare airframe. Detailed models of
the electromechanical actuators, characterised by exten-
sive experimental testing, are employed. In-house sen-
sor characterisation is performed to derive models for
all sensor components. The control systems for the on-
ground and in-air computers are implemented as design
models and incorporated into the simulation test har-
ness that simulates the complete airborne wind energy
system. The design models are converted into embed-
ded C code via Simulink Embedded Coder. The algo-
rithms and ultimately the generated source code are ver-
ified by a three-tier testing strategy: 1) Functional, robust-
ness, and requirements-based testing of the designmod-
els against requirements, 2) host-based source-code tests
against the design models, and 3) Hardware-in-the-loop
tests of the integrated software on the target processor.
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Investigating Offshore Markets for AWE Technologies
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The offshore market is a key target for utility scale AWE
operation. Lower foundation moments could lead to
early opportunities for AWE: re-powering fixed founda-
tions and floating foundations. Initial investigations have
focused on potential technical, financial and safety show-
stoppers.

Re-powering offshore windfarms offers possible CAPEX
savings from re-using major components (foundations,
array cables, etc). This could offset costs associated with
immature technology and provide a proving ground for
AWE operations. Learnings and supply chains could ac-
celerate development of new-build AWE sites.

Floating foundations offer the potential to exploit new
markets, with AWE allowing smaller, lower cost, founda-
tions than conventional turbines. Decoupling of the sen-
sitivity components (the airframe) and wave motions fur-
ther reduces requirements. Static modelling (excluding
waves) has been used to size foundations, and under-
stand trade-offs for several classes of AWE device (based
on data provided by AWE developers). Financial mod-
elling has then been carried out.

Fatigue life is a key challenge in all cases due to the cyclic
loads of lift devices. For re-powering, the majority of the
fatigue life of the foundations will have been used, and
assessing remaining life for AWE is challenging. For float-
ing foundations, fatigue of moorings and export cables is
key, as foundations move under cyclic loads. Mitigating
these loads may be a requirement in either case.

Trade-offs found to have a significant impact on foun-

dation design, especially for floating, include: the height
of the winch above the waterline; the angle to which the
łground stationž can be tilted; and the amplitude of cyclic
loads. Accounting for these early in design could have a
significant impact on cost.

Finances are unfavourable for re-powering due to the
short operational life and the high OPEX associated with
immature technology. However, realistic levels of sup-
port (feed-in tariffs) could overcome these shortcomings.
Early floating shares similar shortcomings, however ma-
ture AWE with more generation per foundation (≥6MW)
could outperform conventional floating, and potentially
compete with conventional fixed foundation.

*
* *

Winch Height

Maximum

Tilt Angle

Key parameters for re-powering and floating AWE. Red ∗ indicate
locations of fatigue.
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Global Prospects for Airborne Wind Onshore
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Airborne wind energy (AWE) technology is evolving
rapidly and could become mainstream in the next
decade. The major target is generally regarded as off-
shore, particularly on floating platforms at deep water
sites. This is for three main reasons: there is less com-
petition from other energy sources, there are significant
cost savings compared to conventionalwinddue to lower
material mass, and there are anticipated to be fewer
planning issues as the devices will be located away from
populated areas.
Onshore markets are also important, giving a low-cost
opportunity to demonstrate proof of concept and accel-
erate cost reduction. There are also many areas of the
globe without access to electrical power from a reliable
grid; these give AWE technology developers opportuni-
ties to build volume and evolve technology at smaller
scales.
In this studywe characterised the global potential for on-
shore AWE compared to alternatives. Using GIS software,
we calculated the levelized cost of energy (LCOE) of con-
ventionalwind, solar anddiesel gensets across theworld.
The geospatial variance of the technologieswas captured
using global datasets: annual average wind speed, solar
irradiation and country-scale diesel price, which were
combined with benchmark system costs. The costs were
fixed across all locations; this represented an assumption
as in reality these will vary according to regional factors
like logistical costs, tax regimes and local labour cost.
The output of the analyses were ‘heatmaps’ of LCOE. At

eachpoint analysed the lowest cost technologywas iden-
tified. The LCOE for an AWE device was also calculated
and compared to the conventional case to identify the
most suitable areas for the technology. An example of
this output is presented in the Figure.
A further analysis considered socioeconomic and envi-
ronmental exclusion zones. Examples included proxim-
ity to airports and urban areas and remote areas far from
road infrastructure. This allowed priority markets for
AWE onshore to be identified. Conclusions are drawn as
to the size and location of the markets and the likely role
they will play in the development of AWE.

