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Abstract

This paper presents a preliminary assessment of an Airborne Wind Energy

(AWE) system that is conceived to harvest energy from portions of the wind

field at the extreme high altitude of jet-streams. The concept is based on a set

of - at least two - autonomous drones that fly coordinately and are connected

with traction tethers. The proposed architecture and the control laws of the

drones make it possible to overcome the typical limits of AWE systems that

constrain their optimal flight altitude to a few hundred meters.

We introduce a simple numerical model that makes it possible to predict the

output power of the proposed system. Such a model captures the most signifi-

cant real-world issues such as the effect of the weight of airborne components,

the limits of structural/electrical elements, and considers take-off constraints.

A numerical case study is analyzed considering a large scale system in Saudi

Arabia. For such a device, the power curve is computed and, using real wind

data, a nominal power output of approximately 18 MW with 30% capacity fac-

tor is estimated.

Keywords: Airborne Wind Energy, AWE, drone, control line, Wind drones,

renewable energy, kite power, wind power, Google, Makani, high altitude
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1. Introduction

In the upper region of the atmospheric layers, winds are more powerful,

steadier and more persistent than at lower altitudes, where conventional wind

turbines usually operate [1]. At several thousand meters above sea level, jet

streams currents can reach power densities as high as 15 kW/m2 ( i. e. 50-

100 more power than typical values at ground level) with typical availability

of more than 30 %. In the field of wind energy, the last decade has seen a

growing interest in a novel kind of technology that is conceived to harvest the

untapped power carried by winds that blows at high altitudes. The sector of

Airborne Wind Energy (AWE) was born with the aim of taking on this challenge

by introducing a radical novel technological approach in the methods that are

employed to harvest energy of winds. Specifically, AWE systems are able to

convert wind energy into electricity with the employment of tethered airfoils

that fly in crosswind under autonomous control. This novel systems, not only

warrants the possibility to reach winds at high altitudes, but also features a very

limited use of structural elements and foundations - if compared with traditional

wind turbines. This makes it possible to foresee a significantly reduced cost of

energy that can eventually compete with fossil fuels. Practically, these airborne

systems can be classified as a kind of drones designed to harvest wind energy

and will be referred hereafter as Wind Energy Drones (WEDs).

In the last decade, various architectures of WED systems have been pro-

posed and for some them prototypes has been built and successfully tested and

currently, many research institutes and companies from all over the world are

working on filling the gap between science and market [2]. Early studies in

AWE were thus focusing on high altitudes, at several thousand meters above

ground level [3]. However, in spite of several research efforts, present WEDs

are limited to several hundred meters [4, 5, 6]. The reason for this, which is

better explained in section 2, can be identified in the problem imposed by the

aerodynamic drag of the cables [7]. The gain in power provided by the strength

of winds at high altitude is not enough to compensate the loss in power through
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cables drag that increases with their length. Several concepts have therefore

been proposed and patented to overcome this limitations and achieve near-zero

cable drag [8, 9].

This paper presents the first detailed assessment a system based on a dual

WED architecture in which the two aircrafts with on-board generators are

connected to ground with Y shaped tethering; a concept that was first en-

visioned in patent [8] in 1976 and has been later investigated by several au-

thors [7, 10, 11, 12].

While previous studies mainly focused on modelling and control issues, this

paper aims at providing a first evaluation of the power capabilities of a large scale

dual-WED system. Specifically, a model that combines essential aerodynamic,

electrical and mechanical aspects is developed to derive a simplified power curve.

This model takes into account important real-world constraints such as the mass

of drones and tethers, plus structural and electrical constraints of the cables and

hovering constraints.

A case study is implemented on the basis of a site-specific wind data at jet

stream elevation foreseeing a power of 18 MW with 30% capacity factor.

The contents are organised as follows. Section 2 explains the jet stream

altitude concept and the working principle of the dual WED system, Section 3

presents the mathematical model that is employed to evaluate the performances

of the system and Section 4 gives a megawatt scale numerical example based

on real wind data. The numerical solver of the equations is described in the

appendix.

2. Jet stream altitude wind drone system

Before explaining the WED concept that is proposed and analysed in the

following sections, it is useful to recall the working principle of the single fly-gen

wind drone, i. e. the concept investigated by Google-Makani and others [4, 13].

