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We present a flight path reconstruction algorithm designed for tethered systems with
application to airborne wind energy generation and based on an extended Kalman
filter (EKF). The kite state vector, with position, velocity, Euler angles, and angular
velocities, has been extended to include error models for sensors, and stochastically
modeled variables describing the aerodynamic force and torque of the kite, tether ten-
sion at the four lines, and wind velocity magnitude and heading angle. The observation
model of the EKF gathers information from GPS, accelerometers, gyroscopes, magne-
tometer, load sensors at all the lines, and airspeed. The algorithm has been fed with
real data obtained from an experimental setup. In addition to onboard sensors and
load cells, the experiments also monitored the control inputs of the kite by measuring
with two distance sensors the position of the control bar steered by the pilot. Several
flight tests, which included pull-up and lateral-directional steering maneuvers with two

kites of different areas, were conducted and used to investigate the performance of the
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EKF. The filter provided the estimation of the kite state-space trajectory during the
tests. Important information, such as the aerodynamic forces and torques during the
flight, were provided by the algorithm. This work is a first step towards aerodynamic

parameter identification of kites and tethered drones using flight tests data.
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Subscripts and accents
k= kite
K = Kite-frame

= Earth-frame
Ay = Attachment points A4
By = Attachment points B4
Z = Estimated value of z

T = Measured value of x

I. Introduction

The increasing demand for renewable energy is actively driving the search for more efficient
methods to harvest energy from the wind. Although conventional horizontal axis wind turbines, play
now an important role in the energy economy of many countries, the technology has a substantial
environmental impact and particularly for offshore deployment is still relatively expensive. This
has triggered the research on airborne wind energy (AWE) systems based on the pioneering work
of Miles Loyd [1]. These devices operate at higher altitude than conventional wind turbines, where,
due to more steady and stronger winds, more energy is available. The proposed solutions include the
so-called ground- and fly-generation systems (see a review of technologies in Ref. [2]). For a ground-
generation system, the high tether tension obtained by flying the kite along optimal crosswind
trajectories is used to drive a drum with a connected generator on the ground in pumping cycle
with alternating reel-out and reel-in [3, 4]. Fly-generation systems produce the electrical power
directly on-board by using wind turbines [5]. An example is the Makani’s M600 system developed

by Makani Power in USA [6].

The design of wind energy systems based on power kites and capable of operating autonomously
for extended periods of time is technically challenging. Similarly to unmanned air vehicles (UAVs),
several disciplines, such as system state estimation, control, and guidance, are interrelated. The
aerodynamic characterization of the kite plays also a central role. However, the flexible nature of

the kite structure, the constraints imposed by the tethers, and the lack of accurate aerodynamic



data, are rendering the development of these systems difficult. These issues represent challenges to
be added to the already complex design of UAVs. For these reasons, the development of accurate
mathematical models validated by flight testing is a priority for the AWE community. Several
kite flight simulators with different levels of complexity have been developed in the past [4, 7-12].
Naturally, all of them include an aerodynamic model, which basically receives the airspeed of the kite
and returns the aerodynamic coefficients that describe the aerodynamic force and torque about the
center of mass of the kite. These coefficients, which are also denoted as stability derivatives, play a
central role in the stability of the equilibrium of the kite [13, 14], which is of fundamental interest for
many kites applications including the generation of energy. Although analyses with computational
fluid dynamics codes has been carried out [15, 16], the complex fluid-structure interaction is still
an open and active field of research. Wind tunnel experiments for ram-air wings have been also

conducted [17].