LCOE of the AWE device vs the cheapest conventional technology.
The green areas indicate where the AWE device is cheaper, the red
areas where the conventional technology is cheaper.
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Coupled Kite-Ground Station Simulink Model for Optimal Flight
Path Following Assessment
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Crosswind Kite Power Systems (CKPSs), a specific type of
airborne wind energy systems, will operate at higher al-
titudes than conventional wind turbines. CKPSs will fly
through a significant portion of the atmospheric bound-
ary layer, and therefore encounter a wide range of inci-
dent wind profiles corresponding to wide ranging atmo-
spheric stability conditions resulting from synoptic and
diurnal weather conditions. This study aims to demon-
strate an approach to considering realistic wind speed
profiles for a lift mode (a.k.a. pumping mode) CKPS. The
focus is on a time-domain simulation of tethered flight to
follow optimal trajectories solved for both simple and re-
alistic wind speed profiles. The pre-computed trajecto-
ries may not be optimal, or even achievable, when con-
sidering forward-marching flight dynamics compared to
the necessarily simplified optimization flight model. In
particular, ground-station tether reel-in/out speed and
torque envelopes and control directly affect the power
harvesting performance, longevity and robustness of the
system. An approach is being developed to support
ground station control coupled with tether and flight dy-
namics, to explore controller synthesis solutions that do
notexcite thecoupledkiteśtetherśground-station system
dynamics, especially during transitions betweenharvest-
ing and retraction flight phases.

In the proposed approach, the wind speed profiles from
the mesoscale Weather Research and Forecasting (WRF)
model [1] are first implemented in the open source AWE-
box [2] which is then used to determine optimal flight
paths for a range of wind profiles. A flight controller is im-

plemented inaMatlab’sSimulinkmodel to follow thepre-
computed optimal trajectories generated with the AWE-
box in a time-marching dynamic simulation. Dynamic
tether tension, structural loads and energy harvesting
performance are estimated and compared with the of-
fline, idealized control actions obtained with AWEbox.

Theultimategoal is to integrateboth thebase-stationand
flight controllers in the combined systemdynamicmodel
in Simulink, assess the ability and robustness of the con-
trol system to follow those optimal paths, and evaluate
the differences between optimal idealized performance
and that achievable dynamically in the presence of wind
disturbances. This evaluation will also form the basis for
assessing lifetime structural fatigue loads and sizing re-
quirements.

Sample dynamic simulation trajectory result compared to optimal reference
trajectory generated with AWEbox in wind field in x-direction with log profile
starting at 8 m/s for zref = 10 mwith exponent α = 1/7, and winch at (0,0,0).
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Fluid-Structure Interaction of Inflatable Wing Sections
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We investigate inflatable kites made of membranes such
as ram-air [1] and leading edge inflatable [2] kites. The
kites are very flexible and therefore exhibit a strong cou-
pling between fluid and structure. An accurate aerody-
namic model is essential to design kites which are aero-
dynamically efficient and of high steering capability.

In this work, a fluid-structure interaction methodology is
developed to study the steady-state aerodynamics of in-
flatable kites. Theaerodynamic loaddistribution is calcu-
lated using computational fluid dynamics toolbox Open-
FOAM. Steady-state solver with RANS based turbulence
model k − ω SST is used. The structural deformation
is calculated with mem4py [2] finite element solver for
membranes which uses dynamic relaxation method to
find the static shape. The two solvers are coupled with
preCICE [3] coupling tool. Each solver is connected to
preCICE through an adapter and thereafter preCICE takes
care of the coupling such as the parallel communication,
the datamapping for non-matchingmeshes and the cou-
pling algorithm to accelerate the convergence.

The fluid and the structure solvers are validated against
relevant experiments and the coupled simulation frame-
work is used to study the aerodynamics of a ram-air wing
section with uniform pressure inside. The results show
large deformations and therefore the aerodynamic loads
highly depend on the structural deformations. The cou-
pled framework shows a good compromise between fi-
delity and efficiency.

Pressure coefficient around the kite section and streamlines at the
symmetry plane with α = 10◦.

References:

[1] Thedens, P. and de Oliveira, G. and Schmehl, R.: Ram-air kite air-
foil and reinforcements optimization for airborne wind energy ap-
plications. Wind Energy 22(5), 653-665 (2019)

[2] Oehler, J. and Schmehl, R.: Aerodynamic characterization of a
soft kite by in situ flow measurement. Wind Energy Science 4, 1-21
(2019)

[3] Bungartz, H. and Lindner, F. and Gatzhammer, B. and Mehl, M.
and Scheufele, K. and Shukaev, A. and Uekermann, B.: preCICE ś A
fully parallel library for multi-physics surface coupling. Computers
and Fluids 141, 250-258 (2016)

157



Windswept and Interesting Ltd. rotary network AWES with rigid blades (15 September 2019)

158



Oliver Tulloch

PhD Researcher
CDT Wind and Marine Energy Systems

Wind Energy and Control Centre
Department of Electronic and Electrical

Engineering

Royal College Building
University of Strathclyde

204 George Street
Glasgow
G1 1XW

United Kingdom

oliver.tulloch@strath.ac.uk

Modeling Studies on Tensile Rotary Power Transmission
for Airborne Wind Energy Systems