In a single fly-gen WED, electric energy is produced on board of the aircraft

during its flight and it is transmitted to the ground trough a special rope which
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integrates electric cables. The fly-gen plane takes off pointing upwards, driven

by the propellers thrust. This take-off mode is similar that of a quadcopter

and the on-board rotors are used as engines. During take-off the rope reels out

from the ground station. The reel out direction is mainly downwind. Once that

the rope has been unwound, the single WED changes flight mode becoming a

tethered airplane. In this second flight mode a circular crosswind flight path is

powered by the wind itself and the on-board rotors are used as generators to

extract power from the wind. During this phase the cable length is fixed. An

animation of the working principle for a single fly-gen drone is available in [14].

For a given absolute wind speed Vw, with air density ρ, angle of altitude β,

lift and drag coefficients of the drone CL and CD referred to a drone wing area

A, cable diameter d and length l, drag coefficient of the cable C⊥, the nominal

power that can be extracted by a single wind drone can be computed with the

well known formula as in [2]:

Pnom =
1

2
ρ (Vw cosβ)3

4

27

(
CL

CD + dlC⊥
4A

)2

CLA

It is very important to notice the power output reduction due to cable drag

(dlC⊥)/(4A) CD increases with the cable length dramatically. In the attempt

of choosing coefficients and dimension of practical interest, it easy to observe

that it is very difficult to design a system for extreme high altitudes. Actually,

the gain obtained in reaching the powerful high altitude winds by increasing

the cable length will soon result in a net loss due to dissipation in cable drag.

This is why the optimal altitude for a single fly-gen wind drone is usually set at

relatively low altitudes of a few hundred meters. This issue is currently limiting

the real competitive advantage of WEDs and translates into a relatively minor

improvement with respect to conventional wind turbines.

For the above mentioned reasons in this work we further develop the analysis

of a solution to overcome this physical limit that was originally proposed by [8]
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and later investigated in [7, 10, 11, 12, 15]

This concept consists in (at least) two crosswind drones that share a common

part of their cables (see Fig. 1 top). One main longer cable connects the ground

station to a split point where the two cables (hereafter called dancing cables)

that reach each drone are attached.

The drones are controller in a way to approximately follow the same circular

trajectory maintaining diametrically opposed positions. Such circual trajetory

is chosen in a way to minimize the absolute velocity of the split point.

If this working condition is achieved, the longer-shared cable is not moving

and does not generate any drag, and aerodynamic losses are only generated

by the two shorter cables. This solution may allow to considerably increase

the length of the cables ( i. e. the altitude) while keeping the aerodynamic

losses substantially constant thereby achieving a major gain in the power output

because of the stronger high-altitude winds.

Because of its complexity, it was hard to envision a real technological viability

for this system when it was first sketched back in 1976 [8]. Only recently,

because of modern enabling technologies, several studies were conducted about

this concept. In [10] a nominal power output of 6 MW is envisioned with a

double fly-gen drone system of 100 m2, in [11] a dual airfoil system is modelled

together with a rotational take-off system and in [7] the momentum balance of

the airflow for a dual drone system is investigated.

The present work focuses on assessing the power output of a jet stream

altitude WED system including real-world constraints such as the weight of

the cables, the dissipated heat due to joule effect in the electrical conductors,

and their resulting temperature rise. Specifically, two different cable layouts are

therefore proposed in Fig. 2. The first layout assumes a coaxial cable having the

structural and electrical part in the same axis. This coaxial layout is simpler but

requires a low electrical resistance in order not to heat up the structural cables.

A second layout proposes the electrical conductors outside the structural cables

in order to allow higher temperatures of the electrical cables thereby increasing

the Joule losses but at the same time reducing the weight of the cables.
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Figure 1: Layout of a jet stream altitude wind energy plant. Two rotating drones

extract 18 MW of wind power at 10000 meters altitude, convert it into electricity thanks to

on-board wind turbines and send it to the ground through light-weight electrical cables. The

sketch is roughly to scale. A ‘conventional’ wind drone (Google-Makani style) of similar size

would generate 0.6 MW and a wind turbine of similar size produces 1.5 MW.
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Figure 2: Schematics of the cable arrangement for jet stream altitude WEDs.

Proportions are distorted for the sake of clarity. Two different layouts are shown. 1) Left

configuration features a coaxial cable with integrated structural and electrical functions i. e.

the cable is a composite structure made of structural wires to resists to traction forces of the

airborne system and the conductive aluminum wires to transfer the power from the airborne

generators to the ground. 2) Right: a more complex arrangement has the electrical cables

that runs in parallel with the structural cable.
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3. Model

This section introduces the mathematical model that makes it possible to

asses the nominal power output of the jet stream altitude dual WED system

presented in section 2. The nominal power output will be then used in Section 4

to provide a simplified and conservative power curve of a large scale dual drone

system.

