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Abstract

The aerodynamic characteristics of a leading edge inflatable (LEI) kite and a rigid-

framed delta (RFD) kite were investigated. Flight data were recorded by using an

experimental setup that includes an inertial measurement unit, a GPS, a magnetome-

ter, and a multi-hole Pitot tube onboard the kites, load cells at every tether, and a

wind station that measures the velocity and heading angle of the wind. These data

were used to feed a flight path reconstruction algorithm that estimated the full state

vector of the kite. Since the latter includes the aerodynamic force and moment about

the center of mass of the kite, quantitative information about the aerodynamic char-

acteristics of the kites was obtained. Due to limitation of the experimental setup, the

LEI kite flew most of the time in post-stall conditions, which resulted in a poor

maneuverability and data acquisition. This assumption was corroborated by a particu-

lar maneuver where the lift coefficient decreased from 1 to 0.4, while its angle of

attack increased from 35� to 50�. On the contrary, abundant flight data were

obtained for the RFD kite during more than 10 figure-eight maneuvers. Although the

angle of attack was high, between 20� and 40�, the kite did not reach its maximum

lift coefficient. High tether tensions and a good maneuverability were achieved. Sta-

tistical analysis of the behavior of the lift, drag, and pitch moment coefficients as a

function of the angle of attack and the sideslip angle allowed to identify some basic

aerodynamic parameters of the kite.

K E YWORD S

aerodynamics, airborne wind energy, kite

1 | INTRODUCTION

The aerodynamics of small and micro aerial vehicles is currently an active field of research.1,2 Besides the large number of applications, such as

military, environmental monitoring, and the understanding of the flight of insects and small birds, the topic is scientifically relevant due to the

coexistence of several interesting phenomena. These vehicles typically share a common set of characteristics that include low velocities, high

angle of attack (often at post-stall), low aspect-ratio, Reynolds number of operation in the range from 102 to 105, and light and flexible structures.

They also take advantage of non-stationary effects to reach better performance than conventional wings. An example is the dynamic stall, that is,

the delay of conventional flow separation from wings due to an unsteady motion.3,4
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Airborne wind energy (AWE) systems,5 which are aircraft like rigid wings and flexible kites linked to the Earth by tethers, share some of the

characteristics mentioned above and are excellent candidates to study and understand basic aerodynamic phenomena. Analysis of power genera-

tion in wind farms indicates that these systems can be economically attractive.6 Whether the AWE system generates energy on the ground by

using the tether tension or on board with wind turbines, the machine typically operates in cross-wind conditions. Circles and figure-eight trajecto-

ries yielding non-stationary aerodynamic conditions are typically implemented. Reaching high lift coefficients is important to maximize the perfor-

mance. High-fidelity models and flight simulators7-12 also play an important role during the design and optimization phases of the machines.

Pioneering aerodynamic models13-15 have been followed by studies with viscous-inviscid interaction methods,16 Reynolds averaged Navier–

Stokes simulations,17,18 and large eddy simulations.19 Most of the studies were dedicated to the analysis of leading edge inflatable and ram-air

kites at stationary flow conditions.

Experimental studies on the aerodynamics of AWE systems were also carried out. Besides wind tunnel experiments,13,19 flight test setups

have been developed to determine the aerodynamic characteristics of AWE systems.20-23 In situ flow measurements of a soft kite in complex

flight maneuvers were obtained.18,22 The Pitot tube was installed on a rigid frame attached to the two power lines, instead of the kite, and the

inflow angles were measured with vanes. Other experimental setups did not include sensors for the in situ measurement of the aerodynamic

velocity vector of the kite.20,21,23 Even without such important information, the sensor data, for example, position and velocity of the kite, velocity

and heading angle of the wind, and tether tensions, were used as inputs of extended Kalman filters (EKF),20,23 which provided an estimation of

the time history of the full state vector. Since the latter can include the aerodynamic force and torque about the center of mass, these setups are

key elements to determine the aerodynamic model of kites by implementing the so-called estimation before modeling method.24,25 Similar sensor

fusion techniques have also been applied to provide kite position and heading feedback to autonomous kite control systems. Onboard measure-

ments with inertial sensors have been combined with on ground measurements of the tether angles, radio range, or visual tracking using extended

