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Abstract

The control design of an airborne wind energy system with rigid aircraft, vertical

take-off and landing, and pumping operation is described. A hierarchical control

structure is implemented, in order to address all operational phases: take-off,

transition to power generation, pumping energy generation cycles, transition to

hovering, and landing. Control design at all hierarchical levels is described. The

design approach is conceived and developed with real-world applicability as main

driver. Aircraft design considerations in light of system maneuverability are

presented, too, as well as three possible alternative strategies for the retraction

phase of the pumping cycle. The automatic control approach is assessed in

simulation with a realistic model of the overall system, and the results yield a

comparison among the three retraction strategies, clearly indicating the most

efficient one. The presented results allow one to simulate the dynamical behavior

of an AWE system in all operational phases, enabling further studies on all-

round system automation, towards fully autonomous and reliable operation.
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1. Introduction

An Airborne Wind Energy (AWE) system converts wind energy into electric-

ity or traction power (e.g., for naval propulsion) with an autonomous tethered

aircraft that carries out periodic trajectories in the wind flow [1, 2]. Deemed

a potential game-changing solution [3], AWE is attracting the attention of re-5

searchers, entrepreneurs, and policy makers alike [4, 5], with the promise of pro-

ducing large amounts of cost-competitive electricity and with wide applicability

worldwide [6, 7, 8, 9]. Today, AWE is the umbrella name for a series of technolo-

gies under development, which can be classified according to different criteria,

such as the operating principle (drag power or pumping operation), aircraft type10

(rigid or flexible), or take-off and landing method (vertical or linear), see, e.g.,

[2, 4] for an overview and [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]

for contributions on specific aspects.

No fully autonomous AWE system has been commercialized so far: many groups

in industry and academia are working to develop the technologies. Fully au-15

tonomous and reliable operation is currently one of the major research and

development priorities [4]. An essential component to reach this goal is the

automatic control system that shall operate the aircraft and the ground station

in all the different system and environment conditions, and in all the phases:

take-off, power generation, and landing. Such a control system features a hi-20

erarchical topology, with control functions at different layers distributed across

the various subsystems. In the scientific literature, most contributions focus on

control design for the power generation phase, mainly with flexible wings (see,

e.g., [12, 13, 16]) but also with rigid ones, [25, 15, 24]. A few works deal with the

control aspects of the take-off and/or landing phases [26, 27, 20]. To the best of25

the authors’ knowledge, no contribution so far has described the control of an

AWE system in all operational phases, allowing one to simulate the dynamical

system behavior from take-off, to power generation, to landing, including all

transition phases, and eventually to implement the control approach on real-

world systems.30
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This paper provides its main contribution in this direction, by describing a de-

sign approach for an automatic control logic able to drive an AWE system in

all operational phases. The considered concept employs a rigid aircraft with

vertical take-off and landing (VTOL) capability, single tether, and pumping op-

eration, in particular the one with boxed-wing design developed by Skypull SA35

[28]. Pumping operation entails the repetition of a traction phase, during which

the tether is reeled-out under high force, followed by a retraction phase, in which

the tether is reeled-in under low force, spending a fraction of the energy gener-

ated during traction. We adopt a realistic model of the whole system, and design

the feedback controllers at all the hierarchical levels, from the low-level attitude40

control up to the supervisory state machine that defines the phase transitions,

to realize fully autonomous operation in normal (i.e., non-faulty) conditions. In

the same spirit as [24], the control system design is approached with simplic-

ity and effectiveness in mind, making it highly suited for implementation on a

real prototype. Moreover, this article delivers two additional contributions: 1)45

a study on the links between aircraft/control design and its maneuverability,

exploring the minimum steering radius for a given design as a function of the

wind speed, and 2) a comparison among three possible aircraft reentry strategies

during the retraction phase of the pumping cycle: a “free-flight” one, where the

aircraft glides upwind with very low force on the tether, and two alternatives50

with taut tether and different flight trajectories. The automatic control sys-

tem is assessed via numerical simulations, showing the good performance of the

approach and allowing us to compare the three reentry alternatives. The com-

parison clearly confirms that the free-flight strategy achieves the best conversion

efficiency, with about 80% ratio between average cycle power and average trac-55

tion phase power. A preliminary study connected to this paper is [23], where

we considered the control in all phases of an untethered aircraft, hence with a

simpler model, without the system and control design aspects for tethered flight

and power generation, and without the study on different reentry strategies.

The paper is structured as follows. In Section 2, a concise description of the60

system under study and its operational phases is given. Section 3 presents the
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analysis of aircraft design vs. maneuverability. Section 4 describes the dynami-

cal system model, divided into its main subsystems: the drone, the tether, and

the ground station. Section 5 presents the automatic control strategy. Section

6 describes the simulation results and the comparison among the reentry strate-65

gies. Finally, Section 7 contains concluding remarks and points out the next

research and development steps.

2. System description and operating principle

We provide next a concise description of the system at hand, while in Sec-

tion 2.2 we describe its operating principle and the three alternative reentry70

strategies considered for the retraction phase.

2.1. System description

A sketch of the system considered in this paper is presented in Figure 1. It

employs a tethered aircraft with rigid wing (also referred to as “drone” in the

remainder) with a single tether and ground-based power conversion via pumping75

cycle operation. The drone has VTOL capability thanks to onboard propellers.

One of the main peculiarities of this system with respect to the other concepts

Retraction phase
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Ground sensors

Ground actuators

Ground control

Supervisory control
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Figure 1: Conceptual sketch of the considered AWE system, with its main components, and

of pumping operation.

that are currently under development is the boxed-wing design of the drone

with a propeller at each corner, see Figure 2. Due to the distribution of masses
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Figure 2: Position of the center of gravity and geometric center of the drone, adopted body

reference frame B, and indication of upper, lower, left and right wings.

and the positioning of batteries in the lower corners of the frame, the geometric80

center and the center of gravity are different (see Figure 2). This allows one

to identify a lower wing (the one that is closer to the center of gravity) and an

upper one (i.e. the opposite one), and consequently a left and right wing by

looking at the drone from behind. The tether is attached to the lower part of

the drone through a Y-shaped bridle, whose effect is taken into account in the85

model employed in this study (see Section 4).

On each lateral wing there are two discrete control surfaces, while the upper and

lower wings feature three discrete control surfaces each. These surfaces can be

actuated either symmetrically, on a single wing or on two opposite wings, lead-

ing to a symmetric change of aerodynamic coefficients (hence of lift and drag90

forces), or in opposite directions. In the second case, the effect is to generate

turning moments. All the possible combinations of movements of the control

surfaces lead to a rather high control authority when operating in dynamic flight

mode. In addition, the four propellers act as in standard quad-copters in hover-

ing mode, and they can further contribute to turning moments also in dynamic95

flight mode, besides providing the forward thrust to keep cruise velocity. In this

report, we assume that the control system can inject turning moments around
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the axes of the body coordinate system B = (~xB , ~yB , ~zB) depicted in Figure 2,

plus a thrust force in the ~zB direction. Therefore, we have four control inputs

(three turning moments and the thrust force). The translation from turning100

moments to individual surface/propeller commands is managed by a low-level

logic that aims to provide the wanted action with minimal energy consumption.

When operating in tethered mode in presence of strong-enough wind, the pro-

pellers are not used to generate thrust force, rather the forward apparent speed

is provided by the well-known phenomena of crosswind kite power [29],[30].105

Regarding the tether, this is made of Ultra-High Molecular Weight Polyethylene

(UHMWPE), as in most pumping AWE systems. Finally, the ground station

features a winch connected to an electric machine that serves both as generator

and as motor during pumping operation, together with all the required sub-

systems (power electronics, energy storage, mechanical frame, tether spooling110

system, ground control system, ground sensors, etc.).

2.2. Operating principle and reentry strategies

In normal (i.e. non-faulty) conditions, the working principle of this class of

system features the following phases:

� Vertical take-off. When the wind conditions at the target operating115

altitude are suitable to generate energy (cut-in wind speed), the system

takes-off vertically using the on-board propellers, in hovering mode. This

is the typical flight condition of quad-rotors, with the addition of the

tether. The propellers sustain the weight of the vehicle and control its

attitude.120

� Transition from hovering to power generation. In this phase, the

drone must quickly speed up and rotate to achieve the attitude and refer-

ence speed that can sustain its weight during the power generation phase.