3.1. Model hypotheses

Section 3.2 describes the basic geometrical relations employed to describe the

kinematics of the system. The lengths of the longer shared cable the two dancing

cable are computed from the nominal altitude and elevation angle assuming

straight cables (i.e. neglecting the cable sag) by means of a simple trigonometric

equation.

The split point of the long common cable is assumed to be kept fixed by ap-

propriately controlling the two drones. Each drone is assumed to fly in steady

state crosswind flight and at constant altitude, i. e. the radius of the trajectory

of the WEDs is much smaller than the length of the common cable. Each danc-

ing cable is assumed to be subjected to a triangular relative wind distribution

while the fixed common cable is assumed to be subjected only to a site-specific

absolute wind shear distribution that is computed in Section 3.3 assuming low

tether sag.

Section 3.4 recalls known models for estimating the steady-state nominal

power output [4, 13] and also adds a 2D mechanical equilibrium (Fig. 3) in order

to take into account also the effect of drone mass and of the distributed cable

drag due the absolute wind velocity. The mass of the two drones is assumed

to be lumped to a single point mass at nominal flight altitude. The distributed

cable drag force is conservatively assumed to be applied at the nominal fight

altitude.

The structural cable diameter is related to the drone lift by considering the

nominal breaking strength and a safety coefficient as in Section 3.5.
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Considering that the cables are very long, Section 3.6 takes into account the

dissipated power though Joule effect and the resulting temperature of the cables

surface. The power cables are therefore assumed to be an ohmic circuit coupled

with a constant convective heat transfer model through a cylindrical surface.

The cables represent the most important mass-payload of the drones. Even

though a small tether sag is assumed to be negligible when computing the cable

length and the distributed cable drag, such a small tether sag has an important

effect in the 2D mechanical equilibrium (Fig. 3). Thus the tether sag angle

at the nominal altitude is computed by approximating the cable shape as a

parabola as described in Section 3.7.

Finally the electrical power output is computed in Section 3.8.

3.2. Geometrical relations

This subsection is dedicated to illustrate the geometric parameters and re-

lations. Specifically, the distance between the ground station and the center

of the circular trajectory of the two drones, lfd, is directly computed from the

nominal flight altitude, H, and the elevation angle, β, with a basic geometrical

relation (see Fig. 3).

lfd =
H

sinβ
(1)

Under the assumption of low tether sag, the distance lfd is a good approxi-

mation for the length of fixed and dancing cable, defined as the sum of the length

of the shared fixed cable, lf , plus the length of one dancing cable, ld, projected

along the fixed cable direction through the half-angle between dancing cables,

γ,

lf = lfd − ld cos γ (2)

The two-way length of the electrical cables, le, is twice the length of the fixed
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cable and two dancing cables (see Fig. 2). All electrical tethers are conservatively

assumed to have constant section.

le = 2 (lf + 2ld) (3)

3.3. Distributed drag on fixed cable

The horizontal drag force generated by the absolute wind along the fixed

cable, Fhd, is non negligible and can be approximated as:

Fhd =

∫ H

0

1

2
ρ (h)Vw (h)

2
C⊥ (2dpc + 2dec) dh (4)

where ρ (h) is the air density as a function of altitude; Vw (h) is the absolute

wind speed as a function of the variable altitude h; C⊥ is the perpendicular

drag coefficient of the round cable; dpc is the diameter of each polymeric cable;

and dec is the diameter of each electrical cable.

3.4. Crosswind fly-gen flight and drone mass

The operating wind speed (equal to the cut-in wind speed), Vci, is projected

considering three angles. Not only the elevation angle, β, as done in previous

literature [16, 2], but also the angle induced by the cable mass, θc, and the angle

induced by the drone mass, θd, that will be explained later. The projected cut-in

wind speed, Vcip, is therefore:

Vcip = Vci cos(β + θc + θd) (5)

The equivalent diameter of the dancing cable, deqd, is computed as the sum

of the diameter of the polymeric cable, dpc, and the diameter of the two electrical

cables, 2dec.

deqd = dpc + 2dec (6)
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The equivalent aerodynamic efficiency of each drone, Eeq, is computed as

in [17]:

Eeq =
CL

CD +
deqdC⊥ld

4Ad

(7)

where CL and CD are the lift and drag coefficients of the wing, respectively, Ad

is the wing surface and C⊥ is the perpendicular drag coefficient of each dancing

cable.

The power output for the two drones, P2, is computed with known mod-

els [13, 2] also taking into account the momentum conservation efficiency1, ηm,

and the efficiency of the electric turbines ηt.