Kalman filters.26,27

This work presents flight data of two types of traction kites used for AWE systems. It demonstrates that, in the experimental setup, the kites

fly at high angle of attack. Unlike previous work, the kites were equipped with a multi hole Pitot tube that took in situ measurements of the air-

speed, the angle of attack and the sideslip angle. Such high-precision sensor, which was not used in past works on AWE systems due to its vulner-

ability and cost,28 is of great importance for improving the estimation accuracy of the air flow parameters, and consequently for the aerodynamic

characterization of the kite. Section 2 explains the main modifications with respect to a precursor study20 that have been implemented in the

experimental setup and the EKF. Sections 3 and 4 present the results obtained for a leading edge inflatable kite (LEI) and a rigid-framed (RFD) kite,

respectively. Due to limitations of the experimental setup, the LEI kite flew in post-stall conditions and a disparate quantity of the flight data was

obtained for the kites. For this reason, a deeper analysis of the aerodynamic characteristics of the RFD kite was carried out. The conclusions are

summarized in Section 5.

2 | EXPERIMENTAL SETUP AND FLIGHT PATH RECONSTRUCTION ALGORITHM

A low-cost and portable experimental setup aimed at the flight testing of LEI kites was presented in a past work.20 Its sensors provide the required

information to feed a flight path reconstruction (FPR) algorithm that gives an off-line estimation of the trajectory in the state-space, that is, the

evolution of the state vector during flight. This section is focussed on the main modifications that have been implemented in the experimental

setup and the FPR algorithm to improve the estimation of the aerodynamic force and torque. Details can be found in that work and in

Appendix A. We will use an Earth-fixed reference frame (SE) with origin at the anchoring point of the kite with the ground (OE), the xNED-axis and

the yNED-axis pointing to the local geographic north and east, respectively, and zNED completing a right-handed coordinate system, pointing down-

wards (Figure 1). Unit vectors along the axes of a given frame are i, j, and k. Magnitudes measured by the sensors and variables of the observation

vector of the EKF are denoted with a tilde on the top of a letter.

2.1 | Experimental setup

In addition to LEI kites, the experimental setup has been updated to test RFD kites (see top and bottom panels in Figure 2). The LEI kite used in

the experiment is a Cabrinha Swichblade kite with five struts, and the RFD kite is an HQ Fazer XXL kite. For each of these, we introduce a frame

of reference SK with origin at the center of mass of the kite (OK), and axes xK and zK spanning the plane of symmetry of the kite. The yK-axis com-

pletes the right-handed frame. For the LEI kite (top panel), the xK-axis is along the direction defined by the imaginary line that connects the leading

and trailing edge and, for the RFD kite, the xK-axis is along the longitudinal spine of the kite (bottom panel). The LEI kite has two rear lines and

two front lines. The attachment points at the leading and trailing edges of the kite are denoted by A± and B±, respectively, and their position vec-

tors in the SK-frame are OKA
�
=XAiB�YAjB +ZAkB and OKB

�
=XBiB�YBjB +ZBkB . The RFD kite has two lines, and their attachment points at the

kite are called A±.
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The kites are equipped with onboard sensors that provide measurements of the SE-components of the position (~r) and velocity (~v) vectors of

the kite, and the SK-components of the Earth's magnetic field (~B), the absolute angular velocity of the kite ( ~ω), and the specific force (~f).

