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“Hayabusa” mission
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Space Tethers Will Play a Key Role:
The Project of Japan Will Be A Critical Step

LEO Space Elevator, also
called “Bridge to Space”
by Lockheed Martin
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Figure 1: Principle of operation of a kite wind generator. §&§
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GE 2.5MW series
Rated power: 2.5MW
Rotor: 62.000 kg
Nacelle: 82.000 kg
Tower: 162.000 kg

Ampyx Power 4 series
Rated power: 2.5 MW
Tether: polyethylene (~300 kg)
Airframe: carbon composite (~2.500 kg)
Avionics: state of the art design
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OHAWT (KFUEH) & PkG(Pumping Kite Generator ®LCOE (Levelized Cost of Electricity)

LCOE Comparison Heilmann
Jannis,”The
Technical and
Economic
| - )
HAWT - ® Machine Potential of
= BOS Airborne Wind
2
Annual Cost Kinergy,
PKG_high - UTRECHT
- UNIVERSITY
PKG Master Thesis,
PKG_low 8/30/2012.
- 10 20 30 40 50 60  [€/MWh]
COE
= - Initial Capital Cost low high mid
Kite 59.242 133.182 || 96.212
itk e S besrngs Wing 36.742 88.182 [I] 62.462
T |
O oo KCU 22.500 45.000 [] 33.750
S —— Mechanical Systems 88.402 316.218 l: | 202.310
e Mast 23.883 47.765 [| 35.824
Yawe dowe & beanng
Ml T — Tether 24,000 90.000 [ 57.000
SR Cooina svsiem Winch Drum 2.235 73.600 [] 37.918
Control Safety System, Conditicon Monitoring
Line handling 28.284 84.853 [ 56.569
TAHDRE CAPTTAL COSTITES) Bearings 10.000 20.000 | 15.000
Electrical Systems 372.267 409.404 ] 390.881
‘“*Eifﬁzf.fn%"ffﬁ‘iﬂmin Generator 191.345 210479 [ ] 200.912
He——al Pemmuts Al
= Power electronics 112.800 124.080 [ 118.440
BAL ANCE OF STATION COST (BOS] a7 Yaw drive and bearin£ 26.129 28.742 [] 27.435
0 Hydraulic and cooling systems 13.680 15.048 | 14.364
= = sl Ground station cover 28.314 31.145 || 29.729
e, it prs N s BIOS. & Warranty ss1 Control and Monitoring 39.382 51.199 ] 45.290
Levelized Replacement Cost § per year . Balance of station 199.277 288.749 [ 244.013
OEM $ per turbinedyr 20|
nd Lease Cost] 5
Total ICC 719.189 1.147.643 933.416
Nst ANNUAL ENERGY PRODUCTION Sireray MV SAEF) e Specific ICC 599 956 778
Fixed Charge Rate 1 1.8511
1= Zo TABLE 3-5 SCREENSHOT OF COST MODEL SPREADSHEET, COMPONENT COSTS

KR EOHR (£XK) & PKG(Pumping Kite Generator) D#RL CHX) Ot
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Renewable Energy Laboratory NREL)

The PowerPlane® .'
Renewable electricity cheaper than fossil fuels OAprX Power

airbome wind energy

NREL: Estimated levelized cost of new generation resources, 2018
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Ot D TH] . AmpyxPoweriZ X 5,

Market development O,L\Qrﬁpyx Power

Airborne Wind Energy to replace conventional wind by 2035

airborne wind energy

Market phase
: Independent developersand  Independent developers and
?
Who develops projects? Ampyx Power Ampyx Power + partner tilities utilities
Sales & Contracting
Operational excellence ngllty
Technology development Bradiiction Enal Delivery
Critical success factors Early project development pR Technical availability Cost
o Volume projects . 2
Pipeline development e e Operational effciency
y orsupply Supply chain development
Guanantees
100%
80%
Airborne Wind 60%
Energy 0%
market share
2015-2035  20%
0%

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

e Americas e Europe e Middle East & Africa e Asia & Pacific



Cross-wind vs static flight Compromises

Greater power output
More tether drag, more ﬂigbt automation, human and avian risk
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Lower power output (at same altitude)
Less complex control automation, lower human and avian risk



OMV class
Fly-Gen
Cross Wind
Ground-Gen
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Fly-Gen
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Ground-Gen
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| Moving ground

©MakaniPower CA Aircraft 200-1000mCircle 8m 20kW
2013Google 28m 600kWprototype, 65m 5MW
©Joby Energy CA 2MW Aiircraft circle

Kite power (TUD) (20kW(2012), 100kW-1MW, 24h ©DCP)
©AmpyxPower (NL 5.5m, 6kW(15kW max), 35m 2MW D)
©Kite Gen (Italy 3MW Stem @
©Guangdong Tech. (China IMW)
©Sky sale power (Germany 250kW 1MW 3.5MW OCP