P2 = 2

(
1

2
ρHV

3
cip

4

27
E2
eqCLAdηmηt

)
(8)

where ρH is the air density at the flight altitude, H.

The flight speed of each drone, Vd, is computed as in [13]:

Vd =
2

3
VcipEeq (9)

and the lift force generated by each drone, L, is:

L =
1

2
ρHV

2
d CLAd (10)

As shown in Fig. 3, the equivalent lift force, L2, generated by the two drones

1ηm takes into account the momentum conservation applied to fly-gen airborne wind tur-

bines. Theoretically, it is possible to have ηm approaching 1 in case the onboard rotors area is

much bigger that the wing planform area, as explained in details in [4], in paragraph 28.2.5,

where ηm is called η or also 1−a. For practical real world dimensions, this value is also shown

to be very high.
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together is:

L2 = 2L cos(γ) (11)

The equivalent lift is used to compute the horizontal and vertical force bal-

ance (Eqs. 12 and 13, respectively) also including the tension in the fixed cable,

Ff , the mass of the two drones, 2md and the distributed drag on fixed cable

Fhd. Notice that with a moment balance at the ground station, Fhd should be

included in Eq. 12 with a discount factor between 1/2 and 1. A conservative

factor of 1 is chosen. In this steady state model, it is assumed that the roll

angle of each drone is increased by θc and θd so that the lift force points more

upwards and balances the downward gravity components as shown in Fig. 3.

L2 cos(β + θc + θd) + Fhd = Ff cos(β + θc) (12)

L2 sin(β + θc + θd) = 2mdg + Ff sin(β + θc) (13)

3.5. Structural equations of dancing cables

The tension in each dancing cable, Fd, is assumed to be equal to the lift

force generated by the drone:

Fd = L (14)

A basic structural cable model takes account of the area of each polymeric

dancing cable, Apc, the breaking strength, σpc and the safety factor, ηpc

Apc =
Fd ηpc
σpc

(15)
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Figure 3: Force balance at drones. The lift forces and the gravity forces of the two drones

are summed up and considered as acting on a single point. The figure shows the lumped force

equilibrium at this single point. The cable shape (together with the angle θc) is given by

the linear mass of the cable and its tension Ff . The gravity force acting on the two drones

is compensated by the angle θd. Note that in this balance the two drones are assumed to

be in steady state flight, flying perpendicular to the screen and that the angle θd aims at

representing the influence on the roll angle for both drones.
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The polymeric dancing cable cross-section is circular

dpc =

√
4

π
Apc (16)

3.6. Electrical equations

The electrical current in the circuit, I, is related to the generated power and

the voltage of the on-board turbines, Vt

I =
P2

Vt
(17)

A basic thermal model relates the dissipated power per unit length, Pdl, to

the temperature difference between the surface of the electrical cables and the

environment, ∆T , and to the diameter of the electrical conductor, dec, through

the convective thermal coefficient hair. ∆T is assumed constant throughout the

whole length of the cable.

dec =
Pdl

∆Tπhair
(18)

The relation between the total dissipated power, Pd, and the dissipated

power per unit length is straightforward

Pdl = Pd/le (19)

The total dissipated power is generated by Joule effect and depends on the

electrical resistance of the cable, Rec

Pd = RecI
2 (20)
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The electrical resistance of the cable is linked to the cable dimensions by

means of the second Ohm’s law:

Rec =
leρeAl
π
4 d

2
ec

(21)

where ρeAl is the resistivity of the conductor.

3.7. Fixed cable mass and shape

The linear mass of the fixed cable, mfl, is the sum of the linear masses of

two polymeric dancing cables and two electrical cables (see Fig. 2):

mfl = 2Apcρmpc + 2
π

4
d2ec ρmAl ηmAl (22)

ρmpc and ρmAl are the mass densities of the polymer and of the electrical

conductor, respectively, and ηmAl is a safety coefficient that aims at taking into

account the mass for additional insulation or coating fixtures.

In order to model the effect on the power output from the cable gravity

force, the shape of the cable is approximated as a parabola that passes through

the ground station and the center of the circular trajectory of the two drones.