The Pitot tube of the PixHawk2™ , used in the precursor work,20 was substituted by an Aeroprobe™ , micro Air Data System V2.0, which is

composed of an onboard computer (see insets in Figure 2) and a multi-hole Pitot tube located at the tip of a boom. This sensor provides

high-precision measurements of the kite true airspeed (TAS), angle of attack (AoA), and the angle of sideslip (AoS). These variables are denoted by

~va , ~α , and ~β , respectively. A calibration at Mach=0:03 performed by the system manufacturer guarantees the specifications of Table 1. The

experiments for the LEI and RFD kites shown in this work were carried out with two different Pitot tubes, and they were used just after calibra-

tion. As compared with wind vanes, multi-hole Pitot tubes provide better measurements of ~α and ~β at low airspeed, as well as a better dynamic

response. Such a characteristic is crucial for the flight testing of kites because airflow speed can be below 5m/s. Since the kites fly at high AoA

(see Sections 3 and 4), the booms were mounted with an offset angle of 30� with respect to the xK-axis in order to avoid the saturation of the

instrument. This offset mounting is used for both kites and is highlighted in the top panel of Figure 2. The offset has been taken into account

when we computed the true AoA of the kites, which is measured with respect to the xK-axis. According to the range of the instrument (see

Table 1), the experimental setup can capture AoA values from 10� to 50� and the instrument is saturated otherwise.

Having a rigid union between the boom supporting the Pitot tube and the kite is mandatory to guarantee the integrity of the air data mea-

surements. Ideally, the boom and the kite should move as a rigid body. For the RFD kite, the boom was directly attached with a 3D printed inter-

face to the kite central spine, which is a rigid carbon fiber tube with a diameter of 10mm. In the case of the LEI kite, a 3D printed rig with the

exact same shape of the central strut was designed and manufactured to attach the boom to the kite. This rig was secured to the strut by means

of two adjustable straps. In addition, the boom was attached to the leading edge of the kite by using textile adhesive ribbons.

Additionally, the experimental setup was improved with a new wind station installed on the ground. The wind station has a rotatory platform

that is orientated to the wind by means of a vane. A reference frame (SV) with origin at the axis of rotation of the vane, xV-axis pointing to the

wind, and the zV-axis parallel to the zNED-axis, is introduced (Figure 1). The SV-component of the Earth magnetic field (~BV ), the angular velocity of

the vane with respect to SE (ωV =~rVkV ), and the wind speed (
~
Vw ) are measured by a PixHawk2™ hardware equipped with a Pitot tube. The experi-

mental setup is completed with load cells that provide the tensions in all lines of the kites. Our model neglects tether inertia and assumes that the

F IGURE 1 Experimental setup reference frames
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tensile forces measured by the sensors coincide with the tensions at the kite attachment points (~TA� and ~TB� ). The observation vectors of the LEI

and RFD kites then read

~yLEI = ~r ~v ~f ~ω ~B ~va ~α ~β ~TA + ~TA− ~TB+ ~TB− ~BV ~rV ~Vw
~D ~Pyk

h i
, ð1Þ

eyRFD = er ev ef eω eB eva eα eβ eTA + eTA− eBV erV eVw
eD�,

h
ð2Þ

In the observation vectors given by Equations (1) and (2), we added two constant variables that introduce information about the constraints.

The first variable ~D is the constant distance between OE and OK. After ignoring the small distance between the tether attachment points, the GPS

antenna, and the center of mass of the kite, as well as tether elasticity effects, this distance is imposed by the tether length constraint. The second

kinematic constraint only affects the LEI kite. We assumed that the projection ~PyK =OEOA � jK vanishes, where OEOA is a vector with origin at OE

and tip at the middle of the segment delimited by A+ and A−.