� Power generation. The system transitions from multi-copter mode to

dynamic flight and enters into power generation mode. This is achieved via125

the so-called “pumping operation”, composed of two phases (see Figure 1):
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in the traction phase the drone flies fast in crosswind patterns (i.e. roughly

perpendicular to the wind flow), like a steerable kite, and the tether is

reeled-out under high force, generating energy, while in the retraction

phase the drone glides towards the ground station and the tether is quickly130

reeled-in under very low force, spending a fraction of the energy previously

generated. Two transition phases link the traction and retraction ones to

achieve a repetitive power generation cycle. During power generation,

the aircraft is kept airborne by large aerodynamic forces, the onboard

propellers are therefore not employed, or they are used as generators to135

recharge the batteries and supply power to the onboard electronics and

actuators. This is the typical flight condition of an airplane, with the

addition of the tether.

� Transition from flight to hovering. In this phase, the drone must

slow down and rotate with propellers pointing up, to achieve a stationary140

hovering condition.

� Vertical landing. When the wind is too weak to generate energy, or

too strong to operate the system safely, the drone carries out a controlled

vertical landing in hovering mode.

The main control objective is to obtain a fully autonomous flight cycle from145

take-off to landing, going through all the phases described above.

The model and control algorithms presented in this paper allow one to realize

such an all-round operation.

2.2.1. Alternative reentry strategies

The efficiency of the pumping cycle depends on how the traction and retrac-150

tion phases are carried out. While for the traction phase there is clear consensus

in the literature and among AWE developers on the type of trajectory that must

be flown (crosswind patterns, either loops or figures of eight), for the retraction

phase there are several options that can be explored for what we call the reentry

strategy. The latter term refers to the way the aircraft is flown to a suitable155
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condition to start the next traction phase, while the ground station reels-in the

tether. One of the contributions of this paper is indeed to compare three dif-

ferent alternative reentry strategies and their effect on the cycle performance in

terms of average power generation. It is appropriate to describe qualitatively

these three alternative strategies at this point, while in Section 5 we will point160

out the corresponding specific control solutions. In the remainder, we adopt

the term “free-flight” to indicate a flight mode with slack tether, as opposed to

“taut-tether” flight. To visually present the three alternatives, we anticipate in

Figures 3-5 part of the simulation results presented in Section 6.

Free-flight reentry. With this strategy, the reentry starts with the drone165

transitioning from taut-tether flight into free-flight. The ground station con-

troller regulates the tether speed in order to limit the pulling force at very small

values, thus limiting interference with the drone control system that regulates

the drone’s trajectory in a free-flight condition. Then, the drone starts to glide

upwind towards the ground station at controlled speed. To facilitate the restart170

of the next traction phase, in which the drone enters a figure-of-eight path, the

gliding trajectory is carried out pointing to one side of the ground station with

respect to the wind direction. When the drone is sufficiently close to the ground

station, its control system cooperates with the ground station’s one in order to

transition again from free-flight to tethered flight. This is the most critical175

part of the trajectory and requires very accurate coordination of on-board and

on-ground controllers, to avoid tether force peaks that could significantly per-

turb the trajectory of the drone or even damage the latter. Figure 3 presents a

pumping cycle obtained with the free-flight reentry.

Complete rotation around the ground station. The second alternative180

consists in a complete revolution of the aircraft around the ground station,

while the tether is reeled-in at constant speed. The drone thus flies a spiraling

trajectory. In this case, the tether is maintained taut at all times. To maximize

the cycle efficiency, the reference tether velocity has to be adequately calibrated,

in order to avoid large peaks of required power and at the same time guarantee185

a sufficiently fast tether reel in. This strategy is presented in Figure 4.
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Figure 3: Simulation of a pumping cycle with free-flight reentry strategy: drone path in polar

coordinates. Black solid line: traction phase; green dashed line: retraction phase.
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Figure 4: Simulation of a pumping cycle with rotation around the ground station as reentry

strategy: drone path in polar coordinates. Black solid line: traction phase; green dashed line:

retraction phase.
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Figure 5: Simulation of a pumping cycle with climb and descend reentry strategy: drone path

in polar coordinates. Black solid line: traction phase; green dashed line: retraction phase.

Climb and descend reentry. In this strategy, the drone continues to fol-

low a figure-of-eight path, but at an higher elevation from ground than the one

used in the traction phase. In this way, the apparent wind seen by the drone de-

creases, and the retraction phase is carried out under relatively low tether force.190

Also in this case, the reference tether velocity has to be suitably calibrated to

optimize the cycle performance. Figure 5 depicts the typical trajectory obtained

with this strategy.

3. Steering authority analysis and drone design considerations

The steering authority during tethered flight is a crucial aspect for an AWE195

system, because of the particular trajectories to be achieved. We term steering

authority of the tethered system the minimum turning radius that it can achieve

while flying with taut tether under high lift force and apparent speed. The

smaller such a steering radius, the higher the steering authority. The latter

is affected by different aspects, including the steering strategy which, for the200

considered box-wing design, can be either “roll-based” or “yaw-based”. Here,

roll and yaw deviations are referred to a reference system, which we formally

introduce in Section 4, defined by the drone’s position when the tether is taut.

In particular, the yaw angle is measured around the tether direction, while the
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roll angle is measured with respect to a neutral configuration where the upper205

and lower wings are perpendicular to the tether.

In our research, we went through an initial design phase in which we analyzed

these two options. In this section, we present the key points of our analysis,

since they motivate subsequent control design choices and they can be useful also

for other AWE systems’ developments. In particular, we analyze the steering210

authority in two different conditions: 1) trajectories parallel to ground, and 2)

trajectories perpendicular to ground. These are indeed two extreme cases of all

the situations that can occur in tethered crosswind flight. In the analysis, we

make the following simplifying assumptions:

� the apparent speed magnitude va coincides with the drone’s velocity vector215

magnitude (i.e. no absolute wind speed is present), indicated with v in this

study. The results hold qualitatively also in presence of wind, particularly

in crosswind conditions when the absolute wind speed is much smaller

than the aircraft’s speed relative to ground;

� the apparent wind velocity is such that the lift force significantly exceeds220

the aircraft weight: the excess lift is balanced by the tether force (i.e., the

cable essentially acts as kinematic constraint preventing the drone from

translating in tether’s direction);

� the tether direction is perpendicular to the flown path;

� in the roll-based strategy the side-slip angle β of the aircraft is zero.225

These assumptions are reasonable for a first-approximation analysis of steering

authority. A conceptually similar approach has been used already in the field

of AWE, for example to study the steering mechanism of kites, obtaining good

matching with the experimental evidence [31, 32].
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3.1. Trajectories parallel to ground230

The centrifugal force during a turn at constant radius r can be expressed as:

Fcf = m
v2

r
(1)

where m is the drone mass and v is its speed. The centrifugal force has to

be counterbalanced by a centripetal one in order to turn at constant radius r.

The generation mechanism of the centripetal force depends on the considered

steering strategy, as described below.

3.1.1. Roll-based steering strategy235

With roll-based steering, the centripetal force Fcp is given by:

Fcp = (FL,up + FL,down) sin (ϕ) (2)

where FL,up, FL,down are the lift forces contributed by the upper and lower

wings and ϕ is the drone’s roll angle, so to obtain the projection of the lift

forces on the plane containing the drone’s trajectory (see Figure 6). The lift

𝐹𝑐𝑓
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wind v

𝑟

𝐹𝐿,𝑢𝑝

𝐹𝐿,𝑑𝑜𝑤𝑛
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Right 

wing

Left 

wing

Figure 6: Sketch of turning maneuver using the roll-based strategy.

forces are computed as:

FL,up = 1
2ρSupcL(α, β)v2

FL,down = 1
2ρSdowncL(α, β)v2

(3)
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where ρ is the air density, Sup, Sdown are the effective surfaces of the upper and

lower wings, cL is their lift coefficient, and α, β are the drone’s angle of attack

and side-slip angle, respectively. The specific aerodynamic coefficients employed

in our study are reported in Section 6 (Figure 17).

Equating (1) and (2) and inserting (3) into (2) we have

1

2
ρ(Sup + Sdown)cL(α, β)v2 sin (ϕ) = m

v2

r
(4)

solving for the turning radius and considering that we assume β = 0, we finally

obtain:

r =
2m

ρ(Sup + Sdown)cL(α, 0) sin (ϕ)
(5)

From this equation it can be noted that, to increase the steering authority using

a roll-based strategy, one of the following measures can be adopted, compatibly

with other design and control requirements:

� Reduce the drone mass m;

� Increase the upper and lower wing surfaces Sup, Sdown;240

� Increase the lift coefficient cL (e.g. higher angle of attack α);

� Increase the roll angle ϕ.

