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On the Take-off of Airborne Wind Energy Systems
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Abstract

The problem of launching a tethered aircraft to be used for
airborne wind energy generation is investigated. Exploiting
well-assessed physical principles, an analysis of three dif-
ferent take-off approaches is carried out. The approaches
are then compared on the basis of quantitative and quali-
tative criteria introduced to assess their technical and eco-
nomic viability. Finally, a deeper study of the concept that is
deemed the most viable one, i.e. a linear take-off maneuver
combined with on-board propellers, is performed by means
of numerical simulations. The latter are used to refine the
initial analysis in terms of power required for take-off, and
further confirm the viability of the approach.

1 Introduction

The term airborne wind energy (AWE) refers to a class of
wind power generators that exploit tethered aircrafts to con-
vert wind energy into electricity [4, [19]. The benefits of
AWE systems, compared to traditional wind turbines, are
essentially two: lower construction and installation costs
and the possibility to reach higher altitudes, where faster
and steadier winds blow. According to the current estimates
the combination of these two benefits should render AWE
systems competitive with the established energy sources,
including fossil fuels [20]], in terms of both cost of energy
and land occupation. The first papers and patents concerned
with AWE appeared in the late 1970s (see e.g. [31, 29I),
yet only in recent years a significant and growing research
effort has been undertaken by both small companies and
universities to develop such concepts via theoretical, nu-
merical and experimental methods [4]. AWE is still in its
infancy and no commercial system exists; however, thanks
to the continuous progresses that are being achieved, a rel-
atively well-established set of few different approaches has
emerged, while other, less promising ideas have been aban-
doned.

Today, AWE systems can be classified by the way the
lift force that keeps the aircraft airborne is generated — ei-
ther aerodynamic lift [24} [33] 36| 9l 34} [28]], or aerostatic
lift [37] — and by the placement of the electrical generators
- either on-board of the aircraft [28} |37]] or on the ground
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[24,133,19, 136/ 34]. Among the systems that exploit aerody-
namic lift and ground-level generators, a further distinction
can be made between concepts that rely on rigid wings [34]],
similar to gliders, and concepts that employ flexible wings,
like power kites [24} 33, |36 9. Small-scale prototypes
(10-50 kW of rated power) of all of the mentioned con-
cepts have been realized and successfully tested to demon-
strate their power generation functionalities. Moreover, sci-
entific contributions concerned with several different tech-
nical aspects, primarily aerodynamics [[11}, 12} [10, [16} 27]
and controls [26} (13} [7] |15}, 22} 17, 123} |39, [14, 40] but also
resource assessment [6} 5], economics [20, 41]], prototype
design [18] and power conversion [35], have recently ap-
peared, gradually improving and expanding our understand-
ing of such systems.

Despite the steady and promising development of the
field, the complexity and multidisciplinary nature of AWE
systems are such that several relevant aspects still need to
be addressed in order to ultimately prove the technical and
economic feasibility of the idea. One of such aspects is the
take-off of the aircraft, particularly for concepts that em-
ploy rigid wings and ground-level generation. In fact, while
systems with on-board generation [28, [37]], as well as kite-
based systems with ground generation [24] are able to take-
off autonomously from a quite compact ground area, the
same functionality for AWE systems with rigid wings and
ground-level generators has not been achieved yet. There
is evidence of autonomous take-off of this class of gener-
ators [1]]; however by using a winch launch that requires a
significant space in all directions in order to adapt to the
wind conditions during take-off. As a consequence, one of
the main advantages of AWE systems, i.e. the possibility of
being installed in a large variety of locations at low costs,
might be lost due to the need of a large area of land suit-
able for the take-off. So far, this issue has been addressed
only to a limited extent within the scientific community.
In Ref. [38], a rotational take-off is studied and simulated;
however the focus is on the control and optimization aspects
of this approach, rather than on its economic viability and
the comparison with other possible methods. In Ref. [§], an
analysis of several approaches is first carried out, consid-
ering different performance criteria, and three alternatives
are deemed the most promising: buoyant systems, linear
ground acceleration plus on-board propeller, and rotational
take-off. Then, the rotational take-off is examined in more
detail by means of numerical simulations.

In order to contribute to address this important problem,
we present here an analysis of three candidate approaches to
realize the take-off of a rigid tethered aircraft with ground-



based generation. This is the concept which is also pursued
by the company Ampyx Power [1}, 34]. More specifically,
we compare a vertical lift approach with on-board vertical-
axis propellers, a rotational take-off like the one considered
in Refs. [38| 18], and a linear take-off technique combined
with on-board horizontal-axis propellers. The analysis is
instrumental to carry out a comparison among the consid-
ered approaches, based on a series of performance criteria
that we introduce in order to quantify their viability. The
analysis and the subsequent comparison represent the first
main contribution that the present paper adds to the exist-
ing scientific literature. Then, we study in more depth the
concept that is deemed the most viable one, i.e. the linear
take-off maneuver combined with on-board propellers. In
particular, we derive a dynamical model of the system that
includes realistic aerodynamic coefficients, as well as fric-
tion and inertia, and we use it to refine the initial analysis
in terms of power required for take-off. Since the system is
unstable in open-loop, we also develop the feedback control
algorithms required to stabilize the take-off maneuver and
carry out the numerical simulations.

The paper is organized as follows: section [2] provides
more details on the considered type of AWE system, which
are needed to formulate the problem that we address in a
rigorous way, and a brief description of the considered take-
off approaches. The performance criteria are given in sec-
tion[2] too. section 3| presents the analysis of the three take-
off concepts using basic physical equations. The numerical
simulation study is reported in section @ Final conclusions
are drawn in section [5] together with a discussion of future
developments of this research.

2 Preliminaries and problem formu-
lation

We first describe the system under consideration and intro-
duce the physical equations that link the main lumped de-
sign parameters to the generated mechanical power. These
equations can be employed in a first-approximation dimen-
sioning phase of the AWE generator and are used here to
compute one of our performance criteria. For the complete
details and derivation of the equations recalled in the fol-
lowing, we refer to [29} 121,19, 4].

2.1 Airborne wind energy systems based on
rigid aircrafts and ground-level genera-
tion

The considered AWE system is composed of a rigid aircraft,
a ground unit (GU), and a tether connecting them, as de-
picted in Figure [T} The aircraft is equipped with sensors,
actuators and on-board intelligence to attain autonomous
flight and realize the flight patterns required to generate
power, as well as with communication capabilities to ex-
change information with the GU and possibly with other
systems and infrastructure nearby.

