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Abstract. The architecture of a new multidisciplinary design and optimization framework
for rigid wing Airborne Wind Energy Systems, named T-GliDe, is introduced and a Ground-
Gen AWES is analyzed to illustrate the features of the design approach. T-GliDe features
an optimization module and an uncertainty quantification module, allowing for a number of
algorithm-based design techniques. T-GliDe performs an AWES design optimizing market-
based objective functions, while satisfying constraints related to flight stability. The flight
dynamics is modelled with analytical aerodynamic theories, allowing for fast and consistent
design evaluations, without the use of time simulation codes and thus of active control. In this
work, a reduced optimization problem is run to find optimal working-set points of a Ground-Gen
AWES with respect to power production. The reel-out factor and the pitch angle as function of
wind speed are considered as design variables and output trends are shown. A variance based
sensitivity analysis is then run to investigate how the rigid body eigenvalues are influenced by
a set of independent variables. Among the chosen independent variables, a sub-set of variables
which bear an impact on the dynamics is identified and they will be considered in future design
and optimization activities as design variables.

1. Introduction
Airborne Wind Energy (AWE) is the field of wind energy which aims at harvesting wind power
throughout the use of airborne systems. Airborne Wind Energy Systems (AWESs) are classified
based on how electricity is generated and on the their flight operations. Power can be generated
with a fixed or a moving ground station or on the flying device. The flight operations can be
additionally divided into crosswind, tether-aligned and rotational [1]. This paper focuses on the
AWESs generating power by flying crosswind with fixed ground-station, called here Ground-Gen
AWESs. Moreover, Ground-Gen AWESs can be classified based on the wing type: fixed wings,
treated in this work, or soft wings can be used.

To enter the market successfully, AWESs need to prove reliability and robust operations over
long time frames, on top of being competitive in the energy market. These requirements shall
be considered from the very first stages of an AWE project, when the system design is not
fixed and modifications can impact system performances. Bearing this in mind, the present
work introduces a new design approach where the AWES is designed based on market metrics,
while ensuring good dynamic characteristics, which may enhance controllability and reliability.
Based on the theory developed in [2], a multidisciplinary design and optimization framework
(T-GliDe: Tethered Gliding system Design) has been built with the aim of designing an AWES
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maximizing power production or minimizing cost-related objective functions, while satisfying
constraints related to flight stability on top of conventional constraints. This approach differs
from optimization approaches based on low-fidelity models [3, 4] or on approaches which focus on
the aero-structural design for specific design load cases [5, 6], which typically do not include flight
dynamics, and from approaches which find power output and loads by running time simulations,
which include control [7].

In this work, the architecture of T-GliDe is introduced and a sensitivity analysis on an
example is presented to explore the design space. The aim of the sensitivity analysis is to give
an understanding of the design space, considering stability features, and show how independent
variables influence relevant outputs. Independent variables which have an impact on the design
will be considered as design variables in future design and optimization activities.

This paper is organized as follows: In Section 2, the architecture of T-GliDe is introduced.
In Section 3, the optimal working set-points of an AWES are found and trends are studied as
function of wind speed. In Section 4, a variance based sensitivity analysis on a set of independent
variables is carried out and the design space explored. Finally, in Section 5 the main conclusions
of this work are summarized and future works introduced.

2. T-GliDe architecture
T-GliDe is being developed to feature many levels of fidelity inside the same framework. At this
stage of development, low fidelity models are included allowing for a conceptual design of the
system. Low-fidelity models are useful to quickly evaluate designs and explore the design space.
Higher fidelity models are intended to be included later, when dealing with a detailed design of
the AWES.

In Figure 1, the general architecture is displayed. The framework features an optimization
module and an uncertainty quantification module. When used separately, optimization problems
can be solved to obtain a design maximising a marked based objective function for given values
of model parameters. An example of a reduced optimization problem is given in Section 3.
Sensitivity analyses on specific designs can be performed without solving the optimization
problem. This informs on the sensitivity of the design on a set of independent variables. An
example of sensitivity analysis on a given design is given in Section 4. When the two modules
are used together, sensitivity analyses on the optimization problem itself are performed. This
give an understanding on how optimal designs vary, as shown in [4]. Therefore, the current
framework allows for a number of combinations of different algorithm-based design techniques
which might be used at different design stages and for different purposes.

2.1. Optimization problem
An optimization problem can be written in generic form as

minimize
x

f(x)

subject to l ≤ x ≤ u
g(x) ≤ 0
h(x) = 0

(1)

Where x are the design variables, f the objective function, l and u the lower and upper
bounds of x, g the inequality and h the equality constraints. In this work, the gradient-based
algorithm Sequential Quadratic Programming (SQP), implemented in the function fmincon [8]
in MATLAB®, is used. The framework is however not restricted to any specific optimization
algorithm and, according to the problem, different algorithms might be used.