On the other hand, additionally to numerical and wind tunnel studies, aircraft aerodynamic
characterization based on real flight test data has been used profusely by the aerospace industry in
the past. This characterization can be approached by both in a one-step or a two-step techniques.
One step techniques, such as the maximum likelihood method, estimate both the state variables
and the aerodynamic parameters at the same time by an optimization process. This is done by a
formulation of the process model which implicitly includes the aerodynamic derivatives, requiring
an a-priori knowledge of the structure of the aerodynamic model[18, 19]. Two steps techniques
(or estimation-before-modeling[20, 21]) estimate first the time histories of the state variables of the
system. Such a time histories, which include the aerodynamic force and moment, are used in the
second phase to perform the aerodynamic parameters identification of the system. Since the space
state trajectory estimation, the so called flight-path-reconstruction (FPR) [22], is independent of
the proposed aerodynamic model structure, a-priori knowledge of the system is not longer needed,
and different model structures can be tested afterwards without a reformulation of the problem. For
this reason, the solution of the FPR problem is the first step towards the aerodynamic parameters
identification for AWE systems. A recent works have tackled this problem for rigid wing AWE

pumping systems [23, 24].



Our contribution consists of two main elements. The first one is a portable and low-cost exper-
imental setup for the acquisition of flight data from four-line kites with tether lengths in the order
of several tens of meters. Recent works highlighted the important role of this type of experiments in
the progress of AWE systems and the difficulties arising in the determination of the airspeed of the
kite [25, 26]. The second element is a solution for the kite FPR, problem, which incorporates special
features of this type of systems such as the constraints imposed by the tethers and their tensions.
For configurations with relatively short lines, tether sagging can be neglected and the accuracy of

the GPS can be improved by the geometric constraint introduced by the lines [27, 28§].

The work is organized as follows. Section II describes the main elements of the experimental
setup and justifies the hardware selection. Two different four-line power kites have been used as
platforms and a set of measurement instruments provided state variables, such as position, velocity,
acceleration, attitude, angular acceleration, airspeed, and tether tension. Control variables, i.e. the
position of the control bar, are also measured during the flight tests. Two key features of the setup
are the low cost and portability because it can be easily adapted to other types of kites. An outline
of the FPR algorithm is given in Sec. IIT with full description in Appendix. The experimental
results and the performance of the FPR method are given in Sec. IV while the conclusions and

applications of the work are presented in Sec. V

II. Experimental Setup

A. System layout

Figure 1 shows a schematic of the experimental setup. It involves a 4-line power kite of mass
my, and surface Sy attached to a fixed point O on the ground. Such point is the origin of an
earth-fixed reference frame Sy with axes Xpg, and Yy spanning the horizontal ground and pointing
to the north and east respectively, and Zg pointing downwards. The two front tethers, attached
to the leading edge of the kite at points A4, are of lengths L; and connect at point F,. The two
control tethers of lengths L; connect points By of the trailing edge with the tips of a control bar of
length L. For clarity, such a length is not shown in the inset of Fig. 1. The control bar slides over

a short tether of length L, that links the moving point F, with the origin O fixed to the ground.



Following Ref. [14], we also introduce the plane II defined by points F,, and A. Since the tethers
connected to the leading edge transfer most of the aerodynamic load, we will assume that they are
well-tensioned and thus straight, within the plane II. A kite-fixed reference frame Sk linked to the
kite with origin at its center of mass O will be also used. Axes Xx and Zk are in the plane of
symmetry of the kite, X is parallel to the center chord, i.e. the imaginary line linking the leading
and trailing edge points of the plane of symmetry of the kite, and Yx completes a right-handed
coordinate frame. The Sk-component of the tensor of inertia of the kite about its center of mass

then reads,

I, 0 I,
Iox =1 0 1, 0 (1)
Our Kkite state vector
zp=[rv T w] (2)

includes the Sg-components of the position vector of the kite, the Sx-components of the absolute

velocity and angular velocity of the kite, and its roll, pitch, and yaw angles

r=O0pOk = zpip +yejn + 2pke (3)
v=dr/dt =ulg +vjx + wkg (4)
w =pig +qjix +rkx (5)
YT=[p 0 ¢ (6)

A detail of the configuration of the control bar is given in the inset of Fig. 1. The middle point
of the bar, named Cy, slides over a tether of length L, that links points F,, and Og. If considered
massless, such a tether will be in plane II plane because its tension vector is in equilibrium with
the tension vectors of the two tethers connecting to the leading edge which define the plane II. The
movement of the bar is limited by the depower and power stoppers that are placed at distances
Lqs and L,, from F, and Op, respectively. Its distance to the power stopper is denoted as D.p.