The GU consists of several subsystems, the main ones
being a drum, around which the tether is coiled, an electric
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Figure 1: Sketch of the considered AWE generator and its
working principle during power production. In the trac-
tion phase (red solid line) the aircraft is controlled to fol-
low figure-of-eight patterns in crosswind conditions, and
the tether is reeled out under large load from the drum in-
stalled in the GU. In the retraction phase (blue dash-dotted
line), the aircraft is controlled to glide towards the ground
station, and the tether is reeled-in under small load. Two
transitions (green dashed lines) link the traction and retrac-
tion phases. The aircraft position with respect to the incom-
ing wind can be defined by the elevation angle 1) and the
azimuth angle .

machine (generator/motor), linked to the drum through a
mechanical transmission system, and the power electronic
system to control the generator and to convert mechanical
power into electrical one and vice-versa.

The described AWE system generates energy by means
of a cyclic operating principle composed essentially by four
phases: the power generation (or traction) phase, the retrac-
tion phase, and two transition phases linking them, shown
in Figure[I] During the traction phase, the on-board control
system steers the aircraft into figure-of-eight patterns under
crosswind conditions. The generated aerodynamic forces
exert a large traction load on the line, which is reeled-out
from the drum. The electric machine exerts a torque on
the drum in order to achieve a desired reel-out speed and
to produce power. In particular, an aircraft with effective
area A, aerodynamic lift and drag coefficients C; and Cj,
respectively, flying at a relative elevation 1) and azimuth ¢
with respect to a wind flow of speed W (see Figure[I)), ex-
erts a traction load 7" on the tether approximately equal to
[29] 21} [19]):
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1A=
2P G g 1)?

(W(#) cos (p(t)) cos (9(1)) — Z(t))2

T(t) =~
(D

where ¢ is the continuous time variable, p is the air density,
Caeq = Cq(t) + % is the equivalent drag coeffi-
cient (taking into account the drag of both the aircraft and

the line), [ is the length of the line, assumed straight, d; its



diameter, C'y; its drag coefficient, and [ = % is the tether
reeling speed. For [ > 0, the line is reeled out from the
drum, hence effectively decreasing the apparent wind speed
parallel to the tether direction, given by W cos () cos (¢).
The tether force T'(t) multiplied with the reeling speed [(t)
provides an estimate of the instantaneous mechanical power

P,,(t) generated during the traction phase:

P (t) ~ T(t)(t). )

The maximum generated power is achieved when the reel-
ing speed is equal to 1/3 of the absolute wind speed pro-

Co1
jected along the line direction, i.e. | = §W cos () cos (¥),

and ideally with ¢ = ¥ = 0. In this case, the obtained
mechanical power is:
2 Gi(t)* 3
7P A. Cacal1? W (t)°.
For the sake of estimating the generated power, the mass
of the airborne components is irrelevant as a first approxi-
mation, since the weight and apparent forces of the aircraft
and of the line are significantly smaller than the force acting
on the tether during the traction phase. On the other hand,
this parameter clearly plays a crucial role when discussing
take-off approaches. In order to evaluate a given take-off
technique on a quantitative basis, the total mass of the air-
craft m has to be linked to the system’s capability in terms
of force and power. Such a link is given by the so-called
wing loading wy, i.e. the ratio between m and the effective
aerodynamic area A:

Pr(1) 3)

m = w; A.

“

The total mass of the aircraft is the sum of m and of the
additional mass Am, required for the take-off capability.
This will be discussed further in section2.3]

2.2 Take-off approaches

Here, we briefly describe the three take-off concepts under
consideration.

Vertical take-off with rotors. In this approach, the air-
craft is equipped with vertical-axis propellers which pro-
vide enough lift to take-off vertically. In the framework
of ground-level generation, this approach is pursued by the
company TwingTec [2]. In the AWE field, the company
Makani Power owned by Google [30, 28] employs this ap-
proach for the take-off and landing their system with on-
board power generation.

Rotational take-off. This is the only proposal for rigid-
wing systems which has been studied in the literature with
numerical simulations in addition to static equations [8} 38]].
In this approach, the hull of the aircraft is initially attached
at the tip of a rotating arm. When the tangential speed of
the arm is large enough, the aircraft takes off exploiting its
aerodynamic lift and the tether is gradually extended out of
the rotating arm until a certain altitude is reached. Then, the
rotating arm is gradually stopped while the aircraft transi-
tions into power-generating mode. The company EnerKite
[3,19] is implementing this concept for its AWE system.

Linear take-off with on-board propellers. In this ap-
proach the aircraft is accelerated on a rectilinear path up to
take-off speed by an external source of power, for exam-
ple the winch itself or a linear motion system. Horizontal-
axis on-board propellers are then employed to sustain the
forward speed during the climb to the operational altitude.
This approach was briefly analyzed and deemed promising
in Ref. [8], but without carrying out a deeper analysis by
means of e.g. numerical simulations. The company Ampyx
Power [1}134]] pursues a similar take-off concept as the one
discussed here.

In the remainder of this paper, we will use the sub-
scripts 1, 2, 3 respectively for the vertical, rotational and
linear take-off approaches described above.

2.3 Performance criteria and problem formu-
lation

A well-established metric to compare different electric power
generation schemes on economic grounds is the levelized
cost of electricity (LCOE). In our case, additional compo-
nents or land occupation required to implement the take-off
approach will increase upfront costs (and potentially main-
tenance costs) and will lead to an increase in the LCOE of
the AWE system, as compared to the same system without
the take-off functionality. Hence, when comparing differ-
ent take-off approaches, their impact on the LCOE should
be assessed. However, the precise calculation of the LCOE
is not feasible for new power generation concepts like AWE
systems.

Rather than the LCOE, we will therefore consider a se-
ries of other quantitative and qualitative criteria which are
easier to evaluate based on the existing know-how of AWE
generators, and which are related to the system’s cost, com-
plexity and required land occupation. If a specific take-off
approach performs well according to these criteria, we can
expect that the impact on the LCOE of the AWE system will
be small.

The quantitative criteria are:

C1 The additional power installed on-board and on the
ground, relative to the peak mechanical power of the
system, required to carry out the take-off procedure:

P,i~np,; P

£ m 5
Poyi ~np,,.i P %)

where P, and P, stand for the peak ground and on-
board power, respectively, and ¢ = 1, 2, 3 refers to
the three considered take-off approaches. The higher
the values of np, i, np,, > the worse the approach.

C2 The additional on-board mass, relative to the aircraft’s

mass without the system required for the take-off:

(6)

Although, as recalled in section 2.1} the mass does
not impact the maximum power generation in a first
approximation, it is an important parameter for the

Amy; > Ny M



controllability and maneuverability of the system and
for its capability to operate in a wide range of wind
conditions [22]]. Again, the higher 7, ;, the worse the
approach.

C3 The ground area occupied by the take-off system, in-
dicated with A ;:

AQJ = Ag,i + NAg,i Aa @)

The higher A, ;, n4,,i, the worse the approach.
The qualitative criteria that we consider are:

C4 The complexity and cost of the apparatus that needs
to be added to the system for the take-off functional-

1ty.

C5 The capability to take-off under most wind conditions
(including no wind).