Control of the kite is achieved by manual operation through a control bar. The design of this control bar is a novelty from the previous experi-

mental setup, and it now houses the two loads cells in the lines of the RFD kite, and two of the four load cells in the lines of the LEI kite. The data

of all the sensors were synchronized with a common triggering signal. The main characteristics of the kites, like mass, moments and products of

inertia, surface, span, coordinates of the attachment points, and length of the front (Ll) and rear (Lt) lines, are shown in Table 2. Since the airspeed

TABLE 1 Data sheet of the Aeroprobe™ micro Air Data System (sea level)

Min. calibrated Max. calibrated Min.
reading reading resolution accuracy

TAS 2.5 ms−1 20 ms−1 0.11 ms−1 ±0.5 ms−1

AoA −20� 20� 0.1� ±1�

AoS −20� 20� 0.1� ±1�

F IGURE 2 LEI (top) and RFD kites (bottom). The inset shows a detail
of the the onboard instruments
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was in the order of 10m/s, and the characteristic dimension of the kites is around 1m, the Reynolds number was around 5 × 105. The aspect ratio

of the LEI and the RFD kites are AR≈ 1.84 and AR≈ 7, respectively.

2.2 | FPR algorithm

The FPR algorithm is a continuous-discrete extended Kalman filter that has been adapted to include the special characteristics of the setup, like

the tether constraints. The aerodynamic force and moment about OK are part of the state vector and modelled as Gauss-Markov stochastic pro-

cesses.25,29,30 The continuous part of the filter is given by the process equation

dxðtÞ
dt

= fproc xðtÞ½ �+ �GwðtÞ: ð3Þ

A detailed description of the state vector (x), the flow (fproc), and the process noise (w), which is modeled as a multi-variable normal distribu-

tion function with zero mean and covariance �Q , is in a previous work.20 However, since the experimental setup was improved, some concepts

need to be revisited and explained. The state vector of the filter has three different types of variables that we organize as

x = xk xbias χ 1 χ 2 χ 3½ �: ð4Þ

Vector xk ¼ ½r v ω ϕ θ ψ� is the kite state. It contains the SE‐components of the position vector of the kite's center of mass

(r¼OEOK ¼ xE iEþyE jEþ zEkE ), the SK‐components of the kite's velocity vector (v¼ dr=dt¼ uiK þvjK þwkK ) and its angular velocity

(ω¼ piK þqjK þ rkK ), and the roll (ϕ), pitch (θ), and yaw (ψ) angles of the kite. The bias vector, xbias ¼ ΘBk ΘBV Θ fk Θωk ΘVw ΘrV

� �
, includes the biases

of the error models for on‐board measurements of the Earth's magnetic field (ΘBk ), specific forces (Θ fk ) and angular velocity (Θωk ), and the biases

of the error models of the wind velocity (ΘVw ), the angular velocity of the vane (ΘrV ), and the magnetic field (ΘBV ) measured by the sensors of the

wind station. As shown in Equation (4), our state vector also includes the three pseudo states vectors

χLEIi ¼ Fai Mai TAþ i TA− i TBþ i TB− i Vwi ψwi½ �, ð5Þ

χRFDi ¼ Fai Mai TAþ i TA− i Vwi ψwi½ �, ð6Þ

with i¼1,2,3. These vectors are governed by third‐order Markov Models.25,29,30 The first of these vectors, χ1, contains the SK‐components of the

aerodynamic force and moment about OK (Fa1 and Ma1), the magnitudes of the tether tensions at the attachment points TA�1 (and TB�1 in the case

TABLE 2 Characteristics of the LEI and RFD kites

Cabrinha HQ

Switchblade Fazer XXL

mK 3.4 kg 2 kg

Ix 8.68 kg m2 0.72 kg m2

Iy 2.43 kg m2 0.09 kg m2

Iz 8.40 kg m2 0.81 kg m2

Ixz 0.33 kg m2 0 kg m2

Surface 10m2 1.86 m2

Span 4.3 m 3.6 m

XA� 0.42 m 0m

YA� ±1.05 m ±0.67 m

ZA� −0.20 m 0m

XB� −0.97 m −

YB� ±2.15 m −

ZB� 1.38 m −

Ll 23.85 m 39.28 m

Lt 23.19 m −
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of the LEI kite), and the magnitude of the wind velocity Vw1 and its heading angle ψw1. The process equations of vectors χi with i¼1,2,3 yield a

three‐term quadratic interpolation as a function of time, whose coefficients are updated by the filter at each sampling instant (see Equation A3).

