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1. Introduction

AWE systems are a technology that employs
tethered aircraft to harvest high-altitude wind
energy. Such systems employ a kite to reach
greater heights with respect to conventional
wind turbines, where the wind is stronger and
more consistent, simultaneously overcoming its
limitations such as high material costs and en-
vironmental impacts. Moreover, for this kind of
system, the available power scales with the wind
speed through a cubic relationship |7].

An accurate estimation of the wind vector at op-
erational height (200-500 m from the ground) is
therefore essential for the design, control, and
optimization of AWE systems. However, the
nonlinear and stochastic nature of altitude wind,
the limited and noisy measurements from the on-
board sensors, together with the complex aero-
dynamics of a tethered aircraft pose serious chal-
lenges to the task.

Inspired by an initial work at Kitemill [1], a
world-leading company in the industry, the main
objective of this thesis is to develop and evalu-
ate novel methods for wind speed estimation for
AWE systems.

After an initial review and definition of the aero-
dynamic and wind models considered, this work
proposes and compares two different approaches

for wind vector estimation, without using any
dedicated wind sensors and exploiting only the
measurement of dynamical quantities of the kite.

2. Modelling

In light of the research’s primary focus on the
estimation of the wind vector, the work was
developed solely in simulation, attributing fun-
damental importance to the modeling aspect.
Considering a flexible wing system linked to the
ground with one or more tethers, the aerody-
namic model considered in this thesis can be
described by an equivalent point mass model,
depicted in Figure 1.

Figure 1: AWE System diagram



Within a global reference frame (X,Y,Z), where
X is the principal wind direction, the kite posi-
tion vector r and its time derivatives can be de-
fined through Cartesian coordinates @, ¢, and L.
The latter symbolizes the length of the tether,
assumed to be perfectly taut. The states of these
systems can be defined as
.. ..T

m:[GQSLOgbL] (1)
Despite its simple nature, this approach pro-
vided a fair compromise between flight accuracy
and simulation time. An additional level of de-
tail for the forces equations can be found in [4],
from which the work originated.
Concerning the wind model, this work dis-
carded the computation through popular ana-
lytical functions that exploit a wind speed mea-
surement at a known height [2]|. Instead, a set of
arbitrarily chosen points was employed to imple-
ment interpolation functions, improving the gen-
erality of the approach and expanding the field
of possible real-world wind conditions. More-
over, the wind profile in the principal direction
depends only on the kite altitude, while its val-
ues in the Y direction vary with respect to the
kite position on the X-Y plane. Without loss of
generality, constant zero magnitude along the Z
direction can also be assumed.
The results of this nuanced approach are de-
scribed in Figure 2 and Figure 3.
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Figure 2: Generated wind plots in X direction
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Figure 3: Generated wind plots in Y direction

3. Wind Vector Estimation

While the subject of wind estimation has been
largely treated in the field of traditional wind
energy, namely wind turbines, in papers such as
[5] or [6], only a few works analyze this prob-
lem in the setting of AWE. The most relevant
one can be found in [9], where the researchers
propose the use of an Extended Kalman Filter
(EKF) framework for the purpose of estimating
aerodynamic parameters and wind information.
The two approaches presented in this work in-
stead employ optimization techniques to solve
the problem at hand at each time step.

Under the assumption of perfect knowledge of
the simulation model, the first approach uti-
lizes a solver capable of handling nonlinear
equations, applying it to a non-square sys-
tem. Through the use of MATLAB’s fsolve,
the Levenberg-Marquardt method ([8]) is imple-
mented to minimize the difference between the
measured derivatives of the state and the esti-
mated derivatives of the state computed with
the unknown wind, forming an overdetermined
problem of 6 equations in 3 unknowns.

The results of the approach are evaluated
through the use of the Root Mean Square Fr-
ror (RMSE) between the measured wind and
the estimated one, in each direction, within 25
seconds of simulation. Table 1 summarizes the
performance results. Near zero values in the
first row underline the effect of the strong initial
perfect knowledge assumption, while the critical
increase of values in the second row, produced
with noisy input measurements, highlights the
problematic effect produced in the presence of



uncertainties.