The problem we will address in the next section is to
carry out a comparison of the three considered approaches
in light of criteria C1-CS5. In particular, we will derive equa-
tions that allow to compute the quantitative criteria C1-C3,
and we will assess the criteria C4-C5 on the basis of the
knowledge on AWE systems available in the literature and
of our own hands-on experience.

3 Assessment of take-off concepts for
rigid-wing AWE systems

In the following three sections and[3.3] we will in-
troduce the relevant assumptions and derive the governing

equations of the considered take-off approaches. Quantita-
tive results and the related discussion will be presented in

section 3.4]

3.1 Vertical take-off with rotors

According to the Actuator Disk Theory [25], the thrust through

a disk with area A,;qp is

1
T= ipApYOP (vgut - vi2n) ’ (8)

where the velocities are taken far in front and far behind the
disk. The associated power is then

1
5 ('Uout + Uin) T.

In order to lift an object with vertical velocity v. and mass
m, the thrust must equal the weight, 7' = mg. By setting
Vin = v, With v, being the desired climb velocity, consid-
ering a conversion efficiency 7 < 1 between mechanical
power at the shaft and fluid-dynamic power, and solving
Egs. @) and @) for P,y 1, it then follows that the required
take-off power is

A A 2 1
(m + Amy)g (m + Amy)g L%y Lo
n 2pAprop 4 2

(10)
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Figure 2: Sketch of an aircraft attached to a rotating arm via
the tether during a rotational start. The azimuth of the plane
is given by the angle y;; the angle +, denotes the angle
between the tether and the plane of the rotating arm.

In our assessment, for the sake of computing P,y 1, we
will consider a wing with wingspan d and aspect ratio (i.e.
wingspan divided by the chord) A, and we will assume that
the aircraft employs two propellers with a diameter equal to
the chord length, i.e. d/\. Thus, we have A = d?/\ and

2

Aprop = EPvh
Amg, this is given mainly by the onboard batteries and
electric motors that drive the propellers. The required bat-
tery mass is calculated from the energy density of lithium-
polymer batteries Fi, and the required power Py, 1, target
altitude h and climb speed v. (i.e. the climb duration is
h/v.). The power density of an electric motor is indicated
by Fmot- The resulting equation for the additional on-board
mass is:

With regard to the additional on-board mass

Amy = Py 1 ( (11)

h n 1 )
Ve Ebatt Emot
We solve the system of Egs. (I0) and (TI)) to compute the
required take-off power, in order to account also for the ad-
ditional mass.
Finally, as regards the occupied ground area, we assume
that the vertical take-off can be carried out with all possi-
ble angles between the wing and the nominal wind speed.
Hence, we have

md®> 7

Agy=TE T2y

1 1 (12)

3.2 Rotational take-off

A schematic arrangement of the rotational take-off is shown
in Figure 2} the hull of the aircraft is attached to the tip of
a rotating arm with length R via the tether. The two angles
7» and -y, describe the orientation of the tether, assumed
straight, with respect to the arm. The combination of lift
force and centrifugal force due to the rotation leads to a reel
out of the tether and the rise of the plane. If we assume that
the angles -y, and ~y;, are constant during the rotational take-
off, the sum of all forces perpendicular to the tether must
cancel each other. Then, the required power to rotate the
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Figure 3: Drag, lift and centrifugal forces (or their compo-
nents, respectively) and angles during the rotational take-
off in the plane of the rotating arm. The rotating arm has a
length R and the tether (in red) of /.
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Figure 4: Drag, lift, centrifugal and gravitation forces (or
their components, respectively) and angles during the rota-
tional take-off in the plane perpendicular to the rotating arm
and containing the tether.

whole system (neglecting the drag of the rotating arm) is

Pyo=RT w, (13)
where

T, =T sin(yg) cos (yv) (14)

is the tether tension 7" projected onto the plane of the rotat-
ing arm and perpendicular to it and w is the angular velocity
of the system.

We consider a projection of Figure 2] onto the plane of
the rotating arm, as depicted in Figure[3] Given R, w, vu, v
and line length [, we define the angle ¢ and the distance R’

as:
> ;o (15)

(16)

I cos(yy)- sin(yy)
R+1-cos(yy)- cos(vm)

1) = arctan <

, . R+1lcos(yg)cos(yv)
B cos(1)) '

Then, assuming that the absolute wind speed is zero, the air-
craft will develop a lift force F} and a drag force F}; whose

R

magnitudes are equal to

1
ZpACY(R w)?

i

ol ACqeq(R w)?

B
A7)

Fy

Figure [3] also shows the projections of all the considered
forces (lift, drag, and centrifugal force) onto the plane of the
rotating arm. The components perpendicular to the tether
are the ones parallel to the dot-dashed line in the Figure.
The requirement that they cancel each other yields

v? .

+mRJ-$nWH—¢%

(18)
where ( is the roll angle of the aircraft, as shown in Figure[d]
which is the projection of Figure [2] onto the plane perpen-
dicular to that of the rotating arm and containing the tether.
Again, the forces perpendicular to the tether are the ones
parallel to the dot-dashed line in Figure ] Thus, the fol-
lowing condition must hold at the equilibrium, too:

Fycos(yg — ) = <Fl cos ()

Fycos (yg — ) sin (¢ — yy) = mg - cos (yv)
+ (m;):/ cos (yg — ¥) + Fysin (yg — 1/))) - sin (yv).
(19)
Finally, the tether tension in Eq. (T3] is
T =F;- cos(vyg — ) cos (¢ —vyv) —mg- sin (yv)

2
+ [Fd sin (yg — ) + m— cos (v — w)} - cos (yv)
(20)

R/

Eqs. (T3)-(20) can be used to derive the power and ground
area required for the rotational take-off. Since there exist
many potential solutions that satisfy the equilibrium con-
straints (T8)-(T9), we choose to evaluate this take-off ap-
proach by means of numerical optimization. We compute
the involved variables (i.e. w, ¢ etc.) and minimize the
required mechanical power installed on the ground, ?g,g,
under certain operational constraints. More specifically, we
fix the value of the arm length R and, for each pair (I, vy ),
we solve the following nonlinear program:

Pyo(liw, R) = min (RT, w) (21a)
’ Cw,YH
subject to
Egs. (@) — @0)  (21b)
and |¢ —yv| < ¢ (2lc)

where the constraint is used to guarantee that the roll
angle of the aircraft is such that the inner wing does not get
too close to the tether, which might lead to entanglement
and subsequent crash. Then, for each considered arm length
R, we compute the peak required power as

—%

,2(R) = min max Py (1, v, R). (22)

el vl 1€[0,]]

The intervals [y, 7y] and [0, 1] considered in Eq. (22)
cover the range of reasonable equilibrium configurations



that can occur when setting a constant vertical inclination
7y and reeling out the line. In particular, we assume that
the line is reeled-out at a constant speed v; < wR’, and that
a specified vertical velocity v. of the aircraft is achieved.
Then, from geometrical considerations we have that a min-

imum angle 7y, = arcsin (UC) shall be achieved.