Assuming that the pilot maneuvers the kite while keeping the control bar inside plane I, the state
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Fig. 1: Scheme of the experimental setup.

of the bar is given by a control vector with only two variables
L = [up V]: (7)

i.e. a power ratio u,, and the bar deflection angle v between the bar and the tether of length L.
The former is defined as [25]

D,
e (8)
Ls - Lps - Lds

u, =1—
and it takes values equal to zero and one when the kite is fully depowered (bar at the depower
stopper) and powered (bar at the power stopper), respectively. The inset also shows the four load
sensors (marked by black squares and green circles) and the distance sensors attached to the control

bar safety fuse. These elements are described in Sec. II B, which focusses on the hardware selection

and the reconstruction of the state and control vectors from the measurements.

B. Hardware selection

AWE systems typically use large kites, flying hundreds of meters high in the sky. Those systems
are being developed on the basis of flexible ramair kites (KiteEnergy, Kite Power Solutions and
SkySails), semi-rigid inflatable kites (KitePower), and tethered fixed-wing drones (Makani M600 or
Ampyx Power solutions) [2]. Since the rigid body hypothesis is implicitly assumed in our work, our

solution to the FPR problem is more suitable for semi-rigid and tethered fixed-wing drones. This



assumption, in addition to cost and resource constraints, led to the decision to focus the analysis on
two different four-lines, off-the-shelf inflatable surf-kites with tether lengths in the order of several
tens of meters. Such a small-scale, but still representative, system is useful because the techniques,
tools, and hardware components developed in this work can be easily implemented with much larger
kites. Table 1 shows the most important characteristics of the kites. They both have the same mass
but there is a 30% difference in surface area. Compared to the larger kite, the smaller one is more
rigid because it has two additional struts. The lengths of the leading edge supporting lines, here
named the kite bridle, are different but the control bar, tether lengths, and experimental setup used

for both kites are identical.

Cabrinha Cabrinha

Switchblade Contra

Mass 3.4kg 3.4kg
I, 8.68kgm? 12.33kgm?
I, 2.43kgm?  3.18kgm?
I. 8.40kgm? 11.41kgm?
L. 0.33kgm?  0.43kgm?
Surface 10 m? 13 m?
Span 4.3m 5m
Struts 5 3

Xa 0.42m 0.53m
Ya 1.05m 1.40m
Za —0.20m —0.31m
XB —0.97m —0.98 m
Ys 2.15m 2.50m
Zg 1.38m 1.60m
L 23.85m 24.37m
L 23.19m 23.45m

Table 1: Kite parameters

Both kites have a supported inflated leading edge and swept back wing. The bridled leading edge



allows for flatter wings with higher aspect ratios than those with unsupported ones, thus increasing
the aerodynamic efficiency and projected lifting area. Moreover, the concave trailing edge and swept
back angle in the wing, allow for greater lift control by increasing the pitch variations induced by
the control bar. Such a higher maneuverability still keeps acceptable control forces on the bar,
due to the shifting of the attaching points of the control lines further back of the pressure center
of the wing. These characteristics, in comparison with the so called C type unsupported leading
edge kites, provide a broader flight envelope and allow a larger dynamical range for the measured
variables. Such a property is of great interest for future studies in terms of parameter identification

and system observability. Panel (a) in Fig. 2 shows the 13 m? kite during one of the flight tests.

(b) ()

Fig. 2: Panels (a), (b) and (c) show the Cabrinha Contra 13 m? kite during a flight test, a detail of
the pitot tube and the inertial navigation instruments, and the control bar with the load and

distance sensors.

The flight test instrumentation implemented in the experimental setup are split into two groups.
The first group includes the onboard instruments. A PixHawk—running Px4—open source flight

control software, was used for datalogging GPS position 7 and velocity ©, magnetic field vector B,
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