Considering the present problem, design variables can be divided into geometrical, i.e. those
defining the geometrical characteristics of the system, and operational, defining the working
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Figure 1. T-GliDe (Tethered Gliding system Design) architecture.

set-point as function of wind speed. Part of this work concerns the identification of a pertinent
set of design variables for the optimization.

2.1.1. Model The physical model in T-GliDe is based on LT-GliDe (Linearized Tethered
Gliding system Dynamics) [2]. T-GliDe is not restricted to a generation type (i.e. Fly-Gen
or Ground-Gen) and will be used to analyse and design both systems. LT-GliDe is initialized
with geometrical and inertial characteristics of the AWES and with operational parameters
describing the working set-point (i.e. reel-out wind speed and pitch angle in this work) as
function of wind speed. At this stage of development, inertial characteristics of the aircraft are
estimated with a historical regression approach, following the formulation proposed in [9] or
kept constant. Holding inertial characteristics constant tells the designer on how aerodynamic
features alone influence the design.

LT-GliDe assumes the dynamic problem to be axial-symmetric by considering the fluctuating
terms over the loop as disturbances. Figure 2 shows the trajectory, where the component of
the gravitational force on the rotor plane (g cosβ) and the component of the wind velocity on
the rotor plane (Vw sinβ) are the fluctuating terms. In this way, the AWES states over the
circular trajectory can be described with a unique steady state. This steady state is considered
as representative of the dynamics over the loop and it is used to evaluate trim, loads and
power. The dynamics of the system in the circular trajectory is then linearized about the steady
state. The aerodynamic derivatives are computed using analytical aerodynamics theories and
the stability of the system is then studied by evaluating the eigenvalues of the linearized problem.
LT-GliDe has been developed and implemented to be coupled with design tools: the analytical
formulation allows for extremely fast and consistent design evaluations.

At each wind speed, LT-GliDe finds the trim conditions, the loads and the power output.
As this work involves Ground-Gen AWESs, the reel-out velocity Vro is included in the velocity
triangle and the power is estimated by the product of tether force and reel-out velocity. Once the
power and the loads are evaluated, the annual energy production (AEP) and the costs related



The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 042067

IOP Publishing
doi:10.1088/1742-6596/2265/4/042067

4

A

XR

YR
Vw

g

A

β

Z0

G
Φ

XGYG

ZG

ZR Ψ

Rotor plane AA

XR

YR

R0

YG
XG

g cos(β)

Vw sin(β)
ZG

G

R

Figure 2. Ground coordinate system FG and rotating coordinate system FR in LT-GliDe [2].

to the design are computed accordingly. The cost model available at this stage of development
was previously introduced in [10], while a new updated cost model is being developed and will
be presented in future works. Finally, the reel-in phase is modelled with a simplified method
[11] assuming a straight trajectory with a constant reel-in speed.

2.1.2. Objective functions A number of objective functions can be used in the optimization.
Table 1 summarizes the objective functions available at the current stage. UF is an objective
function which might be used for systems without power generation. As different objective
functions might lead to different optimal designs, in future works different metrics will be
compared and other additional objectives beyond LCoE included [12].

Table 1. Objective functions currently available in T-GliDe.

Objective Description

CF Capacity Factor
LCoE Levelized Cost of Energy
Π Economic Profit
UF Velocity Factor: Integral of the longitudinal velocity times the wind distribution

Re

Im

ζ > ζmin

Figure 3. Graphical
representation of the
stability constraint.

2.1.3. Constraints Relevant constraints should be included in the
optimization problem. The lift coefficient of the main wing, the
longitudinal velocity u0, the stress acting on the tether σ and the power
generation during reel-out phase Pout are bounded to an upper level.

On top of these conventional constraints for wind energy, constraints
related to the rigid body dynamics at each wind speed are included. In
particular, the damping ratio of each eigenmode shall be higher than
a given value ζmin. The damping ratio ζ is defined as

ζ2 =
1

1 +
(
Im(λ)
Re(λ)

)2 . (2)

The slope m in the real-imaginary plane of the line given by the
minimum damping ratio ζmin is

m =
Im(λ)

Re(λ)
= −

√
1

ζ2min

− 1. (3)
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Therefore, the stability constraints impose that the eigenvalues shall be located on the left
of the limit line, as shown in Figure 3

gζ(x) = |Im(λ)| −m ·Re(λ) ≤ 0. (4)

2.2. Uncertainty quantification
At this stage of development, the uncertainty quantification toolbox UQLab[13] is included
and can be used to perform local and global sensitivity analyses. Sensitivity analyses can be
performed on the optimization problem or on a given design. In this work, a sensitivity analysis
is carried out to identify how independent variables influence the design.