1

The rationale behind problems @2I)-(22) is the follow-
ing: For a given arm length R, we fix the vertical incli-
nation of the line vy during the ascend and we compute
the required peak power over a reasonable range of line
length values. Then, we search for the vertical inclination
that achieves the lowest peak power. In this way, we ob-
tain the minimal peak power, F;Q(R), achievable with the
considered arm length R and the strategy of ascending with
constant vertical inclination. Finally, we repeat this proce-
dure over a range of arm lengths R € [R, R] in order to
find the minimal peak power P, 5 required to compute our
quantitative criterium C1:

min ﬁ;,Q(R).

?9,2 = L
Re[R, R

(23)

Regarding the required peak onboard power ?ob,Q and ad-
ditional mass Am, both these quantities are virtually zero
in this approach. Finally, the required ground area A, 5 is
equal to 7 Rgpt, where R,y is the argument that minimizes
23).

3.3 Linear take-off with on-board propellers

In the following discussion of the linear take-off, we first
analyze the on-ground acceleration phase and then the climb-
ing phase.

3.3.1 Acceleration phase on the ground

The acceleration phase on the ground lasts until the take-off
speed v* is reached:

*

o= 2(m + Amg)g

o (24)

computed by setting F; = (m + Amg) g and using F; =

1
ipAClv*2. Assuming that this speed shall be reached after

a horizontal acceleration distance L, the required accelera-
tion is a = v*?/(2L). The corresponding required force is
then F, = (m + Amg) a. The other forces acting at take-
off are significantly smaller, but not negligible, namely the

drag force Fy = 3 pC’d,quv*z and the viscous resistance
F, = ¢, v*, where c, is the viscous friction coefficient of

the system employed for the linear acceleration. Hence, the
required maximal power on the ground is

Pyg=0v" (Fg+Fa+ F). (25)
As regards the land occupation, we choose to fix the travel
length, such that it is independent from the wing size, and
we assume that the system shall be able to adapt to the

Fd ! Vfwd

Figure 5: Schematic representation of an airplane with hori-
zontal speed of vgyg (assuming no wind) and a vertical speed
of v.. The lift force has a component opposite to the thrust
and the drag force has a component which adds to the grav-
itational pull.

widest possible range of prevalent wind conditions, i.e. the
linear acceleration phase can be carried out in all directions.
At the same time, like the vertical take-off the area spanned
by the wings throughout the ground launching phase is con-
sidered to be occupied by the system. Thus, we obtain

2
L 26)

3.3.2 Powering the plane during the ascend

It is rather complicated for an external device like the winch
to power the plane during the ascend. Indeed, on-board
propellers are preferable because they can be small, since
they do not have to accelerate the plane any further, and
they shall just balance the aerodynamic drag and part of
the lift depending on the climbing angle. In the following,
we analyze the climbing phase assuming the worst condi-
tions possible, i.e. with zero prevalent wind speed, which
yields the peak on-board power. In the presence of wind,
the climb may be carried out upwind with correspondingly
lower power.

We denote the vertical climb velocity with v, again, see
Figure[5] At the same time, the airplane moves horizontally
with the speed vgy,q So that the total speed relative to the air
iS Vs = Vpwa - v/ 1 + ¢ with the climb ratio ¢; := v /Vgywd-
From Figure it follows that sin (Aa) = ¢,/+/1 + ¢2 and
cos (Aa) = 1/4/1+ 2.

The vertical component of the lift force must counteract
the gravitational pull and the vertical component of the drag
force in order to yield a constant climb rate; i.e. the vertical
equilibrium condition is Fj - cos (Aa) — Fy - sin (Aa) =
(m + Amg)g. This gives

1 Ca,e
ipAC“/l + 2 (1 - g q) vi 4 = (m+ Ams)g.
1
27)
For horizontal propulsion the required thrust is equal to
the sum of the horizontal components of the lift and drag




force, i.e.

Fr = F;- sin (Aa) + Fy - cos (Aa)
1 — C
= 5[)140[ 1 + CI2’ <Cr + éeq) 'U?Wd.
1

Considering that the climb ratio is typically of the order
of 0.1-0.2 and that the aerodynamic efficiency of the aircraft
is of the order of 10-20, we assume that C;/Cq ¢q > ¢, and
obtain from Egs. and (28) the final expression for the
required thrust:

(28)

C
1+ Cr Cd,lcq Cd,eq
Fr = (m+Amg)g- —5——" ~ (m+Ams)g- o +c
Cd.eq ot

(29)

The required horizontal (forward) velocity can be calcu-

lated from (27). Thus, for a desired climb rate c,, both force

and horizontal velocity can be computed using Eqs. Z7)

and ([29). Similarly to what discussed for the vertical take-

off, the corresponding required peak power P, 3 for the
propellers is then given by:

FT FT Uf2 d 1
— —— + %+ —Vpnd | - 30
, < 3pAmon + -, T v (30)

For the propeller area Ap..p, We consider two propellers
(this time with horizontal axis) with a diameter of half the
chord and an efficiency of 7).

Finally, as regards the additional on-board mass Ams,
similarly to the vertical take-off we consider the energy den-
sity of on-board batteries and electric motors (see (I1)) and
solve the resulting system of equations to obtain consistent
values of P, 3, P,y 3 and Amg.

Pz =

3.4 Results and Discussion

In this section, we apply the results presented so far to eval-
uate the criteria C1-C3. In particular, we consider three
different wing sizes and corresponding design parameters
as shown in Table [I The obtained results are used, to-
gether with the qualitative criteria C4-CS, to discuss the
considered take-off approaches and draw conclusions on
their viability. For the computation of C1, the mechani-
cal power P is calculated with Eq. (3) with a wind speed
W = 15m/s. Regarding the energy density of on-board
batteries and the power density of on-board motors, we con-
sidered Fyye = 720kJ/kg and Fno = 2.5 kg/kW [8]. Ta-
ble [1] also shows in bold the results obtained according to
the analysis described in sections[3.1}{3.3] including the val-
ues ofﬁgﬂ-, Pob,i, Am;,and A, ;. Finally, Tablesumma-
rizes the values of the scaling factors that define the criteria
C1-C3, obtained with the parameters of Table Before
drawing a final assessment, we briefly comment on the re-
sults obtained with each approach.