3.1.2. Yaw-based steering strategy

In the yaw-based steering (see Figure 7), the centripetal force is the sum of

the lift forces FL,left, FL,right of the lateral wings. The latter are non-zero due

to the presence of a side-slip angle induced by the yaw motion:

FL,left = 1
2ρSleft cL,lateral(β)v2

FL,right = 1
2ρSright cL,lateral(β)v2

Fcp = FL,left + FL,right

(6)

where Sright, Sleft are, respectively, the surface of the left and right wings, and

cL,lateral(β) their lift coefficient. The latter is a function of the side-slip angle

β, which for the lateral wings corresponds to the angle of attack. In this case,
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Figure 7: Sketch of turning maneuver using the yaw-based strategy.

the force balance Fcp = Fcf yields:

1
2ρ(Sleft + Sright)cL,lateral(β)v2 = m v2

r
(7)

The turning radius is given by:

r =
2m

ρ(Sleft + Sright)cL,lateral(β)
(8)

Thus, to increase the steering authority with a yaw-based strategy, one of the

following measures can be adopted:245

� Reduce the drone mass m;

� Increase the lateral wings’ surfaces Sleft, Sright;

� Increase the lift coefficient of the lateral wings, cL,lateral;

� Increase the side slip angle β (without exceeding its limits for a stable

flight).250
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Figure 8: Sketch of turning maneuver with path perpendicular to ground: top of trajectory

(a) and bottom of trajectory (b).

3.2. Trajectories perpendicular to ground

In the previous section, results for trajectories parallel to ground (i.e. with

the gravity force roughly in tether direction and compensated by the lift) have

been presented. However, in crosswind flight with low elevation, the flown tra-

jectories tend to be perpendicular to the ground, so that the steering authority255

is affected also by the gravity force mg (where g is the gravity acceleration),

which is roughly perpendicular to the tether direction. Moreover, the effect

of gravity depends on the specific position on the flown path. Considering for

simplicity a loop, the gravity force contributes to the centripetal force when the

curvature is downwards (i.e. at the top of the trajectory), while it adds to the260

centrifugal force when the curvature is upwards (at the bottom of the trajec-

tory). Thus, during trajectories not parallel to ground, the steering authority

is bounded between two extremes, as described below.
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Table 1: Parameters used for the steering authority analysis of Figure 9

Parameter Unit Value

Sup, Sdown m2 0.21

Sleft, Sright m2 0.21

cL(α, 0) - 1

cL,lateral(β) - 1

m kg 11

ρ kg/m3 1.2

g m/s2 9.81

3.2.1. Top of trajectory

Referring to Figure 8-(a), we have:

Fcf = Fcp +mg (9)

where Fcp is provided by either one of the two strategies presented in the previ-

ous section (i.e. equation (2) or (6)). Solving for the turning radius we obtain:

rtop =
mv2

Fcp +mg
(10)

From (10) it can be noted that, in the upper part of the trajectory, the gravity265

force is a centripetal one, helping the drone to turn. The behavior of rtop as a

function of the apparent speed is best analyzed graphically, by computing it for

increasing speed values. We present an example in Figure 9, obtained with a

yaw-based strategy and using the parameters reported in Table 1. Note that rtop

increases with speed and asymptotically approaches a value r which corresponds270

to the one found for trajectories parallel to ground. This is reasonable, since

the gravity force becomes negligible with respect to the aerodynamic forces at

high apparent speed, as assumed in the popular first-principle analysis of AWE

generation potential [29].
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Figure 9: Example of relation between turning radius and front speed for a path perpendicular

to ground, for the Skypull system considered in this study and using a yaw-based strategy.

The turning radius at the upper part of the trajectory, rtop, (10) and at the bottom, rbottom

(12), are shown together with the asymptotic value r (8) and the limiting speed vlim. Drone

parameters reported in Table 1.
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3.2.2. Bottom of trajectory275

Referring now to Figure 8-(b), we have:

Fcf = Fcp −mg (11)

and solving for the turning radius we obtain

rbottom =
mv2

Fcp −mg
(12)

from which it can be noted that in this case gravity provides a centrifugal

contribution, reducing the steering authority. Equation (12) has a singularity

at a value of speed vlim such that the centripetal forces generated by the wings

(be it with roll-based or yaw-based strategies) is equal to the gravity force: below

this speed, the drone is not able to steer in the lower part of trajectory, because280

the available centripetal force is not large enough to compensate the weight.

This also corresponds to the minimum airspeed to keep the drone airborne.

Computing the value of rbottom with increasing speed reveals that the turning

radius decreases with larger speed values and approaches the same asymptotic

value r, see Figure 9.285

3.3. Conclusions

From the presented analysis, the following considerations emerge:

� During trajectories perpendicular to ground, the turning radius is bounded

in the inteval [rtop, rbottom];

� For trajectories parallel to ground, as a first approximation the front speed290

does not affect the steering authority. Instead, for trajectories perpendic-

ular to ground, the steering authority is highly affected by speed and it

approaches a unique asymptotic value with larger speed, either from above

(in the top part of the trajectory) or from below (in the bottom part), see

Figure 9.295

� In a drone with lower mass, higher lift, or larger effective surface area,

the singularity point vlim and the asymptotic radius r are shifted to lower

values, with an increase of the steering authority.
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Figure 10: Turning radii of the Skypull system considered in this study as a function of front

speed, for the baseline total lateral surface (dotted line), and for increased surface values: twice

the baseline (dash-dotted), and four times the baseline (solid). Drone parameters reported in

Table 1.

Regarding the last point above, Figure 10 shows the sensitivity of the turning

radius with respect to the effective lateral wings’ surface in a yaw-based strategy,300

keeping constant all other parameters. A larger surface decreases the turning

radius in all conditions and reduces the minimum front speed required to steer

at the bottom part of the path. From this analysis, it can be noted that doubling

the lateral surfaces has a large impact on the steering authority, while further

doubling it has a relatively lower effect, since the relationship is hyperbolic305

(see, e.g., (8)). Moreover, this simplified analysis is not valid anymore for small

radius values (as compared with the drone’s wingspan), since it does not take

into account that when the turn is too narrow the lift distribution along the

wing becomes highly uneven, and the total lift decreases significantly.

Based on the presented analysis, in our research we eventually decided to adopt310

a yaw-based strategy and to double the lateral wing surfaces with respect to

the original drone design, in order to improve maneuverability. The choice of

yaw-based strategy was also influenced by the fact that the considered system
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features a tether attachment point significantly below the center of gravity,

which leads to a self-aligning roll moment when the tether pulls the aircraft,315

making it more difficult to issue the roll deviations required for steering. This

aspect is further analyzed in Section 4.2.

4. System model

In this section, we describe the dynamic models of the drone and of the

ground station that we use to simulate the system. For the control design,320

described in Section 5, we use different, simplified models. In this way, we also

introduce a realistic mismatch between the model used for control design and the

one used to simulate the system and evaluate the control performance. For the

sake of notational simplicity, in the remainder we omit the explicit dependency

of the various quantities on the continuous-time variable t ∈ R, when this is325

clear from the context. Finally, the symbol ·T denotes the matrix transpose

operation.

4.1. Reference frames

The considered model is derived from established 6-dof aircraft model equa-

tions [33], with modifications due to the box-wing architecture of the drone and

the presence of the four propellers.

We start by introducing the drone’s position ~p(F ) = [p~xF , p~yF , p~zF ]T in the in-

ertial reference frame F (~xF , ~yF , ~zF ), which is centered at the ground station,

with unit vector ~zF pointing up and ~xF along a chosen direction, here assumed

to coincide with the prevalent wind direction at the considered location. For

taut-tether control purposes, it is useful to convert the coordinates of the inertial

system into spherical ones:


d

θel

ϕaz

 =



√
p2~xF + p2~yF + p2~zF

arctan

(
p~zF√

p2
~xF

+p2
~yF

)
arctan2 (p~xF , p~yF )

 (13)
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where d is the drone distance from ground station, θel is the elevation angle and

ϕaz is the azimuth angle (Figure 11, left), and arctan2(·, ·) is the four-quadrant330

arctangent function.

For convenience when describing the model and the control approach, we intro-

duce three additional right-handed reference frames:

� B (~xB , ~yB , ~zB) is the body reference frame, fixed to the drone and with

origin in its center of gravity (Figure 2). The ~zB axis is aligned with335

propellers’ axes, while ~xB points towards the upper wing. The ~zB axis of

this reference system is thus aligned with the ~zF axis of the inertial one

when the UAV is stationary in hovering mode.

� Aw (~xAw , ~yAw , ~zAw) is the apparent wind reference system, with ~xAw

aligned with the apparent wind direction, ~yAw parallel to the upper wing,340

and ~zAw pointing up.

� L (~LT , ~LN , ~LW ) is the local (or tether) reference frame, fixed to the UAV

and with ~LT aligned with tether, pointing opposite to the ground station,

~LN pointing to the local North and ~LW pointing to local West (see Figure

11, left).345

The relative orientation between frames F and B can be expressed by a

quaternion ~q =
[
q1 q2 q3 q4

]T
.