3. T-GliDe results: finding optimal working set-points
In this work, an ultra-light aircraft, Zefiro [2], is used as a baseline to introduce trends and
perform a sensitivity analysis on some independent variables.

In this section, a reduced optimization, where only operational design variables are considered,
is run to find the optimal working set-points as function of wind speed. The pitch angle θ (Angle
which brings from the body coordinate system FB to the stability coo. system FS [2]) and the
reel-out factor γro = Vro

Vw
as function of wind speed are considered as design variables. The

optimizer, in this case, looks for the working set-points in order to maximize power production
while satisfying constraints. To introduce results with an increasing level of complexity and
since they do not primarily impact the results of this work, the elevation angle β and wind shear
are not considered here.

In Figure 4, the power output during the reel-out phase Pout and the cycle power P are
displayed. The power produced during the reel-out phase is constrained and rated power is
reached at 10 m/s. At Vw = 8 m/s, the reel-out power is Pout = 139 kW. The analytic expression
for the optimal power production is [10]

Pout =
1

2
ρ(CL,wAw + CL,hAh)G

2V 3
wγro(1− γro)

2 = 139 kW. (5)

Where ρ is the air density, CL,w and CL,h the lift coefficient of main wing and horizontal
stabilizer, Aw and Ah the wing area of of main wing and horizontal stabilizer and G the system
glide ratio, which is assumed to be high.

In Figure 5, the tether stress is shown as function of wind speed. The tether stress reaches
the upper bound at 9.5 m/s and it is capped until 12 m/s. At Vw = 8 m/s, the reel-out tether
force is Tout = 61 kN; the component of the reel-out force along the ZR axis (see Figure 2) is
Tout cosΦ = 58 kN. This latter value should be compared with the analytic expression [10]

Tout =
1

2
ρ(CL,wAw + CL,hAh)G

2V 2
w(1− γro)

2 = 58 kN, (6)

5 10 15 20
0

100

200

300

P

P
out

Figure 4. Power output during the reel-out
phase Pout and cycle power P .
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0

500

1000

Figure 5. Tether stress as function of wind
speed.
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which assumes a linear crosswind motion.
In Figure 6 the reel-out factor γro and the reel-out velocity Vro as function of wind speed are

shown. Until 9 m/s, γro has a linear trend. When the maximum tether stress is reached, the
optimizer looks for higher γro, which result in a constant reel-out velocity until the tether stress
is not constrained any more (Vw = 12 m/s). Indeed, the reel-out power, which is constrained to
a constant, is the multiplication of tether force, which is constrained to a constant, and reel-out
velocity, which can vary unconstrained and it is set to a constant by the optimizer. In Figure
7, the pitch angle as function of wind speed is shown. After rated power is reached, the aircraft
pitches into the wind to reduced the angle of attack and consequently the lift coefficient, as
shown in Figure 8. The lift coefficient of the horizontal and vertical tail are found by trimming
the kite and they have similar trends to the main wing lift coefficient.

5 10 15 20
0.28

0.3

0.32

0.34

0

2

4

6

8

Figure 6. Reel-out factor and velocity as
function of wind speed.

5 10 15 20

-5

0

5

10

Figure 7. Pitch angle as function of wind
speed.

Finally, Figure 9 shows the longitudinal velocity of the aircraft in the circular trajectory.
The slope of the velocity as function of wind speed changes when the tether stress becomes
constrained and from Vw = 12.5 m/s the longitudinal velocity is constrained to a maximum
value of 90 m/s.

5 10 15 20
0

0.5

1

1.5
Main wing

Hor. stab.

Vert. stab.

Figure 8. Trimmed lift coefficients of the
main wing and vertical and horizontal tail.
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20

40

60

80
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Figure 9. Longitudinal velocity of the
aircraft in the circular trajectory.