Vertical take-off. As expected, this approach requires
the largest amount of additional on-board power (about 20%
of the peak mechanical power of the system) and of addi-
tional mass (20% of the aircraft mass), see Table 2] On
the other hand, the required ground area turns out to be the

smallest among the three approaches. The additional com-
plexity (criterium C4) can be substantial, since the aircraft
and on-board equipment have to be designed to sustain the
large accelerations experienced during crosswind flight, and
since large electric on-board power is required. This might
require a completely new design of the wing. The additional
mass also leads to a larger cut-in speed for the generator,
since a larger wind speed will be required for the system to
be able to remain airborne during power generation. More-
over, in a deeper analysis the presence of the propellers will
have a detrimental influence on the aerodynamics, hence ei-
ther requiring a larger wing for the same power, or giving
lowier power for the same size. These aspects lead in turn
td d reduced capacity factor. The possibility to take-off in a
large range of wind conditions (criterium C5) is in princi-
ple given, although more detailed studies should be carried
out to assess whether the control surfaces and the propellers
can effectively stabilize the aircraft during the ascend with
relatively strong wind.

Rotational take-off. While the results for the vertical
and linear approaches are derived in a straightforward way
from the equations presented in sections [3.1] and [3.3] some
more comments are due on the results pertaining to the ro-
tational take-off. The application of the optimization pro-
cedure described in section [3.2] provides several interesting
outcomes. First, it turns out that there exist a minimal arm
length R that allows the system to achieve vertical inclina-
tion angles larger than the minimum required one, i.e. Ty
The value of R mainly depends on the wing loading wy,
while it is not affected significantly by the wing size, as
shown in Figure [6] which presents the curves of maximum
~v values that can be achieved as a function of line length
l, for various combinations of wing loading w;, arm length
R and wingspan d.
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Figure 6: Analysis of the rotational take-off. Curves show-
ing the maximum elevation angle ~y that can be achieved
as a function of the line length with w; = 15kg/m? and
R = 10m (solid lines), w; = 15kg/m? and R = 40m
(dashed), and w; = 30kg/m? and R = 40 m (dash-dotted).
For each combination of w; and R, two values of wingspan
(d = 5m and d = 20 m) are shown.



Table 1: Design parameters for the assessment of the different take-off concepts. Bold-faced parameters are the results
obtained according to the assumptions and analysis described in sections [3.1}{3.3]
| Parameter | Aircraft 1 | Aircraft2 | Aircraft3 |

] Common parameters \

Wing span d (m) 5 \ 10 \ 20

Aspect ratio A 10

Chord d/\ (m) 0.5 1 2

Wing area A (m?) 2.5 10 40

Wing loading w; = m/A (kg/m?) 15

Mass mg (without additional equipment for take-off 37.5 150 600

Lift coefficient C; 1

Drag coefficient Cy ¢, 0.1

Desired vertical velocity v, (m/s) 1

Propeller efficiency n 0.7

Peak mechanical power P}, with W = 15 m/s (kW) 75 300 1200
] Vertical take-off

Target height h (m) 100

Energy density of on-board batteries Ey, (kJ/kg) 720

Power density of on-board motors Epo (kW/kg) 2.5

Propeller diameter d/\ (m) 0.5 1 2

Peak additional on-board power F)b,l (kW) 14 56 223

Additional on-board mass Am; (kg) 8 30 120

Required ground area A, ; (m?) 20 80 315

Rotational take-off

Maximum angle between the wings

and the plane perpendicular to the line ¢ (deg) 50
Reel-out speed of the line v; (m/s) 1.6
Minimum vertical inclination vy (deg) 40
Maximum vertical inclination 7y, (deg) 90
Minimum arm length R (m) 30
Maximum arm length R (m) 50
Optimal arm length R, (m) 50
Maximal angular velocity w (rad/s) 0.4
Maximal tangential velocity of the tip of the arm w R (m/s) 20
Peak additional ground power P, > (kW) 3 12 47
Additional on-board mass Ams (kg) 0
Required ground area A, 5 (m?) 7854

’ Linear take-off with on-board propellers ‘
Ground travel distance L (m) 12
Target height h (m) 100
Viscous friction coefficient ¢, (kg/s) 0.1 0.3 1
Take-off speed v* (m/s) 15.7
Propeller’s diameter d/(2\) (m) 0.25 0.5 1
Peak additional ground power P, 3 (kW) 8 31 124
Peak additional on-board power Pob_, 3 (kW) 2 9 37
Additional on-board mass Ams (kg) 2 5 20
Required ground area A, 3 (m?) 132 192 428




Table 2: Results for the quantitative performance criteria C1, C2, and C3 (Egs.(d)-(7) ) with the parameters of Table

C1: power C2: mass C3: area
Concept | 11p,,i (%) | 1P, (%) | i (%) | Ayi | nay.i (%)
[ Vertical [ 0 [ 19 [ 21 [ o[ ™ |
|Rotational | 4 | o | o [ o |
’ Linear ‘ 11 ‘ ‘ 5 ‘ ”4LZ ‘ 7%‘ ‘

The main explanation for this phenomenon is that the
aerodynamic forces have to counteract the centrifugal force
(see section , which decreases as the arm length R in-
creases. For the wing loading and minimal vertical inclina-
tion values chosen for our comparison, i.e. w; = 15kg/m?
and vy = 40°, we obtain R ~ 30 m, as reported in Table

Second, the required peak power increases with vy, since
the equilibrium conditions (T8)-(19) become less favorable
and a larger rotational speed is required to generate enough
lift to maintain the desired vertical inclination. This is shown
in Figure[/| Hence, for the sake of minimizing the required
additional power, the minimum vertical inclination is cho-
sen.
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Figure 7: Analysis of the rotational take-off. Curves show-
ing the peak ground mechanical power P;, forl = 1masa
function of the elevation angle -y, and with R = 10 m (thin
solid line), R = 20m (dashed), R = 40 m (dash-dotted)
and R = 80 m (thick solid line). The vertical dashed lines
indicate the maximum elevation angle achievable for each
considered arm length. Wing span d = 10 m, wing loading
w; = 15kg/m?.

Last, the peak mechanical power decreases with the arm
length and approaches an asymptotic value. The reason is
that, as the centrifugal force decreases (i.e. R increases),
the aerodynamic forces have to win just the aircraft weight.
This condition leads asymptotically, for growing R, to a
minimum required tangential speed and corresponding forces
which then determine the required power to rotate the arm.
The mentioned trend is shown in Figure[§] In order to re-
strict our analysis to a finite value of R, we chose an upper

bound of R = 50m, which is then the optimal value ac-
cording to Eq. (23).
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Figure 8: Analysis of the rotational take-off. Curves show-
ing the peak ground mechanical power Py, for [ = 1m
as a function of the arm length R for d = 5m (solid),
d = 10m (dashed), and d = 20 m (dash-dotted). Wing
loading w; = 15kg/m?.

Due to the mentioned findings, the rotational start-up
results in the lowest value of peak ground and on-board
power, as well as the lowest value of additional mass, but
a very large ground-area occupation as compared with the
other two approaches, see Tables [Ii2] Such a land occu-
pation is fundamentally linked to the wing loading as dis-
cussed above, i.e. it is not possible to decrease the land
occupation below a minimum threshold by increasing the
installed power or decreasing the wing size. As a matter
of fact, the minimum ground occupation is quite large for a
reasonable wing loading.