A vector given in the F system can be expressed in the B system by means of

the following rotation matrix:

HFB = 2


(q21 + q22)− 1 (q2q3 + q1q4) (q2q4 − q1q3)

(q2q3 − q1q4) (q21 + q23)− 1 (q3q4 + q1q2)

(q2q4 + q1q3) (q3q4 − q1q2) (q21 + q24)− 1]

 , (14)

and vice-versa a vector in B system can be translated into F system by matrix

HBF = HT
FB . A vector expressed in Aw reference can be expressed in B system
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Figure 11: Left: spherical coordinates. The drone position can be expressed in terms of

distance from ground station, elevation angle θel, and azimuth angle ϕaz . A sketch of the

local reference system L is presented as well: LT is directed along the tether, LN points to

the local North (zenith) and LW points the local West. Right: close-up view of the local

reference system, and Euler angle ψL.

by the following rotation matrix [33]:

HWB =


cos (α) 0 − sin (α)

sin (α) sin (β) cos (β) cos (α) sin (β)

sin (α) cos (β) − sin (β) cos (α) cos (β)

 (15)

where, as already introduced in Section 3, α is the drone’s angle of attack and

β is the side-slip angle. Finally, the rotation matrix from F to L reads:

HFL =


cos (θel) cos (ϕaz) cos (θel) sin (ϕaz) sin (θel)

− sin (θel) cos (ϕaz) sin (θel) sin (ϕaz) cos (θel)

sin (ϕaz) − cos (ϕaz) 0

 (16)

4.2. Drone model

Due to the unbalance in mass distribution mentioned in Section 2, the con-

stant inertia matrix computed with respect to the B frame has non-zero terms
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out of the diagonal:

I =


Ixx 0 Izx

0 Iyy 0

Izx 0 Izz

 (17)

The external forces and moments acting on the UAV considered in the model

are:

� Gravitational force;

� Propellers’ forces and moments;350

� Aerodynamic force and moments;

� Tether force and moments.

The gravitational force is computed in the inertial frame as ~Fg(F ) = m
[
0 0 −g

]T
,

where the constants m and g are, respectively, the drone’s mass and the gravity

acceleration.

Each propeller generates a thrust force, ~Fp(B)j , and a drag torque in ~zB direc-

tion, Tp(B)j , j = 1 . . . , 4, expressed in body frame as:

~Fp(B)j =
[
0 0 bjω

2
j

]T
~Tp(B)j =

[
0 0 cjω

2
j

]T (18)

Where ωj is the rotational speed the jth propeller, and bj , cj are constant

parameters. The propellers’ forces can be linearly combined to obtain the total

thrust in ~zB direction, denoted by U1, and the rotational moments around ~xB

(∆Up2), ~yB (∆Up3) and ~zB (∆Up4):
U1

∆Up2

∆Up3

∆Up4

 =


b1 b2 b3 b4

b1d~yB1 −b2d~yB2 −b3d~yB3 b4d~yB4

b1d~xB1 −b2d~xB2 b3d~xB3 −b4d~xB4

−c1 −c2 c3 c4




ω2
1

ω2
2

ω2
3

ω2
4

 (19)

where d~xBi, d~yBi, i = 1, . . . , 4 are the constant position coordinates of each pro-

peller with respect to the origin of B.
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When deriving the model of the drone’s aerodynamics, we took into account

the various application points of the aerodynamic force and moment vectors

generated by the four wings. Moreover, the angle of attack of one wing cor-

responds to the side-slip angle for the perpendicular one, thus resulting in a

rather complex computation of the forces and moments acting at each instant

on the drone. As a matter of fact, the overall aerodynamic force and moment

vectors are nonlinear mappings whose inputs are the drone’s angle of attack

and side-slip, the apparent wind speed vector, and the actuators’ position. In

the apparent wind reference system (Aw), the aerodynamic force vector can be

expressed as:

~Faero(Aw) =
[
FD FS FL

]T
. (20)

FD, FS , FL are the drag component, lateral component, and lift component,

respectively, computed as:

FL = 1
2ρScL,tot(α, β)v2a

FD = 1
2ρScD,tot(α, β)v2a

FS = 1
2ρScS,tot(α, β)v2a

(21)

where ρ is the air density, S is the total effective wing area (both constant pa-

rameters), va is the magnitude of the apparent wind seen by the drone, cL,tot,

cD,tot and cS,tot are, respectively, the overall lift, drag, and side force coefficients,

which are functions of (α, β). These lumped parameters take into account the

specific geometry of the drone and of the airfoils employed on each one of the

four wings. In this study, which is focused on control aspects, we neglect the

damping terms in the computation of aerodynamic forces and moments. We

think that this is an acceptable simplification here, since the aircraft is stabilized

anyways by active control and we expect that the presence of these terms would

not affect significantly the results. Similarly, the overall aerodynamic moment

vector, denoted with ~Maero, is computed in frame Aw as a quadratic function of

va and a nonlinear function of (α, β), featuring suitable constant aerodynamic

coefficients. In particular, a CFD analysis was carried out by Skypull to derive

the aerodynamic coefficients employed in our model. The employed CFD soft-
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ware was SU2 [34], developed by Stanford University. The CFD software results

have been validated against experimental data on standard profiles. Moreover,

the considered Skypull system has non-planar wings with multi-element airfoils,

and the employed software is able to handle these features. As an example,

the obtained lift and drag coefficients used in our simulations are presented in

Section 6 (Figure 17).

The apparent wind vector ~va in the inertial frame is:

~va(F ) = ~vw(F ) −


ṗ~xF

ṗ~yF

ṗ~zF

 (22)

where ~vw(F ) is the absolute wind vector.

Regarding the tether, its connection point to the drone is located on a rigid

frame attached below the box-wing aircraft (see Figure 12). So, the pulling

force also produces a turning moment on the drone. By computing the forces

with respect to the body reference frame, we have:

~Ft(B) = −~dt(B)|~Ft| (23)

where dt(B) is the tether direction, computed as (assuming taut tether):

~dt(B) = HFB

~p(F )

|~p(F )|
. (24)

The moment generated by the tether force is:

~Mt(B) = ~pt(B) × ~Ft(B) (25)

where ~pt(B) is the position of the connection point in body reference frame,

relative to the center of gravity of the drone (see Figure 12), and × denotes the

cross product. The force magnitude |~Ft| is computed considering non-zero load

transfer only with taut tether:

|~Ft| = max (0, ks(Lt)(d− Lt)) (26)

where ks is the tether stiffness and (d − Lt) is the tether elongation. Tether

stiffness is a parameter that depends on the length of reeled-out tether:

ks(Lt) =
Ft,max
∆Lmax

=
Ft,max
εmaxLt

(27)
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Figure 12: Sketch of the tether connection. The tether force ~Ft(B) applies also a moment

around the drone’s center of gravity.

where Ft,max is the maximum force that the tether can withstand, ∆Lmax is

the corresponding maximum elongation, and εmax is the maximum elongation

relative to the length. Being
Ft,max
εmax

a constant parameter for a given tether,

the stiffness depends only on its length, and decreases with it according to the

hyperbolic equation (27).

To avoid numerical solution problems, in numerical integration routines it is

advisable to implement an approximated version of (26):

|~Ft| =


Ft,max
εmax

ε, if ε ≥ ε0
Ft,maxε0
εmaxe

e
ε
ε0 , if ε < ε0

(28)

This formulation is actually identical to (27) for positive elongation, and uses

a decreasing exponential approximation for negative elongation. This allows

one to avoid the non-differentiable point at zero elongation, which is instead

present in (26). The resulting curve is shown in Figure 13. Finally, tether drag

is accounted for as an incremental term that increases the drone’s aerodynamic

drag:

cD,eq(α, β) = cD,tot(α, β) +
cD,tdtLt

8S
(29)

where cD,t is the tether drag coefficient, dt and Lt are, respectively, the tether
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Figure 13: Tether force as a function of (a) absolute elongation and (b) relative elongation,

for three different tether length values: 50 m (dotted line), 100 m (dashed), and 200 m (solid).

diameter and its reeled-out length. Equation (29) is derived from a momentum

balance considering a linear dependency of the apparent speed seen by each355

infinitesimal segment of tether, and the distance of such a segment from the

ground station, see, e.g., [35]. The coefficient cD,eq is eventually employed to

compute the drag force in (21) instead of cD,tot(α, β).