The measurement model, which is the discrete part of the filter, is

~y = hðxÞ+ η, ð7Þ

where ~y is the observation vector given by Equations (1) or (2), h(x) is the observation model that maps the true state space into the observed

space, and η is the observation noise which is assumed to be a zero mean Gaussian white noise with covariance matrix �R.

The detailed explanation of the application of the continuous-discrete EKF to Equations (3) and (7) and the input data provided by the sensors

of the experimental setup is in a previous work.20 Its application to our flight data for both kites, which exhibited robustness to the initialization

of the filter, gives the time history of the state vector x(t). At every time step, the aerodynamic variables, that is, true airspeed (Va or TAS), AoA (α),

and AoS (β), were found from the state vector. For convenience, the aerodynamic force is projected in the wind reference frame Sw. Such a right-

handed reference frame has origin at OK, xw-axis along the aerodynamic velocity vector, and the zw-axis normal to the xw-axis and contained in

the plane of symmetry of the kite. The aerodynamic force and moment about OK are

Fa = −
1
2
ρSV2

a CDiw−CY jw +CLkw½ �, ð8Þ

Ma =
1
2
ρSV2

ac CliK +CmjK +CnkK½ �, ð9Þ

where ρ is the air density, S and c are the surface and chord of the kite, and the brackets contain the aerodynamic coefficients of the kite.

3 | EXPERIMENTAL RESULTS FOR THE LEI KITE

The quantity and quality of the flight data obtained with the LEI kite are low because difficulties arose to fly the kite in cross-wind conditions and

with high airspeed and tether tensions. These difficulties are intrinsic to our low cost experimental setup, which involves relatively short tether

lengths and, due to limitations related to the load cells and the manual control system of the kite, it should operate with low wind speeds. Other

experimental setups do not exhibit these issues and low AoA (around 10�) were measured by performing figure-eight trajectories in cross-wind

conditions with a LEI kite.22 Since the pilot could not perform figure-eight maneuvers, our kite flew in post-stall conditions most of the time and,

around 1 min after takeoff, the kite crashed and the multi-hole Pitot tube was damaged. This lesson learned triggered the experimental activities

with the RFD kite that, as shown in Section 4, were carried out successfully and with a new Pitot tube. However, some interesting records about

the aerodynamics of the LEI kite were obtained before the accident and deserve attention.

Panel A of Figure 3 shows the projection of the trajectory in the xNED− yNED plane where, for convenience, the horizontal and vertical axes

correspond to the crosswind and downwind directions. The takeoff happened at the left side of the wind window and the kite flew from one side

to the other several times until it crashed at the right side of the window. As shown in panels B and C, the tensions at the front lines were low

(below 200N) and the AoA measured by the Pitot tube was saturated most of the time. Such experimental evidence demonstrates that the AoA

of the LEI kite was higher than 50� (see Section 2.1). However, during the pass that lasted from time 38.5 to 40.3 s, the velocity of the kite was

F IGURE 3 Trajectory of the LEI kite (A), tension at the front lines (B), and AoA measured by the Pitot tube (C)
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large enough to produce a high tether tension (above 500N). The Pitot tube measured an AoA that varied from 35� to 50� and the AoS decreased

from 15� to −6�. The data obtained by the sensors during this interesting maneuver, which is highlighted with red color in panels A and C, were

used to feed the FPR algorithm and get an estimation of the full state vector of the kite.

At the beginning of the selected maneuver, the kite is at a quasi-stationary state in the left corner of the wind window and has a positive roll

angle of 50�. The weight of the kite and the tensions of the lines are mainly counter balanced by the lift and, to a lesser extent, by a (negative)

aerodynamic lateral force. After the pilot pulled the right control line, the kite moved towards the zenit, while increasing its airspeed and altitude.