As regards complexity (C4), this is expected to be large,
considering that the system would feature a 50-m-long rigid
arm whose tip rotates at about 20 m/s. Moreover, the whole
main winch should rotate as well with many full revolu-
tions while at the same time reeling the line, which poses
a challenge for the winch mechanics and the electrical con-
nections. The manufacturing and installation costs of such a
structure could be comparable to those of a traditional wind
turbine and appear to be prohibitive for the economic viabil-
ity of the approach. Finally, about wind adaptation (CS) it
is unclear how this concept would handle a strong prevalent
wind during take-off, when the relative wind speed could



changes e.g. by +10 m/s during a half turn, with the air-
craft speed relative to ground of about 20 m/s.

Linear take-off. The required peak power installed on
the ground for this approach is larger than that of the ro-
tational take-off, however with a significantly smaller re-
quired area. Moreover, differently from the rotational take-
off, in the linear take-off the ground area and required power
can be easily traded off. As regards the on-board power and
additional mass, they result to be about six times smaller
than for the vertical take-off. The required ground occu-
pation is comparable to the vertical take-off and dominated
by the wing size when scaling up, hence it turns out to be
quite favorable. About the complexity of the approach, this
appears to be small, since in principle one could envision
a solution where the winch used to generate power is also
employed in the initial phase of the take-off, e.g. by means
of a clutch to (dis-) engage a linear motion system to ac-
celerate the aircraft. Similarly, the on-board propellers and
batteries are necessary in any case to power the on-board
control systems, hence the use of slightly larger and more
powerful on-board motors does not appear to be critical.
Moreover, the on-board propellers can also be used to re-
charge the batteries to supply energy to the control system
during long periods of power generation. Finally, since the
whole setup can be turned, the take-off is independent of
the current prevalent wind direction.

Discussion. The results presented so far indicate that
both the vertical and the rotational take-off require exten-
sive modifications of the AWE system, which will have a
strong influence on the design and require significant ad-
ditional equipment. On the other hand, the linear take-off
approach will have less impact on the system design. If the
main winch can also be used for the acceleration phase, the
additionally required equipment is in fact reduced to a min-
imum. In terms of mechanical power, the linear take-off
provides a good tradeoff between on-board and on-ground
power. Moreover the additional on-board components like
batteries and small propellers will have further applications,
like powering the on-board electronics. Finally, the land oc-
cupation of the linear take-off is almost as small as that of
the vertical one. For these reasons, we favor the linear take-
off for rigid-wing AWE systems with ground-based electric
generation. This approach will be analysed in more detail
in the following section.

4 Simulation of a linear take-off ap-
proach

In this section, we further study, by means of numerical
simulations, the linear take-off combining ground motors
and on-board propellers. We first introduce a dynamical
model of the system, then we describe the control algo-
rithms to carry out the take-off maneuver, finally we present
the simulation results and compare them with the static equa-
tions derived in section 3.3}

4.1 A dynamical model for linear take-off

We consider a ground unit composed of a winch, where the
aircraft’s tether is coiled, and of a linear motion system,
whose aim is to accelerate the aircraft up to take-off speed,
see Figure 9] The winch rotation is controlled by a geared
motor/generator M7, which is the main electrical machine
of the AWE system, responsible for converting mechani-
cal power into electricity during the power generation cy-
cles. The linear motion system consists of a slide, carrying
the aircraft during take-off, that can move along rails. The
slide motion is controlled by a second geared motor My
through a transmission system (e.g. a belt). The slide is
equipped with sheaves that guide the tether from the winch
to the attachment point on the aircraft. This system can be
well described by a hybrid dynamical model: a first oper-
ating mode (Figure [O(a)) describes the system’s behavior
from zero speed up to the take-off, when the aircraft and
the slide can be considered as a unique rigid body; a sec-
ond operating mode (Figure[9[b)) describes the aircraft mo-
tion after take-off, when it is separated from the slide. For
the sake of simplicity, we consider a two-dimensional mo-
tion only in the second mode, i.e. vertical and horizontal
displacements and pitch rotation of the aircraft, assuming
that suitable stabilizing systems act on the on-board actua-
tors (rudder and ailerons) in order to keep the roll and yaw
angles at small values, counteracting potential lateral wind
turbulence. Moreover, we assume that no wind opposite to
the take-off direction is present, i.e. the take-off is carried
out only by means of the ground motors and on-board pro-
pellers. In case of substantial wind, we assume the system
to be capable to orient the rails according to the wind di-
rection to take advantage of the additional apparent wind
velocity, hence reducing the take-off speed. Thus, the con-
ditions simulated here provide the worst-case in terms of
required power, in line with the analysis of section[3.3] All
the equations presented in the following have been derived
by applying Newton’s second law of motion.

The state of the model, i.e. the variables that describe
completely and univocally its configuration at any time in-
stant ¢, is given by z(t) = [, (¢), 19_Ml (t), Vo, (1), Oar, (1),
fL‘g(t), i'g(t)a yg(t)a yg(t)v 199(t>7 199(t)]T’ where 19M1 is

" . : . AV,
the angular position of the winch, ¥, = =z its an-

gular speed, ¥y, , ) M, are the angular position and speed
of the motor that controls the linear motion system, x4(t),
Zq(t), yq(t), ¥g(t), the horizontal (x) and vertical (y) po-
sitions and speeds of the aircraft’s center of gravity in an
inertial reference frame. The latter has its center at the
point where the tether exits the winch, the x,-axis paral-
lel to the ground and the y4-axis vertical and pointing up-
wards (see Figure @) Finally, 9,,(t), 9, (t) are the aircraft’s
pitch angle and its rate. The manipulated inputs available
to control and operate the system are denoted with u(t) =
[Chr, (1), Car, (t), Fr(t)]T where Cyy,, Cyr, are the torques
applied by the two electrical machines, and Frr is the thrust
force exerted by the on-board propeller. The motor torques
considered in the model are taken after any gear that can
be installed between the motor and the winch (respectively
the belt’s pulley) to adapt the motor’s torque/speed profile
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Figure 9: Sketch of the system considered to simulate the
linear take-off procedure. (a) First operating mode, with the
aircraft carried by the slide up to take-off speed; (b) second
operating mode, with the aircraft gaining altitude by means
of the on-board propeller.

to the application. In the following, for the sake of simplic-
ity we denote with x; (resp. u;) the 4™ component of the
state (resp. input) vector defined above. Assuming that the
linear motion system is realized by a belt, driven by a pulley
directly attached to the shaft of motor M5, and neglecting
its elasticity, the model is given by the following equations
in the first operating mode:

ii(t) = 22()
Ba(t) = 7 (rar, T(t) — Bar, w2(t) +ua(t))
My

i3(t) = wa(t)

dy(t) o + (ma T m) 72, (ra, (=T(t)+
—F4(t) cos(Aa(t))+
+Fi(t) sin(Aa(t)) — Bs s, 2a(t))
— B, Ta(t) + uz(t))

w5(t) = x6(t)

i6(t) = ru, Ta(t)

i7(t) = ws(t)

ig(t) = 0

&o(t) = x10(t)

Z10(t) = 0.