Considering all of the described external forces and moments, the resulting drone
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model consists of 13 ordinary differential equations (ODEs):

F~xB = m(U̇ −RV +QW )

F~yB = m(V̇ − PW + UR)

F~zB = m(Ẇ −QU + PV )

M~xB = Ṗ Ixx − (Ṙ+ PQ)Izx +RQ(Izz − Iyy) +Q
∑4
j=1 hz,j

M~yB = Q̇Iyy + (R2 + P 2)Izx + PR(Ixx − Izz)− P
∑4
j=1 hz,j

M~zB = ṘIzz − (Ṗ +QR)Izx + PQ(Iyy − Ixx)
q̇1

q̇2

q̇3

q̇4

 = 1
2


0 −P −Q −R

P 0 R −Q

Q −R 0 P

R Q −P 0




q1

q2

q3

q4


ṗ~xF

ṗ~yF

ṗ~zF

 = HBF


U

V

W



(30)

where U , V and W are the drone’s velocity vector components in the body360

frame B; P , Q and R are the rotational speeds around the axes of B; F~xB , F~yB

and F~zB are the components in the B frame of the vector sum of all external

forces acting on the UAV; M~xB , M~yB and M~zB are the components in the B

frame of the vector sum of all external moments applied to the UAV. Finally,

the constant parameters hz,j , j = 1, . . . , 4 are the moments of inertia of mo-365

tors/propellers in ~zB direction. The control inputs are the total thrust force,

U1, and the total moments provided by the propellers and by the aerodynamic

control surfaces, denoted as U2, U3 and U4 for rotations around axes ~xB , ~yB ,,

and ~zB , respectively. These variables do not appear explicitly in (30), since

they contribute, respectively, to F~zB , M~xB , M~yB and M~zB . In particular, the370

turning moments U2, U3 and U4 are given by the moments ∆Up2, ∆Up3, ∆Up4,

provided by the propellers (see (19)) and exploited mainly in hovering mode,

plus the contributions of the aerodynamic surfaces, used prevalently in dynamic

flight mode. The latter are modeled here directly in terms of control moments.

In practice, such moments are nonlinear functions of the positions of the discrete375
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control surfaces that are present on each wing. The precise characterization of

such moments as a function of flight conditions and surface position is a pro-

prietary know-how of Skypull SA, not disclosed here for confidentiality reasons.

On the other hand, considering directly the control moments U2, U3 and U4

results in a more general approach that can be applied to other drone types,380

by inserting the corresponding input mapping between discrete control surface

positions and resulting moments.

4.3. Ground station model

From rotational equilibrium, the model of the motor-winch subsystem reads:

Jλ̈ = |~Ft|rw − T − βf λ̇ (31)

where J is the total moment of inertia of the winch and the motor, λ is the

angular position of the winch, rw is the winch radius, T is the torque applied

by the electric machine to the winch and βf is the viscous friction coefficient.

Note that a positive torque T > 0 tends to reel-in the tether. We conclude

this section on the ground station by introducing the link between the winch

position and the length of reeled-out tether:

Lt = rwλ. (32)

This equation holds under the assumption, without loss of generality, that λ = 0

corresponds to the tether being completely reeled-in.385

5. Control design

We employed simplified models of the system’s behavior to design the var-

ious control strategies, which will be recalled in this section. The final control

approach has been then tested on the full nonlinear model (13)-(31), which cap-

tures quite accurately all the relevant effects occurring in the real system.390

We start our description from the layout of the overall control logic, presented

in Figure 14. A supervisory controller is in charge of monitoring the execution
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Figure 14: Layout of the control system

of the current phase and of switching to the next one. In each phase, the su-

pervisor issues a corresponding operational mode to the drone’s and the ground

station’s controllers, which in turn feature a hierarchical topology. In the next395

sections, we describe each one of the involved control functions. We assume that

the full state of the drone and of the ground station is available: this is reason-

able considering that each state variable is measured with redundant sensors,

and filtering algorithms are in place as well to reduce the effects of noise.

5.1. Drone controller400

For the sake of drone control design, it is useful to distinguish the following

three working conditions:

1. Hovering: the drone is kept airborne by the propellers in multi-copter

configuration;

2. Dynamic flight with slack tether (free-flight): the drone flies as a conven-405

tional aircraft, the front airspeed required to remain airborne is produced

by wind and/or by the propellers’ thrust. The tether is slack, so it affects

the drone dynamics only with its weight and drag;

3. Dynamic flight with taut tether (taut-tether flight): the drone flies as a

conventional aircraft, however the tether applies also a pulling force on it.410
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To formulate the feedback control algorithms in an intuitive way, we resorted

to three definitions of Euler angles, one for each working condition, expressed

as functions of the entries of the rotation matrix HBF (14):

1. Euler angles for hovering (ϕh, θh, ψh), defined as Z − Y −X right handed

rotation sequence from the inertial frame F to body frame B:
ϕh

θh

ψh

 =


arctan2(HBF (2, 3), HBF (3, 3))

arcsin (−HBF (1, 3))

arctan2(HBF (1, 2), HBF (1, 1))

 (33)

These are the typical angles used for multi-copter control.

2. Euler angles for free-flight (ϕf , θf , ψf ), defined as X−Y −Z right handed

rotation sequence from F to B:
ϕf

θf

ψf

 =


arctan2(HBF (3, 2), HBF (3, 1))

arcsin (−HBF (3, 3))

arctan2(HBF (2, 3), HBF (1, 3))

 (34)

With this convention, when the drone flies at zero pitch and roll, the415

~zB axis is parallel to the ground and ~xB axis points up. These angles

correspond to the typical ones for airplane control.

3. Euler angles for taut-tether flight (ϕL, θL, ψL). These are defined similarly

to the Euler angles for free-flight mode, but referring to a neutral condition

in which the drone ~xB axis is aligned with the tether, which corresponds

to ϕL = θL = 0. In these conditions, the yaw angle ψL can assume any

value, depending on the direction the drone is pointing to. In particular,

when ψL = 0 the drone’s ~zB axis is aligned with the local west axis ~LW

(see Figure 11, right):
ϕL

θL

ψL

 =


arctan (−HBL(1, 2), HBL(1, 1))

arcsin (HBL(1, 3))

arctan (−HBL(2, 3), HBL(3, 3))

 (35)

where HBL = HFL · HBF is the rotation matrix between body axis and

local reference frame. This triplet is very useful to design the control
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Figure 15: Layout of the drone controller. The hovering, free-flight and taut-tether controllers

compute reference angular rates P (ref), Q(ref), R(ref) and velocity W (ref) according to their

design and possibly based on the inputs sent by the supervisory controller, which is also in

charge of the switching logic (see Section 5.3). A unique low-level controller computes the

control inputs in order to track the provided references P (ref), Q(ref), R(ref), W (ref).

strategy for taut-tether flight, since the yaw angle is directly linked to420

the course of the drone (assuming small side-slip angle), which can be

feedback-controlled and its reference can be computed by a navigation

strategy to achieve, e.g., way-point tracking or path following.

The use of two different sets of Euler angles for hovering and free-flight ((33) and

(34), respectively) also allows us to avoid the well-known gimbal lock problem,425

occurring at pitch angle θ = π
2 . Indeed, such a pitch value can occur in either

one of the two Euler triplets 1. and 2., but never in both triplets at the same

time. The Euler angles for tethered flight mode (35) are further introduced

in order to describe in an intuitive way the misalignment of the drone’s ~xB

axis with respect to the tether, hence simplifying the design of the attitude430

controllers.

The drone controller consists of a hierarchical structure shown in Figure 15,

with a common low-level controller for angular rates and thrust, and different

mid- and high-level controllers for the various working conditions. These con-

trollers send to the low-level one suitable reference values of rotational speeds435

P (ref), Q(ref), R(ref) and of velocity along the ~zB axis, W (ref). In Section 5.1.1

we recall the low-level attitude controller and the high-level ones for hovering

and free-flight, already presented in [23], while in Section 5.1.2 we introduce the
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one for taut-tether flight.

5.1.1. Low level attitude controller, and hovering and free-flight controllers440

The low level controller is the one described in [23]. It is based on simplified

equations of the rotational motion and takes into account the non-symmetrical

inertia matrix.

The hovering controller computes the reference rotation rates sent to the atti-

tude controller when the drone is in hovering condition. This controller is based445

again on a hierarchical approach: the inner loop tracks the reference attitude

and altitude, a mid level controller tracks the reference speed in ~xF and ~yF , and

an outer loop tracks the position of the drone in the (~xF , ~yF ) plane.

The controller for free-flight features a hierarchical logic, with an inner loop re-

sponsible for attitude tracking, a middle loop responsible for altitude tracking,450

and an outer loop for inertial navigation planning. This controller is designed

using the Euler angles for free-flight, (ϕf , θf , ψf ). As anticipated in Section 3.3,

the steering mechanism exploits a yaw motion instead of a roll one. For further

information on these controllers we refer the reader to [23].