The roll angle and the AoS decreased and became negative. Figure 4 displays quantitative results provided by the FPR algorithm during the

maneuver. As shown in panel A, theTAS increased monotonically and reached a maximum of around 15m/s. This feature explains the strong peak

exhibited by the tensions of the front lines of panel B in Figure 3. The lift coefficient decreased from around 1 to below 0.5 because the kite was

in post-stall conditions (see panel B). The AoA at the beginning of the maneuver was 35�, and it increased up to 50�, when the sensor was satu-

rated. Such a feature is highlighted in panel C, which shows the value of CL versus α provided by the FPR algorithm and exhibits the typical post-

stall behavior. Unlike the lift coefficient, the variation of the drag coefficient was moderate. Its value at the beginning of the maneuver was around

0.06, reached a maximum of 0.25, and went down to 0.1. Regarding the lateral force coefficient, its behavior is consistent with the low AoS mea-

sured by the sensor. Initially, CY was negative, as expected for the positive AoS measured by the Pitot tube, and then it changed its sign when the

AoS varied from 15� to −6�. Its absolute value remained small during the full maneuver.

4 | EXPERIMENTAL RESULTS FOR THE RFD KITE

Since its maneuverability was excellent, abundant flight data were obtained for the RFD kite. Panel A of Figure 5 shows the projection of the kite

trajectory in the horizontal plane (blue dashed line). After the takeoff, which happened in the downwind direction, kite pitch angle equal to 90�,

and aided by an assistant who propelled the kite upwards, more than 10 figure-eight trajectories were performed in the interval 20 s < t < 125 s.

F IGURE 4 Time evolution of theTAS (A) and the aerodyamic coefficients (B) of the LEI kite. Lift coefficient versus angles AoA (C)

F IGURE 5 Trajectory of the RFD kite (A), tension at the front lines (B), and AoA and AoS measured by the Pitot tube (C)
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From t = 125 s to t = 150 s, the kite was steered to an equilibrium state close to the zenit and then a few more figure-eight trajectories of less

amplitude were performed before the landing. In order to protect the Pitot tube, the kite was steered to the left side of the wind window slowly

and an assistant grabbed it before touching the ground. Panel B shows the evolution of the tether tensions measured by the load cells. They exhibit

a high repeatability and match very well with the expected behavior. For instance, the tensions in every figure-eight maneuver has two maxima

and, depending on the travelling directions of the kite (left or right), the maxima of ~TA+ is higher or lower than the one of ~TA− . As expected, the

measured tension was higher when the kite flew in cross-wind condition, and lower at the equilibrium state. The AoA and AoS varied within the

ranges 20∘ < ~α < 50∘ and −18∘ < ~β < 18∘ . Hereafter, we discuss the aerodynamics characteristics of the RFD kite in the selected maneuver,

which is highlighted with a red solid line panel A of Figure 5 and corresponds with the figure-eight orbits in the interval 20 s < t < 125 s. When

these trajectories are examined in the crosswind direction versus altitude plane (not shown), straight and turning segments are identified.

Panels A and B in Figure 6 show the evolution during four figure-eight selected maneuvers of the TAS and the AoA measured by the sensors

and estimated by the FPR algorithm, respectively. The estimated TAS and AoA are in good agreement with the air data computer raw measure-

ments. From t = 34 s to t = 35 s, the TAS measurement was saturated, but the filter is still capable of reconstructing the kite aerodynamic speed,

thus showing the robustness of the FPR algorithm. On the other hand, panels C–F display the aerodynamic coefficients provided by the FPR algo-

rithm. The solid lines correspond to the selected straight segments, while the dashed lines correspond to the turns. The maxima (minima) of the

TAS, which are reached during the straight (turning) segments, coincide in time with the maxima (minima) of the tether tensions in the panel B of

Figure 5. When theTAS exhibits a maximum (minimum), the lift and the drag coefficients have a minimum (maximum) because the AoA decreases

as the TAS increases in the straight segments. The time histories of these variables are smooth and have a high repeatability. The pitch moment

coefficient (Cm) is small and negative for most of the flight. The lateral force coefficient (CY) is also small and, as expected due to the time history

of the AoS, it changes its sign periodically.