Using a parabola instead of a catenary curve is valid under the hypothesis of

small tether sag, i. e. when θc is small. The parabola has equation y = ax2 +

2ax1x. Eq. 23 computes the coefficient a and Eq. 24 computes the coefficient

x1 geometrically.

a =
mflg

2Ff
(23)

x1 =
tanβ

2a
− lfd cosβ

2
(24)

The geometrical derivative of the parabola at the flight mid point allows to
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compute the tether sag angle:

θc = arctan (2a (lfd cosβ + x1)) − β (25)

3.8. Power output

The electrical power output is straightforward:

Pout = P2 − Pd (26)

The next section shows how this model can be used to derive a power curve of

a large scale dual drone generator by means of a numerical example.

4. Power curve of a large scale wind drone system

This section presents an example of a megawatt scale dual WED system. Af-

ter estimating the nominal power output with the model presented in Section 3,

a conservative power curve is presented by means of the following additional

hypotheses:

• the nominal wind speed is directly computed from the statistical wind

distribution at the nominal flight altitude given a chosen Capacity Factor

(CF). The nominal wind speed is the CFth percentile of the distribution.

• the system is assumed to work only when the absolute wind speed is

higher or equal to its nominal wind speed, i. e. the nominal wind speed

is conservatively assumed equal to the cut-in wind speed. The system is

assumed to be switched off when the wind speed is lower.

• the plant is assumed to work at the cut-in/nominal wind speed also when

the wind speed is greater than the cut-in/nominal wind speed. In this

case, the plant would work below its theoretical optimum and the excess

power is assumed to be managed by means of spoilers or other control

factors that are neglected in this analysis.

• the cut-off wind speed is neglected.
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The resulting power curve is thus simplified into a step function and it only

has an on/off threshold at the cut-in/nominal wind speed (see Fig. 5).

Each drone is assumed to have a wing area of 124 m2 and is assumed to

operate at 10000 m altitude in Saudi Arabia, the nearest region to Europe with

large availability of jet streams currents [18] where 15.5 kW/m2 are available

for more than 30% of the time at high altitudes (see Fig. 4).

Figure 4: Wind Power Density as a function of altitude in Saudi Arabia. The chart

shows the value of the wind power density (on the x axis) that is exceeded 30% of the time

at different altitudes (on the y axis). The wind carries 15.5 kW/m2 at 10250 m, 51 times

more than at low altitude. The data are taken from 432 radiosonde measurements of the wind

speed as function of altitude at King Fahd Airport in Saudi Arabia throughout 2015 [19]. The

jet streams carry similar power densities in many other countries, especially United States

(north east), Canada (north east), Egypt, China (north east), Korea, Japan, South Africa,

Argentina, Chile, Australia (south).

The system generates 18 MW with a 30% capacity factor, while it is off

during the remaining seventy percent of the time. The simplified power curve is

17



shown in Fig. 5. Similar results could be obtained in the United States (north

east), Canada (north east), Egypt, China (north east), Korea, Japan, South

Africa, Argentina, Chile, Australia (south). In Europe the power output is

expected to be less than 18 MW but the presented wind energy drone generator

should easily achieve the megawatt scale all over the planet.

Figure 5: Power curve of the jet stream altitude wind plant. The jet stream altitude

wind drone system is assumed to work with a simplified power curve (red line) that has a cut-

in wind speed of 42.1 m/s. The wind statistical occurrence at 10000 m altitude is represented

by the blue bars and it is highlighted in dark blue when the wind speed allows the generator

to be switched on (dark blue bars).

To the authors best knowledge, all the most important constraints including

gravity, structural, electrical and take-off limitations are satisfied and all the

numerical parameters were chosen to yield a conservative estimate of the power

output. Furthermore, the capability of reaching the jet streams shows a low

sensitivity with respect to all the involved parameters.

The full list of input parameters is available to the scientific and industrial

community in Table 1 and the results are shown in Table 2 and in Figs. 5 and 6.
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4.1. Optimal altitude at jet streams

For the considered large scale wind drone system, the power output is max-

imized when choosing an operating altitude of 10000 m, where the jet streams

carry at least 15.5 kW/m2 for 30% of the time. Choosing a lower operating

altitude would result in a lower power production.

Figure 6: Jet stream altitude wind drone system and other wind energy technolo-

gies. Dimensions approximately to scale.

4.2. Power coefficient of the jet stream altitude wind drone system

An important parameter that is used to describe the technical performance

of a conventional wind turbine is the ratio between the nominal power output

and the available wind power 1
2ρV

3
wAr through the rotor surface Ar, this number

is the so called coefficient of power, CP . It is important to remember that the

maximum theoretical CP for a conventional wind turbine is the so called Betz’s

limit and it is equal to 16
27 .