5.1.2. Taut-tether flight controller455

This controller exploits the Euler angles for taut-tether flight, which define

the rotation from the body reference frame B to the local reference frame L.

The main difference between taut-tether control and free-flight is that we now

provide switching target points in spherical coordinates, following an established

approach to obtain figures of eight, see e.g. [32, 12]. Assuming that the tether

has instantaneously constant length, the drone is restricted to move along a

spherical surface. As a consequence, any motion direction is identified by one

planar angle, called velocity angle, see e.g. [32]. This is defined as:

ν = arctan2
(
−~̇pT(L) ~LW , −~̇p

T
(L)

~LN

)
. (36)
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The reference velocity angle ν(ref) is computed in order to make the drone move

towards the current target point:

ν(ref) = arctan2
(

(ϕ(ref)
az − ϕaz) cos (θel),−(θ

(ref)
el − θel)

)
(37)

where θ
(ref)
el , ϕ

(ref)
az are, respectively, the elevation and azimuth angles of the

target point. Note that, differently from [32], here the velocity angle is zero

when the drone’s velocity points towards the ground. This choice allows the

controller to carry out figures of eights with “downloops”, i.e. moving towards

the ground in the outer parts of the eight-figure, and upwards in the middle,

which yields a smaller variability of the power output in the traction phase [12].

Then, we design a feedback controller to maintain the θL and ϕL angles equal

to zero, so to keep a stable tethered flight, and to regulate the yaw ψL to make

the drone track the reference velocity angle ν(ref). Specifically, the controller

takes the form: 
ϕ̇
(ref)
L

θ̇
(ref)
L

ψ̇
(ref)
L

 =


kϕL 0 0

0 kθL 0

0 0 kψL




0− ϕL
0− θL

ν(ref) − ν

 (38)

Note that the velocity angle is used, instead of the true heading angle ψL, to

track speed direction more precisely, as it compensates the side slip angle β.

Finally, the reference angular velocities around each axis, provided as reference

signals to the low-level attitude controller (see Figure 15) are computed by

means of the following rotation matrix:
P (ref)

Q(ref)

R(ref)

 =


0 sin (ϕL) cos (ϕL) cos (θL)

0 cos (ϕL) − sin (ϕL) cos (θL)

1 0 sin (θL)



ϕ̇
(ref)
L

θ̇
(ref)
L

ψ̇
(ref)
L

 (39)

Regarding the speed reference W (ref), this is set at a value that is slightly

larger than the stall speed of the drone: in this way, if the latter flies faster

than W (ref) (thanks to the crosswind effect) the propellers will automatically

switch off, while if for any reason (e.g. insufficient wind speed) the drone’s

velocity component W (i.e., along ~zB direction in body frame) drops below the460
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reference, the low level controller will engage the propellers and avoid a stall

condition.

5.2. Ground station control

The ground station must control the tether reeling speed and/or the applied

force by means of the electric motor. We distinguish three possible working465

conditions:

1. Low tether force: the pulling force is small and the tether is slack. This

situation occurs during hovering and in the retraction phase with free-

flight reentry strategy. In this working condition, the ground station must

keep a low pulling force while avoiding unnecessary reel-out of the tether,470

which can likely lead to tether entanglement;

2. Generation phase: the tether speed is positive under significant pulling

force. This is the working condition in the traction phase of the pumping

cycle;

3. Retraction phase with taut tether: there is a non-negligible pulling force475

applied to the tether, and negative release speed. This working condition

occurs during the retraction when the chosen reentry strategy is either the

climb and descend one, or the rotation around the ground station.

We developed three controllers to operate in these different working conditions.

In all cases, suitable saturations to the commanded torque are included, in order480

to avoid excessive force peaks on the tether. We denote with T̄ the maximum

torque, which we choose as a constant value in this work. If needed, one can

easily set a torque saturation that depends on other variables, such as the winch

speed.

5.2.1. Low tether force485

The controller in low force operation requires an accurate position measure-

ment of the drone in order to guarantee that the tether length is larger than the

distance between the drone and the ground station, however without exceeding

too much, to avoid possible tether entanglement on ground. The idea is to keep
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an extra-length of the released tether with respect to the drone-ground station

distance, by means of a constant offset ∆̂L. For this kind of control, we used a

PD controller tuned on the systems parameters, whose transfer function reads:

TNoTension(s) = (Kp +
Kds

1 + Kd
Nd
s

)(L
(ref)
t − Lt) (40)

where s is the Laplace variable, and Kp, Kd and Nd are tuning parameters based

on the model equation (31). The reference tether length L
(ref)
t is computed from

the drone’s position |~pF | and the tuning parameter ∆̂L:

L
(ref)
t = d+ ∆̂L. (41)

∆̂L is usually chosen as a few meters (see Section 6 for the specific value used

in our simulations), depending on the precision of the GPS measure. To avoid

tether entanglement, this controller is active only when the tether has to be

reeled-in, i.e., during free-flight reentry phases and landing phases. An addi-

tional possibility to limit the tether force is the use of a mass-spring-damper490

system and a feedback controller that reacts on the basis of the spring compres-

sion, see [36, 20] for an example.

5.2.2. Generation phase

During the generation phase, the ground station controller must regulate the

tether tension to maximize the generated power. To this end, it can be demon-

strated (see, e.g., [13]) that the feedback control law that achieves maximum

power generation (considering only the traction phase) takes the form:

Tgeneration = kgenerationλ̇
2 (42)

with

kgeneration = 2ρ (Sup + Sdown) C̄Lr
2
wĒ (43)

where ρ is the air density and C̄L and Ē are, respectively, the nominal (i.e.,

expected by design during the traction phase) lift coefficient and aerodynamic495

efficiency of the drone.
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5.2.3. Retraction phase with taut tether

During the retraction phase with taut tether, the ground station controller

shall guarantee that the tether is reeled-in under large-enough pulling force.

The tether force-speed combination has an impact on the overall efficiency of

the pumping cycle. A practical solution is to employ a speed controller with a

reference reeling speed that has to be tuned to obtain a good cycle efficiency

(see Section 2.2.1). Such a controller is:

Treentry = −kreentry(L̇
(ref)
t − L̇t) (44)

where the reel-in tether speed reference L̇
(ref)
t < 0 is usually set at few meters

per second. In this work we used a constant gain kreentry tuned by trial and

error: the optimization of the reel-in control strategy is currently a topic of500

research (see Section 7).

5.3. Supervisory controller and transition management

Coordination between ground station and drone controllers is crucial to

achieve an efficient and safe operation of the system. The supervisory logic

depicted in Figure 14 is responsible for the selection of the mid-level controllers505

used during the different phases and issues suitable reference signals to such

controllers. According to the system’s operating principle, we identified five op-

erational phases, see Figure 16, and suitable switching conditions among them,

as detailed below. We introduce here the reference signals and the switching

conditions employed in each phase in abstract terms: the actual numerical val-510

ues used in our simulations are reported in Section 6.

1. Hovering to the area where power generation starts (for take-off) and

back to the ground station (for landing). In this condition, the hovering

controller is active on the drone, and the ground station is controlled in

order to have no tension on the tether. During take-off, the hovering

controller is commanded to move to a designated position ~p
(ref)
(F ),TO, which

is sufficiently far from the ground station in downwind direction, to start
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pumping operation. The switching between hovering and transition to

taut-tether flight occurs when the following condition is met:

‖~p(ref)(F ),TO − ~p(F )‖2 ≤ d̄H (45)

where the distance d̄H is a tuning parameter defining how close the drone

shall be to the target when the switching occurs.

During landing, the hovering controller is commanded to move to the

ground station.515

2. Transition from hovering to traction phase. In this phase, which occurs

between take-off and power generation, a chosen reference speed W (ref)

along the ~zB axis and a reference pitch angle θ
(ref)
h are provided to the

hovering and low-level controllers on the drone in order to make it steer

into crosswind flight. These references are chosen to increase the speed

perpendicular to the tether and to enter crosswind flight. Regarding the

ground station, in this phase the power generation controller is engaged.

The switch to the subsequent traction phase occurs when the following

condition is met:

W ≥ Ŵ (46)

where Ŵ is a speed threshold defined by the user. A sensible choice is

to set Ŵ equal to the stall speed of the aircraft plus a reasonable margin

(e.g., +10%).