For the straight segments of the figure-eight maneuvers, there are abundant data and, as the tensions are high, they are also expected to be the

most reliable information to identify the aerodynamic parameters of the kite. For this particular set of data, a statistical analysis of the lift, drag, and

pitch moment coefficients was carried out by using box plots. In these diagrams, the horizontal and central line of the box represents the median and

the bottom and top edges indicate the 25th and 75th percentiles. The outliers are denoted with crosses and two vertical lines indicate the remaining

data outside the central box that are not outliers. Data were gathered by AoA (intervals of width equal to 1�), and wemade three different groups for

the AoS: jβ j<3, 3< jβ j<6, and 6< jβ j<9. Panels A–C show the lift coefficient versus the angle of attack for these three groups of AoS. The fitting

of the medians to a straight line gives the slops CLα = 2:83,2:42 and 2.38 for jβ j<3, 3< jβ j<6, and 6< jβ j<9, respectively. These values are below

the typical value for low-speed attached-flow lift-curve slope that, for AR=7, is around 4 (see Figure 5 in Luckring31). The analysis of the drag

coefficient (see panels D–F), besides showing the expected growth of CD with CL, highlights the important drag produced by the kite. For instance,

for CL =1, one has CD≈ 0.4 and the induced drag predicted by the lifting-line theory is only around C2
L=πARe≈ 0:057 for AR=7 and a planform

efficiency factor of e=0:8. We finally mention that a similar analysis was carried out to study the behavior of the pitch moment coefficient (Cm)

when the angle of attack is varied (not shown). The slope of the curve was around Cmα≈−0.05. A direct application of this identification of the

aerodynamic parameters is the improvement of the aerodynamic model in two-line kite flight simulators.32

There are some interesting features in Figures 6 and 7 that require complementary analysis using computational fluid dynamics techniques.

Even during the straight segments of the figure-eight maneuver, the kite does not fly in steady conditions because, beside wind fluctuations, the

angular velocity does not vanish. This fact can explain the dispersion observed in some data of Figures 6 and 7. Moreover, previous comments

about CLα and CD, and the high AoA measured during the flight, indicate that linear aerodynamic theories do not hold. For instance, the CL versus

α diagrams show that CL grows monotonically even after reaching a high AoA. This may be due to nonlinear aerodynamic effects. It is well known

that the typical angle of attack for maximum lift of a delta wing with low aspect ratio can be much higher (around 40�) than for a two-dimensional

F IGURE 6 Evolution of theTAS, estimated AoA and the aerodynamics coefficients of the RFD kite during the figure-eight maneuvers
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airfoil due to the presence of two vortices.33 The convex curvature of the flow near the leading edge produces a suction that increases the CL.

However, although panels A–C show a positive CLα even at AoA around 40�, the results for low aspect ratio wings cannot be directly applied to

our kite because it has AR=7. Unsteady aerodynamic effects, like dynamic stall, can also increase the CL and delay conventional flow separation

on wings beyond the static stall angle.

5 | CONCLUSIONS

The estimation before modeling technique, which involves the combination of experimental data with a flight path reconstruction algorithm based

on an extended Kalman filter, was shown to be a powerful tool to investigate the aerodynamic characteristics of LEI and RFD kites. Quantitative

information about aerodynamic forces and moments as a function of the full state of the kites was obtained. This flight test method, which may

be complementary to wind tunnel tests and computational fluid dynamic studies, could potentially play an important role in the design, modeling

and optimization of airborne wind energy systems because the kites are tested in their true operational environment. Unlike previous works, the

experimental setup included a high-precision multi-hole Pitot tube installed on a boom attached to the kites for direct measurements of the air-

speed, angle of attack and sideslip angle of the kites. Despite its cost and vulnerability, and although the same information can be estimated from

the wind velocity and the kite ground velocity, the multi-hole Pitot tube provides direct measurements of the flow that greatly improve the accu-

racy of the EKF algorithm. Adding the multi-hole Pitot tube, the wind station and the new configuration of the control bar increases the complex-

ity of the experimental setup but, as shown by the data presented in this work, these sensors provide essential information for the aerodynamic

study of the kites.