3D
In (1), rpy, is the radius of the winch (assuming for sim-
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Figure 10: Lift (solid line) and drag (dashed) coefficients
used in the dynamical simulation model of the take-off
phase, and initial wing trimming ¢ (dash-dotted line).

the inertial x4-axis, measured positive if the y,-axis com-
ponent of the velocity is negative, i.e. if the aircraft is de-
scending. T is the tension force on the tether:

=y 21(t)))

Yg(1)ll2
(33)

where k; is the stiffness of the tether, assumed constant for
simplicity. The saturation to 0 in Eq. (33 accounts for the
fact that the tether can only transfer force when under ten-
sion, i.e. when its length s, 21 (t) is smaller than the po-
sition of the aircraft relative to its attachment point on the
ground. Finally, F; and F}; are, respectively, the aerody-
namic lift and drag forces developed by the aircraft, com-
puted as:

T(t) = min (0, k¢ ([|(zg(t),

Fi(t) = 3pAC) (a(t)) - [[(E4(2), 9 (1)) I3 (34)
Fy(t) = 5pACq,cq(a(t)) - I o(t ) o())I13
where «/(t) is the angle of attack:
a(t) = 9o + Aa(t) + zo(t). (35)

The angle 9 is a fixed setting for the wings’ orientation,
such that if the aircraft is flying horizontally (i.e. Aa = 0)
at zero pitch angle then we have o = 3. The considered
courses of Cj, Cy as a function of « are shown in Figure@]
and correspond to a finite wing with Clark-Y profile [32].

plicity that the latter is directly connected to the motor/ generat(;lfbe same figure also shows the chosen trimming for Jo.

7, the radius of the pulley that links motor M to the belt,
I, S, the moments of inertia of the winch and of the
pulley plus their respective motors, Sar, , S, their viscous
friction coefficients, mg the mass of the slide, 35 the vis-
cous friction coefficient of the belt/slide/rail system, m the
mass of the aircraft. The angle A« is defined as:

).

i.e. the angle between the velocity vector of the aircraft and

Aa(t) = arctan (_yg

Lg

(32)
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We denote the initial state with J;O, Wthh is required to
simulate the model (1), i.e. z(0) = z{. In particular, we
choose the initial condition

T

l
0 ) 07 Oa Oa Lg,0, Oa 07 Oa 07 0

I
Lo

(36)

T My ’
meaning that the motors, the slide and the aircraft are ini-
tially at rest, a length [y of tether is reeled out and the dis-
tance of the aircraft’s starting position from the attachment
point of the line on the winch is equal to x4 o, with x4 ¢ > Ig



so that the tether is not exerting any force on the glider and
the slide (see Eq. (33)).

The switch between the first and the second operating
modes takes place at the time instant ¢* defined as:

t* =min (7 >0 : Fj(7) cos(Aa(r)) > mg). (37)

Thus, ¢t* represents the time instant when the vertical lift
force developed by the glider is larger than its weight, hence
obtaining a positive vertical acceleration. The initial condi-
tion 74! of the model that describes the system in the second
operating mode is then given by:
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zy = z(t*), (38)

i.e. the state of the system in the first operating mode at the
switching instant ¢t*. The model equations for the second
operating mode are the following:

E1(t) = a2(t)
Ba(t) = (T = Bar, 22(t) + s (1)
i3(t) = aat)
Ba(t) = Tota +marly, (=731, Bs wa(t) — Bar, 24 (t)
+uz(t))
i5(t) = we(t)
ie(t) = pprapy 11 (F1(¢) sin(Aa(t))
—Fy(t) cos(Aa(t)) + cos(zg(t)) us(t))
i7(t) = ws(t)
zg(t) = m (Fi(t) cos(Aa(t))
+Fy(t) sin(Aa(t))
—(m +my(t)) g + sin(zg (1)) us(t))
Bo(t) = x10(t)
t10(t) = wp(—Aa(t) —z10(t)),
(39)
where m; is the mass of the tether that has been reeled out:
my(t) = pywrerar, 1 (t) (40)

with p; and r; being respectively the density and the radius
of the tether. Regarding the last two equations in Eq. (39),
which describe the behavior of the pitch angle, we assume
for simplicity that an active control system actuates the el-
evator in order to track the angle ¥y ..y = —Aa(t) with
no offset, and that the resulting closed-loop dynamical be-
havior is given by a first-order system with time constant
é, where wg is a constant parameter. In this way, if a
steady state is attained during the ascend, the corresponding
angle of attack will match the parameter ¥, see Eq. (33).
Note that the pitch angle 9, (i.e. xg) affects how the thrust
force ug exerted by the propeller acts on the horizontal and
vertical dynamics of the aircraft, hence providing a further
coupling between the pitch dynamics and the aircraft trans-
lational motion.

Eqgs. (B1)-(@0) provide the hybrid model that we use to
refine the results given in section E} Howeyver, this model
cannot be simulated without first implementing suitable feed
back controllers, since the open-loop behavior of the system
is not stable. In the next section, we briefly describe the con-
trollers we employ to carry out the numerical simulations.
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4.2 Control design

The control objectives are different between the first and
second operating mode. In the first mode, the winch mo-
tor M has to accelerate fast enough, such that the tether
tension is always zero, but avoiding at the same time that
an excessive tether length is reeled-out, to limit the line sag.
At the same time, the slide motor M5 has to accelerate from
zero to take-off speed. To achieve these goals, we employ
the following proportional controllers:

U1 (t)
U (t)

KJ\Il (j;g,to — M,y $2(t))
KMz (Sbg,to — TM, $2(t))

(41)

where K]\/[l s KM2
reference speed.

In the second operating mode, the winch motor M shall
maintain a reel-out speed that matches that of the aircraft,
again to keep the tether tension at a low value. The motor
M, shall brake and stop the slide. Finally, the on-board
propeller shall track a desired vertical velocity 34,,. To
obtain these goals, we employ the following proportional
controllers for the motors:

u1 (1) Ko, ([(24(2), 9g(2)) |2
ua(t) — Km0, T2(1),

are the controllers’ gains, and g, is a

— M xQ(t)) (42)

while for the propeller we implement a dynamical cascade
controller whose transfer function in the Laplace domain is

the following
w, 1) (1 + wjz

(1)

where s is the Laplace variable, Us(s) and E_(s) are the
Laplace transforms of the propeller thrust signal u3(¢) and
of the tracking error e, (t) = 7g.t0—,(t), respectively, and
K7, w; 1, w, 2 and w, are design parameters. The need for
the slightly more complex controller (@3)) for the propeller,
with respect to the simple proportional gains {I))-(@2)) used
for the motors, stems from the presence of additional dy-
namics in the glider, for example due to the interaction be-
tween the pitch dynamics and the translational motion, that
need to be compensated in order to avoid an oscillatory be-
havior of the system’s response. All three inputs w1, us, us
are saturated due to physical limitations of the motors:

Kr (1 ’ ) (43)

—Cu, < w(t) <Cypy
—Cuy, < us(t) <Chupy (44)
0< wus(t) <Fr

Finally, the described controllers are implemented in dis-
crete time with a sampling frequency of 100 Hz.