RMSEx RMSEy RMSE; > RMSE

0.006515
0.373862

0.010951  0.01406
0.721726  0.924809

0.031525
2.020397

Table 1: Nonlinear solver RMSE results, zero
noise in the first row, input measurement noise
in the second

The problem at hand is also approached through
the use of a Gradient-Based Optimization
method, which is part of a family of methods
that exploit first- and second-order optimality
conditions in order to find the minimum of a
given cost function [3]. The second approach
introduced in this work employs a Sequen-
tial Quadratic Programming (SQP) method,
that uses Broyden—Fletcher—Goldfarb—Shanno
(BFGS), a quasi-newton method, to approxi-
mate the Hessian matrix. These algorithms are
used to solve the following nonlinear minimiza-
tion problem

min (7 — )T Q(F — #)

+ (u — o) Quip (U — o)

s.t. T = fest(F77~°“7Ft7p’ u),
u<u<u @)
W, =0,
z1—1=0,
le'wa =0

where the vector of optimization variable u is
defined as

w=[Wo Wy, W 2z 2z, =)’ ()

and wu,;q is the optimization vector at the
previous time step.

Differently from the previous case, this method
used an estimation model, defined by fes: and
inspired from [9], distinct from the simulation
one.

The new formulation allows the imposition of
constraints derived from aerodynamic consid-
erations, such as the orthogonality between
the apparent wind vector and the direction
of the lift force, represented by z;, or the
null magnitude of the wind vector in the Z

component.

The results presented in Figure 4 are obtained
after a manual trial and error tuning of ) and
Quaifr, followed by the application of a grid
search approach based on the sum of the three
RMSEs.
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Figure 4: Optimization results along the (a) X,
(b) Y and (c) Z direction

A sensitivity analysis is performed on this sec-
ond approach in order to test its flexibility in



the presence of uncertainties. The aerodynamic
coefficients Cp and C were selected for this
task, as they represent a common real-world un-
certainty. Indeed, the specific flight pattern of
AWE systems can make the computation of the
coefficients rather difficult, since they also de-
pend on the demanding estimation of the kite’s
angle of attack [4].

Upon an uncertainty of up to & 20%, the method
exhibits a strong rejection of uncertainties, as it
is able to track the measured wind vector with
satisfactory results. Table 2 and Table 3 con-
dense the results obtained, depicting the Mean
and Standard deviation of the RMSEs in each
wind direction.

‘ ‘ Mean | Standard deviation

RMSEx | 1.4224 0.8291
RMSEy | 0.8007 0.2497
RMSEz | 0.0000 0.0000

Table 2: Mean and Standard deviation of RMSE
Data for Cp

‘ ‘ Mean | Standard deviation ’

RMSEx | 2.2955 1.0875
RMSEy | 3.0346 1.7563
RMSEz | 0.0000 0.0000

Table 3: Mean and Standard deviation of RMSE
Data for Cj,

4. Conclusions

The topic of absolute wind vector estimation is
a crucial step towards the optimization of AWE
systems. This thesis introduced and analyzed
two novel methodologies to solve this problem.
Although the Nonlinear Solver approach gen-
erated promising results, its reliance on strong
assumptions and susceptibility to noisy mea-
surements, causing a fast divergence, led to
its performance being considered inferior to
that of the Optimization approach. Indeed, the
latter proved to be robust in the presence of
uncertainties and flexible in the employment of
constraints, derived from aerodynamic consid-
erations.

Additionally, given the nuanced contributions
presented in this work, several interesting topics

emerge as potential subjects for further research.
The main outlooks are the following:

e Testing with Real-world Data. Evolv-
ing outside the simulation environment, the
presented techniques could be evaluated
with on-field data, to analyze their perfor-
mances in a real-world scenario.

e Reconstruction of a Wind field. The
estimated wind vector information could be
merged together with the known position of
the kite in order to build an estimated wind
field, through the use of two-dimensional
Gaussian distributions.

e Implementation of kite as a sensor.
During AWE operations, an exploration
phase one could be introduced, with a
focus on inspecting unexplored zones.
The new data retrieved during this phase
could then be exploited to enhance the
previously introduced wind field model,
possibly improving the selection of more
suitable flight zones.
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