As introduced in Section 2.1.3, the rigid body eigenvalues of the AWESs are found by LT-
GliDe and in a complete optimization problem their damping ratio will be constrained. As
this reduced optimization does not modify the geometry, the eigenvalues are just constrained to
have a negative real part. However, these constraints are not active. In Figure 10 and 11 they
are shown as function of wind speed. The roll subsidence is left out from the plots because it
is real and negative. The eigenvalues have different trend before and after certain constraints
become active. The short period has a linear trend before rated power and after the eigenvalues
collapse to a location. Dutch roll has a linear trend before maximum tether stress is found,
then the imaginary part is almost constant. Phugoid has a linear trend before maximum tether



The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 042067

IOP Publishing
doi:10.1088/1742-6596/2265/4/042067

7

stress is reached. When tether force is maximum, its eigenvalues are concentrated close to the
same location and later the imaginary part is almost constant. Positional eigenmode initially
decreases its real part and, after rated power, it increases again. Finally, the imaginary part of
the pendulum eigenmode, which for a straight crosswind motion can be approximated with [2]

Im(λpend) ≈ ωpend ≈

√
T

mL0
t

, (7)

follows the trend of the tether force.
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Figure 10. Eigenvalues as function of wind
speed.
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Figure 11. Eigenvalues closer to the positive
real axis as function of wind speed.

4. T-Glide results: sensitivity analysis
Before formulating the optimization problem by declaring the design variables, a sensitivity
analysis is here performed to study how a set of independent variables influence relevant
outputs. Particular emphasis is given on studying how independent variables influence rigid
body eigenvalues because this is the novelty introduced within the present approach.

In the previous section, the optimal working set-points of Zefiro operated as Ground-Gen
AWES are found as function of wind speed. In this section, the AWES operating at Vw = 8 m/s
is analysed further. A sensitivity analysis is performed to evaluate how the rigid body eigenvalues
are influenced by a set of independent variables. The aim of this study is to identify the sub-set
of independent variables which bear an impact on the dynamics. These independent variables
will be considered in future design and optimization activities as design variables, together with
independent variables which impact conventional outputs [4]. It is important to stress here that
conventional outputs, such as power and tether force, are left out of this analysis because their
analytical expression coincide with LT-GliDe outputs (see Eq. (5) and (6)). Therefore studying
their dependence on the independent variables could be more intuitively performed by analyzing
their analytical expression.

A global sensitivity analysis, and in particular a variance-based decomposition analysis, is
carried out to investigate how independent variables variances influence the real and imaginary
part of the eigenvalues variances. The total Sobol indices [14] are used to show this dependence.
The total Sobol indices represent a measure of how much one output variance is due to one input
variance, considering the interaction with other inputs. A high total Sobol index points out that
a given input bears a large influence of the relative output globally. To evaluate the Sobol
indices, the input space, or the independent variables space in this work, is sampled according
to the uncertainties assigned to them and metamodels are built from these evaluations. In this
work, polynomial chaos expansions are used as metamodels. Sobol indices are finally evaluated
using the metamodels. More details of this technique is given in [4].
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As this work aims at exploring the design space, a uniform distribution varying form 90 %
to 110 % of the nominal value is assigned to the set of independent variables listed in Table 2.
The nominal values are given in [2]. As OWz and OSz nominal values are null, they are varied
from -0.1 m to 0.1 m.

Table 2. Independent variables description.

Var Description Var Description

L0
t Average tether length at rest dt Tether diameter

OTx Tether attach. position along XB

OWx Wing root position along XB OWz Wing root position along ZB

OSx Tail position along XB OSz Tail position along ZB

Aw Main wing area ARw Main wing aspect ratio
Λ Main wing sweep Γ Main wing dihedral
Ah Horizontal tail area ARw Horizontal tail aspect ratio
Av Vertical tail area ARw Vertical tail aspect ratio
m Total mass Ix,Iy,Iz Moments of inertia

In Figure 12, the Sobol indices of the real and the imaginary part of the eigenvalues with
respect to the independent variables and for the given uncertainties are shown. A dark color
highlights a strong dependence between the input and the output variances.

Figure 12. Sobol indices of the real and the imaginary part of the rigid body eigenvalues with
respect to the candidate design variables given in Table 2.

To have an example on how to interpret Sobol indices, one can look at the imaginary part of
the pendulum eigenvalue Im(λpend). Its variance is strongly influenced by the tether length L0

t ,
the main wing area Aw and aspect ratio ARw and the total mass m variances. Considering Eq.
(7), L0

t and m are entering in a direct way the approximate estimation of Im(λpend). Aw and
ARw are instead influencing the tether force, which is influencing Im(λpend).
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Loyd and spiral mode are gathered together because for some combinations of inputs
parameters they merge into positional mode. All complex conjugate eigenvalues have the same
Sobol indices. The roll subsidence has no imaginary part, as it is a real eigenvalue.