Also, unless many drones are fitted into the same circular flight path (an-

nulus), the Betz’s limit (as we know it) does not apply to wind drones, mainly
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Plant input

Capacity factor CF 30 %

Flight altitude H 10000 m

Wing area of each drone Ad 124 m2

Elevation angle β 20 deg

Half-angle between dancing cables γ 45 deg

Length of each dancing cable ld 300 m

Aerodynamic input

Lift coefficient of drone CL 1.5 ( )

Drag coefficient of drone CD 0.15 ( )

Drag coefficient of each dancing cable C⊥ 1 ( )

Momentum conservation efficiency ηm 0.97 ( )

Polymeric cables

Structural safety factor of polymeric cable ηpc 1.25 ( )

Breaking strength of polymeric cable σpc 1500 N/mm2

Mechanical input

Mass of each drone md 5000 kg

Mass density of polymeric cable (UHMWPE) ρmpc 997 kg/m3

Mass density of electric cable (Aluminum) ρmAl 2700 kg/m3

Mass safety factor of electric cables (insulation) ηmAl 1.3 ( )

Electrical input

Efficiency of the electric turbine ηt 0.85 ( )

Nominal voltage difference at turbines Vt 35000 V

Electrical resistivity (Aluminum) ρeAl 3e-8 Ω m

Convective heat exchange coefficient hair 6 W/(m2 K)

Temperature difference (electrical cable vs air) ∆T 300 ◦C

Table 1: Input parameters. A parameter is chosen to be an input when it is either: a

design choice, a constraint, a variable to be optimized in the future, or a variable that can be

linked to other phenomena by nesting it into an additional iterative loop.
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Wind data @ King Fahad Airport, SA

Air density at altitude ρH 0.41 kg/m3

Cut-in wind speed at altitude (30 % CF) Vci 42.1 m/s

Plant output

Power output of the plant Pout 18 MW

Cut-in wind speed at altitude (projected) Vcip 33.9 m/s

Length of fixed and dancing cable lfd 29238 m

Length of fixed cable lf 29026 m

Diameter of dancing cable (equivalent) deqd 64 mm

Flight speed of each drone Vd 179.3 m/s

Equivalent aerodynamic efficiency of each drone Eeq 7.9 ( )

Mechanical output

Diameter of each polymeric dancing cable dpc 36 mm

Cross section of each polymeric dancing cable Apc 1020 mm2

Linear mass of fixed cable ρf 3.1 kg/m

Tension in each dancing cable Fd 1.22 MN

Lift generated by each drone L 1.22 MN

Tension in fixed cable Ff 1.81 MN

Equivalent lift generated by the two drones L2 1.73 MN

Angle induced by cables mass θc 10.9 deg

Angle induced by drone mass θd 5.6 deg

Cable parabolic parameter a 8.5e-6 m−1

Cable parabolic parameter x1 0.8e+4 m

Distributed drag to fixed cable tension Fhd/Ff 9 %

Electrical output

Length of electrical cables (2 way) le 59252 m

Power generated by the two drones (gross) P2 22.8 MW

Dissipated power in cables (Joule effect) Pd 4.8 MW

Dissipated power in cables (Joule effect) (linear) Pdl 80.3 W/m

Diameter of each electrical cable dec 14 mm

Electrical resistance of cables Rec 11.22 Ω

Electrical current through cables I 651.1 A

Post-processor hovering output

Mass of 1000 meters cable mc 1000 3144.7 kg

Available specific electric consumption for hovering HSEC 1190.7 W/kg

Min area of each rotor (6 rotors per drone @ 1000 m) Asr 2.2 m2

Table 2: Output parameters.
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because the hypothesis of mono-dimensional flow does not hold true with respect

to the annulus and on-board fly-gen turbines are subjected to a much weaker

limit [2, 4, 7]. For example in this assessment, given the very large area of the

annulus that is swept by the drones, the ratio between the power output and

the power carried by the wind through the projected annulus is about 4%, a

very low value if compared to e.g. a value of CP = 45% for a conventional wind

turbine. However this low efficiency is not relevant during techno-economical

optimizations and it is not a weakness of wind drones. If the cost of the wind

drone generator is low and the output is large, having this 4% efficiency has to

be regarded as a strength, in that it demonstrates that the margins for power

optimization are large.

