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\/C'2 C'D ,eq - CD rot)
Cp.y

Vs = cos(¢) cos(v

Assumption 2: azimuth and elevation are constant “effective” values
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cf.. D. Vander Lind. “Airfoil for a flying wind turbine”. US Patent 9,709,026. July 2017.
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cf.: J. Katz and A. Plotkin. Low-Speed Aerodynamics. Cambridge Aerospace Series. Cambridge University Press, 2001. ISBN: 9780521665520. 9
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Assumption 5: no interaction between wings and rotors

cf.: J. Katz and A. Plotkin. Low-Speed Aerodynamics. Cambridge Aerospace Series. Cambridge University Press, 2001. ISBN: 9780521665520. 9
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Assumption 6: wind contribution on

airspeed negligible along tether length

g 1 dt L .7
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cf. e.g.: B. Houska, M. Diehl, Optimal control for power generating kites, in: Proceedings of the 9th European Control Conference,
Kos, Greece, 2007, pp. 3560-3567.
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mechanical load carrier (core)
electrical load carrier/electrical cable:
litz wire (+/ )
insulator

- grounded shield

- electrical cable jacket
room for communication cables

tether jacket
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Mechanical strength:

Electrical resistance:

Dielectric strength:

Total diameter, mass:

Feasibility condition:

Fte,max ™ Ate,core

R Lte
te,wire ™
Ate,wire
Rte,wire | Rte,wire
Rte — |
nte,c,—l— nte,c,—

Ete,ins — f(Ute,na I'wire wins)

[straight-forward summation|

[no overlapping electrical cables|
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“Aerodynamic” power:
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“Aerodynamic’ power:

Pa

Assumption /: actuator disk
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Arot,s
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Single rotor:
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“Aerodynamic” power: P, = §pAvaC'D,mt
Assumption /: actuator disk
/\ Single rotor:
Frot,s — 2,0Arot,sv
> > —
/ Ugy (1 — a,)?]a (1 — QCL)fUa Prot,s — 2,0Arot,sv
Arot,s \/
: nrotArot S
—» After conversions: Cbrot =4 y ~a(l—a) and 4 =1—a

N—— ——

T'rot
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Assumption 8: constant efficiency factors for others
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Assumption 9: logarithmic wind shear

with  h = hio + Lie sin(v)

Assumption 10: Rayleigh distribution

UZ
_ UWahref Wahref
P0u) = Syt exp

Wahref
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Assumption 11: launch & landing energy consumption negligible
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Assumption 11: launch & landing energy consumption negligible

. 760h [

Year energy vield: FEelyr|Wh/yr| = Iy /P(Uw,href)Pel,Jr(Uw,href)de,hmf
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Assumption 11: launch & landing energy consumption negligible

O

8,760 h
Year energy vield: FEelyr|Wh/yr| = Tvr '/p(vw,href)Pe1,+(Uw,href)de,href
0
. -k
LCOE: LCOE Eoror
Yearly costs: = Kinv + Kop

/1_|_]T/yr \

1nv — 1nv Kinv
(1+ DT/ -1

Total capital costs: Kiny = kat el n-ins + Kinv o&p
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Assumption 12:
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Assumption 12:  Vow h.; € [0, Vw hyor cut-out] * argimax Py & argymax P j

Assumption 13: \/CE + C% . ~ CL
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Key ideas

serious estimates/better models for investment costs of other parts/profit margin
as well as for mass: not possible/too hard
= I[INSTEAD: compute “maximum allowed” investment costs and

"maximum allowed”™ mass as result, which are requirements for detailed design

rearrange equations into sequence of explicit analytical equations
optimize free design parameters w.r.t. cost function w/ constraints w/ CMA-ES

A

o Kino ot
optimization problem: max inv,0&p

J A
st. y<y<y
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Parameter Value

nominal airfoil lift coefficient 4.16

tether length 370.67 m
elevation angle 19.36 °

tether voltage 9.8 kV
maximum allowed investment costs (0&p)/wing area 56 k$/m?
total maximum allowed investment costs 5.5 Mio. $
energy vield per year 18.5 Mio. kWh
tether mass 1.1t
maximum allowed kite mass 11.7 t
maximum allowed kite mass/wing area 140 kg/m?

wing loading 1.6 t/m? 20
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Summary of key results of further parameter studies:

tether material selection and nominal voltage have almost no effect
high airfoil lift and high wing loading are required for high maximum allowed

cost and a high power density

wide Region Ill(a) enables much lower wing loading and higher maximum
allowed cost
a (low) tower might cover more than its own cost

for offshore, the maximum allowed cost is more than the double

the technology is scalable: the larger the system, the higher the power density

and maximum allowed cost

the model can reproduce measured data by Makani (model verfication, at

least in part)
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Source of left (bottom) figure: Damon Vander Lind. “Analysis and Flight Test Validation of High Performance Airborne Wind Turbines”. In:
Airborne Wind Energy. Ed. by Uwe Ahrens, Moritz Diehl, and Roland Schmehl. Berlin, Heidelberg: Springer Berlin Heidelberg, 2013. Fig. 28.12. 33
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Achievements:

e multidisciplinary steady drag power kite model

e covers dominant effects of all involved disciplines

o explicit, mostly analytical (white-box), based
e can reproduce measurements by Makani

e numerous parameter studies

Outlook:

on first principles

e my dissertation/our papers: all details and additional enhancements

e airfoil optimizations
e verifications: wind tunnel, higher fidelity moc

on the way, small-scale (20 kW) kite plannec

els, tiny-scale (1 kW) kite
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