3. Traction phase. The controller for taut-tether flight is enabled on the

drone, which starts to track reference points in the elevation-azimuth

plane in order to carry out figure-of-eight crosswind trajectories. The

two employed reference points feature the same elevation θ
(ref)
el and az-

imuth angles ϕTR+
az and ϕTR−

az . The current reference azimuth ϕ
(ref)
az (see

Section 5.1.2) is set by the supervisory controller to either ϕTR+
az or ϕTR−

az

according to a switching strategy based on a suitable proximity condition,

see e.g. [32], [12]. During the traction phase, the ground station control is

set to power generation. Switching to the retraction phase is commanded
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when the tether length exceeds a set threshold and, at the same time, the

drone velocity vector has a component pointing upwards:

Lt ≥ Lmax ∧ ṗ~zF > 0 (47)

This condition ensures that the retraction phase does not begin when the

drone moves towards the ground, making the maneuver safer.520

4. Retraction phase. The employed low-level controllers, reference variables

and switching conditions of the retraction phase depend on the chosen

reentry strategy:

� For the free-flight reentry, the employed controllers are the free-flight

one for the drone, and the low force one for the ground station. The

supervisory controller sends to the drone a target position ~p
(ref)
(F ),RE ,

which is a design parameter. In particular, the ~xF and ~zF compo-

nents of ~p
(ref)
(F ),RE are set at a desired distance and altitude in down-

wind direction with respect to the ground station, while the ~yF com-

ponent features a chosen magnitude and its sign is the same as that

of the drone velocity component ṗ~yF at the end of the traction phase.

The switch to the traction phase (for the next pumping cycle) is com-

manded when the tether length falls below a set lower threshold Lt:

Lt ≤ Lt. (48)

� For the rotation around the ground station, the taut-tether flight con-

troller is kept engaged, and it is given a reference elevation θ
(ref)
el =525

θrotel and azimuth ϕ
(ref)
az = ±π, where the positive value (i.e., π) is

chosen if the drone velocity component ṗ~yF is positive, while the neg-

ative one is used if ṗ~yF < 0. In this way, the drone continues to fly

in the same direction (respectively towards left - ṗ~yF > 0 - or right -

ṗ~yF < 0 - looking at the drone from the ground station) to carry out530

the rotation. The ground control operational mode is set to retrac-

tion phase with taut tether (see Section 5.2.3) only when the drone
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reaches a position such that |θel| ≥ π/4. When the position compo-

nent p~xF of the drone switches from negative to positive (i.e. when

the drone has completed a rotation spanning the whole half-plane535

“behind” the ground station), the switch to the next traction phase

is commanded.

� For the climb and descend reentry maneuver, the taut-tether flight

controller is kept engaged and it is given a reference elevation θ
(ref)
el =

θCDel and azimuth angles ϕCD+
az and ϕCD−

az , using the same strategy540

as in the traction phase. The target points are chosen to make the

drone increase the elevation angle, in order to decrease the tether

force thanks to a smaller projection of the absolute wind in tether

direction. The ground control operational mode is set to retraction

phase with taut tether. The switching condition to traction phase is545

(48).

5. Transition from power generation to hovering. This phase is engaged when

the system exits the power generation phase and enters the hovering mode,

for example to carry out a landing maneuver (see point 1. above). The

ground station controller is set to low force operation. At the same time,

the supervisory controller sends to the drone a reference pitch angle (in

free-flight convention) θ
(ref)
f = π/2. In this way, the tether force drops

under the action of the ground station controller, and the drone pitches

up and gains altitude using the propellers. The switch to hovering phase

(described at point 1. above) is commanded when the drone’s pitch (in

hovering convention) is small enough:

|θh| ≤ θ̄h (49)

where the threshold θ̄h is a user-defined parameter, to be chosen inside

the region of attraction of the hovering controller.

Figure 16 presents the switching conditions among the described phases,

while Table 2 summarizes the drone and ground station controllers employed in550

each phase.
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Phase

Hovering Transition Pumping Pumping Transition

to generation (traction) (reentry) to hovering

Drone HO HO TT TT or FF FF

Ground s. LF GE GE TT or LF LF

Table 2: Active drone and ground station controllers in the different operational phases. Drone

controllers: HO=Hovering; FF=Free-flight; TT=Taut tether. Ground station controllers:

LF=Low force; GE=Power generation; TT=Taut tether retraction.

Hover

Transition 

from hover 

to power 

generation

Power generation

Traction

Retraction

Ԧ𝑝 𝐹 ,𝑇𝑂 − Ԧ𝑝 𝐹 2
≤ ҧ𝑑𝐻

𝑊 ≥ 𝑊

𝐿𝑡 ≤ 𝐿𝑡

𝐿𝑡 > 𝐿𝑚𝑎𝑥

∧
ሶ𝑝𝑧𝐹 > 0

𝜃ℎ ≤ ҧ𝜃ℎ

Stop power 

generation

Transition 

from power 

generation 

to hover

Figure 16: Supervisory control strategy with switching conditions among phases.

6. Simulations results

Several simulations of all-round operation have been performed. The rele-

vant system parameters are shown in Table 3, and the aerodynamic coefficients

as a function of α, β are presented in Figure 17.555

The low level flight controllers have been designed using either pole place-

ment or LQR techniques, with the tuning parameters reported in Table 4. Re-

garding the ground station controller, the employed parameters are Kp = 0.67,

Kd = 2.7, Nd = 20, ∆̂L = 5 m, L̇
(ref)
t = −3 m/s and kreentry = 200. The winch
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Table 3: System parameters used in the simulations.

Parameter Unit Value

Air density ρ kg/m2 1.2

Gravity acceleration g m/s2 9.81

Drone

Mass m kg 11.3

Inertia matrix I kg m2


4.53 0 −1.35

0 3.28 0

−1.35 0 5.49


Total effective surface area S m2 0.21

Tether connection point ~pt(B) m
[
−1 0 0

]T
Max prop. speed rpm 12000

Thrust coefficient bj N/rpm2 1.1e-6

Drag coefficient cj N/rpm2 2.04e-8

Prop. distance d~xBi, d~yBi m


0.632 0.395

0.632 0.585

0.632 0.395

0.632 0.585


Tether

Maximum length m 500

Diameter dt mm 0.83

Max elongation εmax % 1

Drag coefficient cD,t - 1

Minimum breaking load N 1600

Winch

Radius rw m 0.159

Moment of inertia J kg m2 0.2

Friction coefficient βf Nm s 0.01
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Figure 17: Aerodynamic coefficients used in the simulations. Lift and drag coefficients are

plotted as function of angle of attack and for different side slip angle values, while the side

force coefficient is plotted as a function of side slip angle and for different values of angle of

attack. Coefficients obtained by computing the aerodynamic forces with CFD analysis using

the software SU2 [34] and then dividing the force by the term
1

2
ρS v2a, see (21).

torque saturation is set at T̄ = 160 Nm, corresponding to a tether force of about560

1000 N).The computed value of kgeneration (see (42)-(43)) is 0.5324. Finally,

the numerical values of the parameters pertaining to the supervisory controller,

described in Section 5.3, are reported in Table 5.

In the simulation analyzed here, the wind velocity ~vw(F ) has been computed

as a vector with average value of 7 m/s along the inertial ~xF axis, and zero-mean565

uniformly distributed random perturbations on all components.

Figure 18 shows the path performed by the drone: after the first hovering phase,

two pumping cycles with free-flight reentry are carried out, before transitioning

again to hovering and then landing. As described in the previous sections, the

drone is commanded to take-off from the ground station in hovering mode until570

it reaches the point chosen to start the power generation. Then, transition

from hovering to tethered flight starts: the drone rapidly increases its speed

component W , while the ground station engages the generation phase controller.

When the front speed exceeds the threshold Ŵ , the taut-tether flight controller

is enabled and the drone starts the generation phase, tracking figure-of-eight575

paths. When the length of the tether reaches the value Lmax, the retraction
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Table 4: Control design techniques and tuning parameters employed for the mid- and low-level

loops. PP: Pole Placement; LQR: Linear-Quadratic Regulator. The design parameters are

the closed loop poles for PP and the Q, R matrices for LQR.

Control loop Design parameters

Low level - [23] eq. (10)-(12)

Angular rates (PP) 40 rad/s

Velocity component W (PP) 20 rad/s

Hovering - [23] eq. (13)-(19)

Attitude (PP) 5 rad/s

Velocity (PP) 1 rad/s

Position (PP) 0.2 rad/s

Free Flight - [23] eq. (20)-(23)

Attitude (PP) 10 rad/s

Altitude and vertical speed (LQR) Q =

 100 0

0 1


R =

 1000 0

0 100


Taut-tether flight - Section 5.1.2

Attitude (PP) 5 rad/s
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Table 5: Supervisory controller: values of the parameters introduced in Section 5.3 employed

in the simulations.