5. Future works

Possible future investigations may include: a dynamic model of a multi

WED system, a more realistic power curve that has a cut-in wind speed lower

than the nominal wind speed, this will certainly increase the foreseen power

output; a techno-economical optimization of the jet stream altitude WED with

a genetic algorithm; an optimization of the number of flying drones would also

be interesting, as it is reasonable to expect that more that two drones can

produce more energy at a lower cost by sharing a common cable; different take-

off and landing platforms and their control strategies might be investigated,

e.g. ground rings for horizontal take-off of tethered drones or a multi-perch

system for vertical take-off, or convertiplane-like drones, or a dual drone that can

become one single drone or re-detach to increase the power output or maximize

stability, a faired rope for the dual drone system; moreover, means to achieve

the required fast circular motion including additional lifting surfaces on the

drones or other cable layouts are also an interesting topic, e.g. additional fixed

or moving surfaces at an angle with respect to the wing, or a movable cable

attachment point; finally, means to achieve the helicopter-like pitch variation of

the drones during the rotary motion could be investigated.
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For example, a possible take-off method inspired to the discipline of control

line flight [20] is shown in Fig. 7. In this representation two drones are connected

by an horizontal cable at their starboard wing tip so that the mid point of the

connection line is in the center of the take-off ring. (Fig. 7 top). The midpoint

of the connection line is assumed to be connected to the main cable through a

rotational joint. The main cable is connected vertically to the ground station

(represented by a cube). The drones accelerate on the circular airstrip until take-

off speed is achieved. Having detached from the ground, the drones are free to

go up until the desired length of the main cable is reached (Fig. 7 bottom-left).

Once that the desired length is reached, the drones (that keep rotating) are

controlled in order to rotate the main cable towards the wind direction (Fig. 7

bottom-right). After that the slope of the main cable is set, the main cable

stands still, the rotation of the drones is sustained by auto-rotation thanks to

the wind, and the motors (that do not require power any longer) are used as

generators.

6. Conclusions

In this paper, the power production of a large scale jet-stream-altitude Wind

Energy Drone (WED) system is assessed. A set of simple algebraic equations

has been used and all the most relevant physical phenomena and constraints

have been considered.

Being not limited by the cable aerodynamic drag, the jet stream altitude

wind drone system is shown to be the first Airborne Wind Energy concept that

increases the power production with increasing altitude, thus allowing to reach

the dreaming power of jet streams.

A power curve of a jet stream altitude wind drone system based on real wind

data in Saudi Arabia is also shown. Comparing to the 1.5 MW of a wind turbine

that has blade length equal to the wing-span of each drone, or comparing to

the already promising 0.6 MW forecast of a single wind drone (Google-Makani

concept), this study foresees a power production of 18 MW from a large scale
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Figure 7: Take-off ring. Two wind drones are linked by a cable at their starboard wing-tip.

They accelerate along a circular landing strip using the power from the motors until take-off

(top). After take-off, the two drones lift the main cable to the desired altitude (bottom-left).

At the desired altitude, the main rope is oriented towards the wind while the two drones keep

rotating (bottom-right) and finally the generation phase can start, i. e. the main cable is kept

fixed and the drones continue to rotate thanks to wind power while using their motors as

generators.
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jet-stream-altitude wind drone system with a capacity factor of 30%.

Finally a take off ring for horizontal take-off of a multi WED system is

presented for the first time.

These promising physical foundations of jet stream altitude wind drone sys-

tems may allow to build an incentive-free renewable energy technology, fostering

a revolution in the energy market.
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APPENDIX: Fast solver based on non-linear iterative nested loops

Non-linear systems are difficult to solve in that no specific methodology

guarantees a solution and multiple solutions are generally possible. However, a

solution method for the non-linear system presented in section 3 is found to be as

follows: first the cut-in wind speed of the plant is computed by a pre-processor,

then an iterative procedure solves the non linear equations, and finally a post-

processor performs some double checks to avoid errors in the implementations.

It is important to notice that this particular solution method depends on the

set of variables that are assumed to be inputs and the set of variables that are

assumed to be unknown (outputs). The full list of input and output parameters

is shown in Tables 1 and 2.

6.1. Pre-processing wind data analysis

A pre-processor is used to compute the operating wind speed depending

on the specific site data. More specifically, the pre-processing routine has the

following inputs:

• The desired capacity factor of the plant, CF

• The working altitude of the drones, H

• The statistical wind data in the chosen site in the reference period

and the pre-processor outputs are:

• The operational/cut-in wind speed, Vci (computed as the CFth percentile

of the wind speed statistical distribution at the operating altitude, H)

• The average air density at the operating altitude, ρH

• The wind speed and air density distributions at different altitudes, Vw(h)

and ρ(h)

The wind statistics are extracted from the radiosonde database in [19] and the

average air density is computed with the ideal gas law ρH = pH/(287.05 TH),
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where pH and TH are the average pressure and temperature at the operational

altitude in the reference period expressed in Pa and ◦K respectively.