Oliver Tulloch1, Abbas Kazemi Amiri1, Hong Yue1, Julian Feuchtwang1, Roderick Read2
1Department of Electronic and Electrical Engineering, University of Strathclyde

2Windswept and Interesting Ltd

Rotary airborne wind energy (AWE) systems are a class of
AWE that utilize multiple wings arranged to form a rotor.
They rely on auto-rotation to provide both aerodynamic
lift and torque. There are several rotary systems currently
under development, among them the Daisy Kite devel-
oped byWindswept and Interesting Ltd, introduced in [1].
A rotary AWE system must transfer power from the air-
borne components down to the ground, either mechani-
cally or electrically. The Daisy Kite employs amechanical
method referred to as tensile rotary power transmission
(TRPT) system.

TRPT takes the aerodynamic torque produced by the ro-
tor, and through a series of taut lines held apart by rigid
components, transmits the torque down to the ground.
Frommodel-based analysis of the steady state case of the
Daisy Kite, it can be stated that the line tension, the diam-
eter of the rings and the distance between the rings are
the three key factors affecting torque transmission per-
formance. By analyzing the steady state line drag it is
found that the transmission efficiency varies greatly de-
pending on the operating condition. Based on the oper-
ating conditions during field tests the current Daisy Kite
prototype has drag losses of around 7%within the TRPT.

Adynamic representationof theDaisyKite’s TRPTwasde-
veloped throughderivationof thenon-linearequationsof
motion. The dynamic response was then analyzed using
a numerical integration method. While the steady state
analysis gives themaximumallowable steady torque that
the TRPT can transmit, the dynamic representation can

additionally show the maximum change in torque that
can be transmitted and the transmission time for a given
operating state. The dynamic representation can be used
to improve the Daisy Kite’s design and optimize the sys-
tems operating strategy.

This research has been funded by EPSRC, award no.
EP/L016680/1, a Scottish Funding Council Innovation
Voucher and the Energy Technology Partnership.
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References:

[1] Read, R.: Kite Networks for Harvesting Wind Energy. Air-
borne Wind Energy Advances in Technology Development
and Research. Singapore: Springer, pp. 515-537 (2018).
https://doi.org/10.1007/978-981-10-1947-0_21

159



Mac Gaunaa

Senior Scientist
Technical University of Denmark

Department of Wind Energy

Frederiksborgvej 299
4000 Roskilde
Denmark

macg@dtu.dk
www.vindenergi.dtu.dk/english

Investigation of the Effect of Modeling Different Degrees of Detail
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The present work investigates the effect of modelling dif-
ferentdegreesofdetail of thekeyelementsof a crosswind
kite wind energy system. The key performance parame-
ters on which the effect is evaluated are effective lift-to-
drag ratio, tether tension force and power production.

To someextent there is also a pedagogical/didactic scope
of thiswork, for students and those less experiencedwith
crossflow kite wind energy systems to familiarize them-
selves with how important the different key elements are
for the key output parameters of the system.

The models used in the study are simple engineer-
ing models, modelling the main key behaviour without
drowning in an unnecessarily large amount of model de-
tails and/or tweakable constants. For instance, the aero-
dynamic model that is used for relating the aerodynamic
drag to the aspect ratio and the chosen lift coefficient is
the classic lifting line theorywith theadditionof a viscous
profile drag part. The line force and power production is
evaluated using the expressions from Loyd [1].

As an example of the łfirst part of the storyž, the figures
show as function of CL and kite aspect ratio AR the effect
on effective L/D from aspect ratio effects only (Fig. 1), as-
pect ratio + viscous drag (Fig. 2), aspect ratio + viscous
drag + line drag penalty (Fig. 3). The power production
capability (Loyd expression) based on aspect ratio + vis-
cous drag + line drag penalty is shown in Fig. 4. It is seen
that for the given kite area (20 m2), wind speed (12 m/s)
and tether length (500 m) the favored lift coefficient and
aspect ratio is as high as possible if amaximization of the
power is sought.

The main outcome of the present work is to give a quan-
titative understanding of the relative importance ofmod-
elling different key elements in crosswind kite wind en-
ergy systems. References:

[1] Loyd, M. L.: Crosswind Kite Power. Journal of Energy 4(3), 106-111
(1980)

Fig. 1: Aerodynamic lift-to-drag ratio
L/D fromaspect ratio contributiononly.

Fig. 2: L/D from aspect ratio and viscos-
ity contributions = L/D for kite alone.

Fig. 3: Circles represent theCL thatmax-
imize (L/D)eff for a given AR.

Fig. 4: Power produced when pulling
with a reel out vel. that is 1/3 of the
wind vel. Circles represent CL values
that maximize power for a given A.
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