Parameter Unit Value

Hovering

~p
(ref)
(F ),TO m

[
80 0 20

]T
d̄H m 5

Transition to power generation

W (ref) m/s 25

θ
(ref)
h rad 0

Ŵ m/s 22

Traction phase

θ
(ref)
el rad 0.6

ϕTR+
az , ϕTR−

az rad ±0.7

Lmax m 180

Retraction phase

~p
(ref)
(F ),RE m

[
120 ±40 40

]T
θrotel rad 1.1

θCDel rad 1.2

ϕCD+
az , ϕCD−

az rad ±1.1

Lt m 135

Transition to hovering

θ̄h rad π/3
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phase begins. We comment next the behavior when a free-flight reentry is

implemented, since it proved to be the most efficient strategy. In Section 6.1,

we compare this approach with the other two alternatives described in Section

2.2.1. When the reentry phase is concluded (the tether length falls below Lt),580

another pumping cycle starts. Figure 3 shows the same path in terms of spherical

coordinates. It can be seen that the azimuth angle is kept between ±40 degrees,

and that the elevation angle during the traction phase is between 30 and 15

degrees. Figure 19 presents the tether force, speed, and mechanical power during

a simulation encompassing take-off, three pumping cycles, and landing. It is585

clearly visible how the free-flight strategy is able to quickly reduce the tether

force during the retraction. The tether force has a variation of more than 200

N during the power generation phase with a mean value around 500 N, and

the tether is released at around 2 m/s. This is consistent with the chosen reel-

out strategy: in fact, considering 7 m/s average wind speed and an elevation590

angle θel of about 22 degrees, the wind speed in tether direction results to

be around 6.5 m/s, and 1/3 of it corresponds to 2.15 m/s. The mean power

generated during 2 cycles is 751 W, while considering only the traction phase the

mean power generated is about 908.6 W. The Euler angles in the three adopted

conventions (hovering, free-flight, and taut-tether flight) during a simulation595

comprising the take-off and one pumping cycle are shown in Figure 20. The

white sections denote the engaged flight controller: the hovering one until about

35 s, then the taut-tether one, finally the free-flight one for the reentry, at about

76 s. The switching behavior of the target-point strategy in the traction phase

is clearly visible, with the yaw angle ψL transitioning from a few degrees (i.e.,600

moving towards the local West) to about −π (i.e., moving towards the local

East). Still regarding the taut-tether flight, Figure 21 shows the course of the

velocity angle and its reference. Finally, Figure 22 presents the low-level control

inputs U1, U2, U3, and U4 during take-off, three pumping cycles, and landing.

It can be noted that the propellers switch on (U1 6= 0) also during the traction605

phase, when the apparent speed is not large enough: this is due to the fact

that the tested wind speed of 7 m/s is close to the minimum one at which the

46



Figure 18: Pumping operation with free-flight reentry: 3D drone path including take-off,

hovering, transition to power generation, two pumping cycles, transition to hovering, and

landing.

system can remain airborne. The same figure also shows how the moment U3

has non-zero average during crosswind flight, i.e. active control must be used

to keep the drone’s pitch angle at the desired reference. This behavior can be610

improved, e.g., by moving the tether attachment point in the ~zB direction or

changing the trim of the wings.

6.1. Comparison among reentry strategies

We compared the three reentry phase strategies introduced in Section 2.2.1

in simulation, in order to study the advantages and drawbacks of each one. From

the point of view of implementation, the simplest strategies are those with taut

tether, because they avoid transitions between taut and slack tether, decreasing

the number of involved controllers and the complexity of coordinating them.

Figure 4 shows the trajectory with the reentry strategy consisting of a complete

rotation around the ground station. In the first part of the reentry phase, the

apparent wind is very high, because the drone is flying in downwind position,

while when the drone moves upwind with respect to the ground station the
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Figure 19: Pumping operation with free-flight reentry: ground station variables during take-

off, three pumping cycles, and landing. From top: tether force, tether speed, and mechanical

power. Dotted line: hovering; dashed: transitions; solid: traction phase; green dash-dotted:
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Figure 20: Simulation results: attitude of the drone during take-off and one pumping cycle.

From top to bottom: Euler angles for hovering, Euler angles for free flight, and Euler angles for

taut-tether flight. Solid lines: roll angle (ϕh, ϕf , ϕL); Dashed lines: pitch angle (θh, θf , θL);

Dash-dotted lines: yaw angle (ψh, ψf , ψL). White sections of the plots indicate the engaged

flight controller (from top to bottom: hovering, free-flight, and taut-tether flight).
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Figure 21: Simulation results. Traction phase: velocity angle (solid) and its reference (dashed)

during two figure-of-eight paths.
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Figure 22: Simulation results, course of the total thrust U1 (upper plot), and moments U2

(lower plot, solid line), U3 (dashed), and U4 (dash-dotted) during take-off, three pumping

cycles, and landing.
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apparent wind is very low, and the tether force decreases substantially. Figure

5 shows the trajectory in terms of azimuth and elevation angles for the climb and

descend reentry strategy. The drone continues to perform figure-of-eight paths

but at higher elevation angle, above 60 degrees, thus reducing the apparent wind

seen by the tether. In this way, the tether can be reeled in under relatively lower

force.

We compared the three strategies in terms of cycle efficiency, defined as:

η =
(tce − tcs)
(tte − tts)

tte∫
tts

P (τ)dτ

tce∫
tcs

P (τ)dτ

, (50)

where P = |~Ft|L̇t is the mechanical power tcs, tce are the start and end time

of the pumping cycle, and tts, tte the start and end time of the traction phase615

only. In other words, η is the ratio between the so called cycle power (average

power of the pumping cycle) and the average power during traction only. It is

a good metric to evaluate the impact of the retraction phase, also accounting

for the duty cycle. The results are reported in Figure 23. The best reentry

strategy in terms of efficiency is clearly the free-flight one, because it is fast620

and requires very low power during retraction, scoring an efficiency of about

83%. Regarding the strategies with taut tether, it turns out that the complete

rotation around the ground station has a higher efficiency (about 46%) than the

climb and descend strategy. This is due to the fact that it requires less power

to pull the tether when the drone is in the upwind zone. The climb and descend625

reentry strategy has the lowest efficiency (40%) among the three, however the

average cycle power is still positive.

Figure 24 shows a comparison among the three strategies in terms of tether

force and length in a simulation encompassing take-off and at least two pumping

cycles for each one. It can be noted that both the duty cycle and the tether630

force during retraction are significantly better in the free-flight approach. The

rotation around the ground station gives rise to a longer traction phase, because

the tether reels out also in the first part of the rotation, until the drone reaches
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Figure 23: Simulation results. Comparison among reentry strategies. Left: average power

during the traction phase, the retraction phase, and the whole pumping cycle power, for the

free-flight strategy (blue), the rotation around ground station (red), and the climb and descend

(green). Right: cycle efficiency.

|θel| ≥ π/4. This behavior results in a longer cycle. Note that both the climb

and descend strategy and the rotation around the ground station still feature a635

rather high tether force during the retraction phase.

7. Conclusions and suggested next steps

The models and controllers described in this work form a complete simula-

tion suite that can be implemented in numerical ODE solvers to evaluate the

system behavior and to support experimental testing and product development640

for VTOL pumping AWE systems in all operating conditions. Through this

model, a comparison between different reentry strategies has been carried out.

The results confirm that the reentry strategy in free flight is the best solution

in terms of cycle efficiency, which is roughly twice that of the other considered

approaches. Moreover, a steering authority analysis has been presented, pro-645

viding results that link drone design parameters to its maneuverability during

taut-tether flight.

One of the main limitations of the presented work is the lack of a robustness

analysis with different and time-varying wind speed profiles, both in terms of
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Figure 24: Simulation results. Course of tether force and length with the three different

reentry strategies: free-flight (solid), rotation around the ground station (dashed), and climb

and descend (dash-dotted). The take-off and first traction phase are the same in the three

simulations. For the free-flight strategy, a landing maneuver is carried out after three cycles.

speed and direction. This analysis would require a realistic model of the wind650

field, and its outcome may indicate that robust automation strategies are needed

to cope with wind variability and/or sudden events, like wind gusts. The devel-

opment of such robust approaches is an important direction for further research

and also presents interesting methodological challenges, given the system nonlin-

earities and the need to design a distributed control approach. Moreover, in our655

hierarchical control system several tuning parameters are present, which we set

by trial and error: another interesting topic is to devise optimal tuning methods

for these parameters. In addition to these research directions, other suggested

next steps are the inclusion of a multi-body tether model, to improve the model

accuracy, and the experimental test of the approach on a real prototype, in660

order to validate the results and improve the simulation environment.
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