6.2. Solver processing

After that the operational/cut-in wind speed and the air density are com-

puted by the pre-processor, the system of 26 equations in 26 unknowns intro-

duced in Section 3 is solved with a recursive iterative procedure. The equations

are arranged into four nested iterative loops as shown in Fig. 8. Numerical sta-

bility and convergence in a wide range of input data are achieved by having the

inner core to solve the well known AWE algebraic models used for first assess-

ments and then adding external loops for each physical phenomenon that needs

to be analyzed.

With reference to Fig. 8, first, Equations 1, 2, 3 are solved to compute the

geometrical parameters, then an initial guess is made for the following three

variables: θc, dec, dpc. Then Eq. 4 is solved, and the fourth guess θd is made.

Subsequently, the core Equations 5, 6, 7, 8, 9, 10, 11, 12, 13 are iterated in

the inner loop until the fourth guessed variable θd converges. Then the cable

structural Eqs. 14, 15, 16, together with the whole inner loop and the drag

equation Eq. 4, are iterated in the second-to-inner loop until the third variable

dpc also converges. Note that for each single iteration pass of the second-to-inner

loop, the inner loop is solved with several iteration passes. Now that both the

fourth and the third variable θd and dpc converged, the electrical equations in

the third-to-inner loop, Eqs. 17, 18, 19, 20, 21 are iterated together with the

second-to-inner loop until the second guessed variable, dec, converges. Similarly

to the previous loop, for each iteration pass of the third-to-inner loop, the

second-to-inner loop is solved several times. After that, the outer loop solves

the cable gravity equations 22, 23, 24, 25 until also the first guessed variable,

θc, converges. After that all variables converged, the power output is finally

computed with Eq. 26.

Despite this numerical intensive structure, the solver is extremely fast and

converges usually in a few seconds up to less than 0.5 seconds in a standard
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laptop, thus allowing to build optimization algorithms on top of it.

6.3. Post-processing and hovering constraint

The postprocessor displays the output and runs some redundant checks to

issue automatic warnings to prevent human errors when writing the code and

to verify that all the hypotheses hold true.

Besides that, the post-processor checks that the required mass of the electri-

cal turbines/motor is compatible with the drone mass and displays the minimum

rotor area that is required for vertical take-off (not using the horizontal ring of

Fig. 7) up to 1000 m altitude, assuming 6 rotors per drone. This hovering vi-

ability check is performed by computing a reasonable rotor area with a first

approximation physical model as follows:

msm =
P2

12PtoW

where msm is the mass of a single rotor and PtoW is the Power-to-Weight ratio

of the motors.

The Hovering Specific Electric Consumption HSEC is the ratio between the

required electrical power for vertical take-off and the lifted mass

HSEC =
P2

2(md +mc 1000 + 6msm)

where mc 1000 = 1000 mfl is the mass of 1000 m of cables assumed to be carried

by each drone.

The hovering specific electric consumption is linked to the rotor area of each

rotor, Asr, by the physical relation

Asr = ηhov
P2

12

(
1
2ρg

(
2∗HSEC

g

)3)

where rhog is the air density art ground level (1.22 kg/m3), g is the gravity
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Eqs. 1, 2, 3 lfd, lf , le Geometry

hyp θc

hyp dec

hyp dpc

Eq. 4 Fhd Drag on fixed cable

hyp θd

Eq. 5 Vcip
Core

equations:

known first

assessment

models

and drone

gravity

Eq. 6 deqd

Eqs. 7, 8 Eeq, P2

Eq. 9 Vd

Eqs. 10, 11 L, L2

Eq. 12 Ff

Eq. 13 θd

Eq. 14 Fd
Structural

cable model
Eq. 15 Apc

Eq. 16 dpc

Eq. 17 I
Electrical

and thermal

models

Eqs. 18, 19 Pdl, Pd

Eq. 20 Re(1)

Eq. 21 Re(2)

diff & gain∆dec

Eq. 22 mfl

Cable gravity model
Eq. 23,24,25 θc

Eq. 26 Pout Power output

Figure 8: Solver routine. The solver is composed by 4 nested iteration loops. The inner loop

is the most important and models the crosswind flight. Every outer loop models an additional

phenomenon. Despite his numerical intensive structure, the solver is extremely fast.
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constant, and ηhov is a lumped coefficient assumed to be equal to 10 to roughly

match real data from convertiplanes and large helicopters that have rotor diam-

eters around 10 m and HSEC around 200 W/kg at take-off.
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