Swiss kite power (Swiss [0kW OCP @ @)mm) Twing Tec
©Kite Gen (Italy SkW (40kW MAX) 4.5m/s ground 3SMW @)

Twing Tec (Swiss 100kW)

EnerKite (Germany 30kW, 100-500kW, ®)

e-Kite (NL 50kW GG Low altitude @)

Kitemill (Norway D)

KU Leuven

Universidad Carlos III de Madrid (Spain ~ WCP)

OKite energy (Italy O0WatUCSB @)
©HSWG (JPN IMW)

NTS (Germany @®
KiteGen Research (100kites with 500m? 1500m radius 1000MW 12m/s)

Altaeros Energies (Aerostat,
©Mnidea

HSWG (JPN 20kW)
LadderMill (TUDelft 20.2kW) - Kite power (TUD)
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AIRBORNE WIND ENERGY CONFERENCE 2017 Freiburg, Germany 2017/10/5-6

HSWG(High Sky Wind energy Generation) on tethered system

Hironori A. FUJII[1][2], Hiroshi OKUBO[3], Yasutake TAKAHASHI[4], Yusuke MARUYAMA[5]

Tairo KUSAGAYA[6], Shigeo YOSHIDA[7], Kazuo ARAKAWA[7], Hiroki ENDO[1][7],

Kenji UCHIYAMAT[8], Kazuichi SEKI[9], and Takeo WATANABE[3]

[1]TMIT & Co., [2]Tokyo Metropolitan University, [3]Kanagawa Institute of Technology,

[4]University of Fukui, [5]Maeda Corporation, [6]Tokyo Metropolitan College of Industrial Technology,
[7]Kyusyu UnlverS|ty, [8]Nihon University, [9]Tokai University
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Fig.1 Makani powertt  The M600 energy
kite (600 k Wi) . (21 Nov-2016)
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Fig.1 Makani powerft The M600 energy
kite (600 k Wi%) (21 Nov 2016)
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(%% : AmpyxPower)

Technology roadmap
Compete with coal at commercial introduction in 2017

e

2013 2014 2015 2016 2017 2018

AP-2A - Current prototypes, 5.5m
BB Powkk W
Propulsion

+ Launch & land
Ongoing research projects to support AP-3 and AP-4
development (offshore, arctic & desert)

+ AP-3A - Full functional ’demonstlrator’, 10-12m wingspan, 250kWésting
Conceptual Func. :;:i i Detailed Manu & Retrofit
phase design . 9 design facturing - Enhanci to
Project development R9 Demonstration parks commerc
ial wind

farms

AP-4A - Commercial PowerPlane, 30-40m wingspan, 2-3MW¥mgtput

Func. Prel. Betaie Manu &
desigr ~ design design facturing Enhancin

Market & project development g Market introduction
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CONCEPT

EVALUATION

KITE

Weight
W/S
Size
Altitude
WIND

POWER

Power[kW]

chord[m]
span[m]
Kite Area; S[m2]
W(kg]
[kg/m2]
6.25
[m]

Wind Speed; U[m/s]
Wind Speed; U[m/s]
Speed Ratio[-]
Relative WS[m/s]
Density[kg/m3]
Dynamic Pressure[Pa]
CL[-]

Lift; L[N]
L/S[kg/m2]

L/W

Tension; T[N]

Reel-out Speed; v[m/s]

Model
Small model

0.05

0.3
1.2
0.36
0.75
2.08
0.24
100

5.4

21.5
1.225
282.57

101.73
28.83
38.44

101.73

0.48

Middle

TwingTec

0.14

0.2

0.6
2.6
4.33
0.4
100

54

21.5
1.225
282.57

169.54
28.83
11.09

169.54

0.8

o % 7 M T (TMITREEH2017Dec25) =R

0.89

0.5

1.5

100

5.4
26.8
1.225
441.52

662.27
45.05

662.27

257.33

1.05
17
17.85
600
33.61
11.9
600

5

7.7

5

38.4
1.225
904.08

1
16137.85
92.25
0.15
16137.85

23.8



= Parrot Disco FPV

Size: 1150 mm X 580 mm X 120 mm
Wingspan: 1150 mm (45™")
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Fig. 5. The linear periodic controller is able to stabilize the system locally
from slightly disturbed system states (solid line), in contrast to the open
loop system (dotted), but let the kite crash onto the ground for a larger

deviation (dash dotted).

Moritz Diehl a,,, Lalo Magni b, Giuseppe De Nicolao bEfficient NMPC of unstable periodic systems using
approximate infinite horizon closed loop costing Annual Reviews in Control 28 (2004) 37-45
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AT DOHIMEI F15 (Receding Horizontil{#!)
http://www.symlab.sys.i.kyoto-u.ac.jp/~ohtsuka/index j.htm
Ohtsuka, T., and Fujii, H. A., “Nonlinear Receding-Horizon State Estimation by Real-

Time Optimization Technique,” Journal of Guidance, Control, and Dynamics, Vol. 19,
No. 4, July-Aug. 1996, pp. 863-870.
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