As the pendulum eigenmode and the phugoid are typically closer to the real positive axis, the
stability constraint of these eigenvalues will be likely active when carrying out an optimization.
Therefore, focus is given to these modes. The variance of the real part of the pendulum is mainly
influenced by the vertical tail area Av, the main wind dihedral angle Γ, the longitudinal position
of the tail OSx and of the tether attachment OTx. In Figure 13, the dependent of Re(λpend) on
Av and Γ is shown. This plot is obtained by setting all the other inputs to nominal values. It
is found that it is generally beneficial to increase Av, while the dihedral angle has an optimum
value for the pendulum eigenmode. The variance of the real part of the phugoid is influenced
by the vertical tail area Av, the position of the main wing OW, of the tether attachment OTx

and the sweep angle of the main wing Λ. In Figure 14, the damping ratio of the phugoid is
shown as function of Av and the position of the tether attachment along XB. For the phugoid,
it is beneficial to decrease the vertical tail area and to increase the distance between tether
attachment and center of mass.
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Figure 13. Real part of the pendulum
eigenmode at Vw = 8 m/s as function of the
vertical tail area Av and the dihedral angle
Γ.
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Figure 14. Damping ratio of the phugoid
at Vw = 8 m/s as function of the vertical
tail area Av and the position of the tether
attachment along XB.

Pendulum and phugoid are both influenced by the sweep angle of the main wing Λ. In Figure
15, eigenvalues are shown as function of this parameter. The pendulum for a sweep smaller
than about 3◦ becomes unstable and splits into two real positive eigenvalues. The phugoid for
the same values of sweep moves to the location of the pendulum. This suggests that different
eigenmodes can move to the location of the pendulum eigenmode. Therefore, when implementing
this problem in an optimization algorithm, care should be given to the tracking and ordering of
the eigenvalues: the order of the eigenvalues shall be the same while taking gradients and while
performing the optimization steps.

Mass and moments of inertia in a full optimization problem will be linked to the AWES
geometry and therefore will be considered as model outputs and not as independent variables.
They are here considered as independent variables to study their influence on the eigenmodes.
Figure 12 shows that pendulum and phugoid are almost not influenced by the moments of inertia.
Moments of inertia will then weakly enter the optimization problem, as they mainly influence
eigenmodes which will likely not drive the design.

Among the selected independent variables, OSz, Ah and ARh variances almost not influence
the eigenvalues and might be fixed in future design and optimization activities. The other
independent variables impact the design and therefore should be considered when designing a
AWES.

Finally, as Ground-Gen AWESs operate with different tether length during the reel-out
phase, eigenvalues should also be studied as function of tether length L0

t . Figure 16 shows the
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dependence of the eigenvalues close to the origin as function of this parameter. The pendulum
imaginary part varies according to the approximation given in Eq. (7), while the phugoid gets
close the imaginary axis without however largely modifying its damping ratio.
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Figure 15. Eigenvalues close to the origin at
Vw = 8 m/s as function of main wing sweep
Λ.
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at Vw = 8 m/s as function of tether length at
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5. Conclusions
In this work, the architecture of T-GliDe (Tethered Gliding system Design) is introduced
with the aid of an example. T-GliDe features an optimization module and an uncertainty
quantification module. If used together, sensitivity analyses on optimization problems can be
performed. If not, an optimal design can be evaluated throughout the optimization module or
sensitivity analyses can be performed on a given design throughout the uncertainty quantification
module. The optimization problem is built such that an AWES is designed according to
market based objective functions, while satisfying constraints related to the flight stability. The
modelling approach aims at resolving the flight dynamics without the use of time simulation
codes and therefore of active control. Indeed, decoupling the flight dynamics problem from the
control problem might allow to identify good designs independently from the use of specific
control techniques. To prove this, time simulations of a stable-by-design AWES are currently
being performed and will be presented in future works.

An ultra-light aircraft is here used as a Ground-Gen AWES to present trends. A reduced
optimization, where only operational design variables are considered, is run to find the optimal
working set-points as function of wind speed. The reel-out factor and the pitch angle as function
of wind speed are considered as design variables and they are optimized to maximize the capacity
factor. Trends of relevant outputs are shown as function of wind speed. In particular, the rigid
body eigenvalues are shown and a qualitative description of their trends is given.

The system at Vw = 8 m/s is analysed further and a variance based sensitivity analysis
is performed to evaluate how the real and imaginary part of the rigid body eigenvalues are
influenced by a set of independent variables. Focus is given on the pendulum and phugoid
eigenmodes, as they have a small damping ratio. Indeed, in a full optimization these two modes
will likely be constrained, driving the aero-structural design. Among the chosen independent
variables, a sub-set of variables which bear an impact on the dynamics is identified and they
will be considered in future design and optimization activities as design variables.
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