4.3 Simulation results and discussion

We simulate the take-off maneuver for three different air-
crafts, whose effective areas matches those considered in
section 3] The model and control parameters employed for
the simulations are shown in Tables [3] and [] respectively.
In addition, the values p = 1.2kg/m?,g = 9.81 m/s? and



Table 3: System parameters employed to simulate the take-
off maneuver.

[ d(m) [ 5] 10 | 20 |
Jaz, (kgm?) 1.3 30 490
Bar, (kgls) 0.001 | 0.002 | 0.003
Tz, (m) 0.2 0.5 1
T, (kgm?) | 0.03 0.1 2
Bar, (kgls) 0.001 | 0.002 | 0.003
Tz, (M) 0.1 0.15 0.4
ms (kg) 6 30 120
m (kg) 375 150 600
B, (kg/s) 0.1 0.3 1
%, (N/m) 110° | 9.110° | 2.510°
74 (m) 0.0025 | 0.0075 | 0.0125
o (kg/m®) 970 970 970
wp (rad/s®) 10 10 10
Jo (rad) 024 | 024 024

Table 4: Control parameters employed to simulate the take-
off maneuver.

[ d(m) [ 5] 10] 20]
:.Eg,to (m/s) 30 30 30
yg,to (m/S) 1 1 1
K, (Nms/rad) 3 20 160
K, (Nms/rad) 10 50 200
K71 (Nms/rad) 100 150 600
wy, (rad/s) 16 32 32
w1 (rad/s) 0.2 0.2 0.2
w2 (rad/s) 1 2 2
Cr, (Nm) 750 | 3000 | 12000
C, Nm) 48 | 290 | 3500
Fr (N) 80 | 350 | 600

the aerodynamic coefficients shown in Figure [I0 have been
used. The initial conditions (36) with lp = 2m and Tg0=0
were used for all three aircrafts. The number and size of the
propellers, required to compute the related power accord-
ing to equation (I0), are the same as those considered in
section [3| i.e. 2 propellers with efficiency 0.7 and 0.25 m,
0.5m, 1 m of diameter, respectively, for the three aircraft
sizes.

Examples of simulation results for the aircraft with d =
10m are shown in Figures [TT{T4] In Figure [T1] it can be
noted that the total travel distance of the slide is equal to 15
m, and that the aircraft starts the ascend after 12.4 m, i.e.
when the take-off speed of 15.7 m/s has been reached. As
shown in Figure [I2] the motor M, exploits the full rated
torque to accelerate and then to brake the slide, while M,
employs a relatively small fraction of its available torque
for the acceleration and then settles to a constant torque cor-
responding to the viscous friction at the aircraft’s velocity.
We remark that the power required to accelerate the drum,
although substantial, does not give rise to additional costs,
since the machine M, is already present and the power re-
quired for take-off is a small fraction of the one that occurs
during power generation. The propeller is engaged only af-
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Figure 11: Simulation results with the 10-m-wingspan air-
craft. Courses of the aircraft height, slide position and air-
craft distance from the ground station (divided by 10 for the
sake of clarity).
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Figure 12: Simulation results with the 10-m-wingspan air-
craft. Courses of the motor torques and of the propeller
thrust.

ter take-off and, after a short transient, it settles to a steady
value sufficient to achieve the desired vertical velocity. The
behavior of the latter quantity as compared with its refer-
ence is reported in Figure [I3] As shown in Figure [I4] the
peak power for the motors is reached at the instant when
the aircraft takes off. The results obtained with the other
two aircrafts (d = 5 and 20 m) are qualitatively similar to
those shown in Figures @-@ In all cases, the total travel
distance of the slide was about 15 m.

Table [5] shows a comparison between the power figures
obtained from the simplified analysis of section [3]and those
obtained with the simulations. The values of power required
on the ground are very well matching, hence confirming
the outcome of our simplified analysis. The larger simu-
lated values for the required on-board power, with respect
to the simplified analysis, are due to the inertia of the air-
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Table 5: Comparison between the power values provided by the simplified equations and those provided by the numerical
simulations. The percentages in brackets refer to the peak mechanical power of the generator with 15 m/s wind speed.

Wingspan (m) \ 5 \ 10 \ 20 ‘
Ground motor (kW) - simple equation | 8 (11%) | 31 (10%) | 124 (10%)
Ground motor (kW) - simulation 8(11%) | 30 (10%) | 140(11%)
Propeller (kW) - simple equation 2 (3%) 9 (3%) 37 (3%)
Propeller (kW) - simulation 3 (4%) 13 (4%) 50 (4%)
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Figure 13: Simulation results with the 10-m-wingspan air-
craft. Course of the vertical speed of the aircraft (solid) and
the target value (dashed).
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Figure 14: Simulation results with the 10-m wingspan air-
craft. Courses of the motors’ and propeller’s power.

craft, which plays a role in the transient from zero vertical
speed to the target one (see Figure[12), and due to its pitch,
which has the effect of decreasing the thrust in horizontal
direction and adding a braking contribution from the lift
force projected onto the x,—axis. Again, notwithstanding
these effects, the on-board power required for the ascend
appears to be a reasonable fraction of the system’s power.
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Moreover, we did not carry out any optimization neither of
the design parameters nor of the controllers, which can still
be adjusted in order to achieve different tradeoffs between
peak power consumption and velocity of the transient from
zero to the target vertical speed.

5 Conclusions

We presented an analysis of different concepts for the take-
off phase of AWE systems based on rigid wings and ground-
level power conversion, by means of basic equations. Based
on the analysis, we concluded that a linear take-off ma-
neuver with a ground acceleration phase and on-board pro-
pellers is the most viable approach. We refined the anal-
ysis of this maneuver by means of numerical simulations
with a hybrid dynamical model. The simulation results pre-
dict slightly larger on-board power values than the simpli-
fied analysis, but still they are small compared to the to-
tal power of the generator. This indicates that the take-off
equipment constitutes a rather small cost fraction of the to-
tal system costs. At the same time, the required land occu-
pation appears to be reasonable. These outcomes confirm
the technical and economic feasibility of this take-off tech-
nique. Further studies will be devoted to a deeper analysis
of the approach and to the study of the landing maneuver,
both with finer dynamical models, also accounting also for
wind turbulence, and with experimental activities.
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