The results demonstrate that the LEI kite flew most of the time with an angle of attack above 50� in post-stall conditions. This statement,

which cannot be extended in general to big AWE machines with long tethers, was corroborated and studied in detail for a particular maneuver

that exhibited high airspeed and tether tensions. As expected for post-stall conditions, the lift coefficient decreased from 1 to 0.4 as the angle of

attack increased from 35� to 50�. These conditions increase the risk of the experiment because of the associated low tether tensions and poor

controllability of the kite. Indeed one of our Pitot tubes was broken because the kite crashed. This lesson learned suggests a reconfiguration of

the experimental setup for large LEI kites in order to perform maneuvers with larger airspeeds and lower angles of attack. A transition from a man-

ual to a mechanical control system, and from short to long tethers, is needed.

The behavior of the RFD kite was radically different. Although the AoA was high, between 20� and 40�, the slope of the CL versus α curves

provided by the filter was positive in the full AoA range. This resulted in a high tether tension and good controllability of the kite and allowed to

obtain abundant data during more than 10 figure-eight maneuvers and perform a statistical analysis of the information of the filter. Aerodynamic

parameters related with the lift, the drag, and the pitch moment coefficient were identified. Basic aerodynamic theories, like lifting-line theory,

cannot explain the results. Although the aspect ratio of the kite is 7, the generation of strong vorticity in the leading edge of the kite and their

unsteady dynamics may explain the high value of the AoA for maximum CL observed in the experiments.
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APPENDIX A: FLIGHT PATH RECONSTRUCTION ALGORITHM

This appendix provides details about the observation and the process models of the FPR algorithm. In particular, it gives the explicit form of vec-

tors fproc and h(x) in Equations (3) and (7), and the covariance matrices �Q and �R. Only the elements of the FPR algorithm that are novel with respect

to the one presented in Borobia et al.20 are discussed.

Process Model

A comparison of Equation (4) with the state vector of Borobia et al.20 reveals that the new variables of the filter are the biases of the sensors of

the wind station that are governed by

dΘBV

dt
=0, ðA1Þ

dΘrV

dt
= −

ΘrV

τrV
þwrV wrV 2Nð0,σ2

wrV
Þ, ðA2Þ

where τrV is a constant and σ2wrV
is the variance of the driving noise wrV . For convenience, we recall that each of the three Markov vectors in Equa-

tion (5) has 12 components and we can denote them as χij with i=1,…,3 and j =1,…,12. The process equations are then written in the compact

form

d
dt

χ1j
χ2j
χ3j

0B@
1CA=

0 γ1j 0

0 0 γ2j
0 0 0

0B@
1CA χ1j

χ2j
χ3j

0B@
1CA+

ξ1j
ξ2j
ξ3j

0B@
1CA, ðA3Þ

with γ1j and γ2j some constants, and ξij taken from normal distribution functions with zero mean and variances σ2ξFA
, σ2ξMA

, σ2ξT , σ
2
ξVw

, and σ2ξψw
for

j=1,2,3, j =4,5,6, j=7,8,9,10, j= 11, and j=12, respectively. Finally, the noise vector w and matrix �G are

w = wf wω wVw wrV ξ1,1… ξ1,12, ξ2,1… ξ2,12, ξ3,1… ξ3,12
� �T

, ðA4Þ

�G=
�018×44

�I44×44

" #
62×44

, ðA5Þ
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with �0 a matrix with zeros and �I the identity matrix. The covariance matrix �Q has zeros everywhere except at the diagonal that reads

diag �Q
� �

= σ2wf
σ2wf

σ2wf
σ2wω

σ2wω
σ2wω

σ2wVw
σ2wrw

σ2ξ1,1…σ
2
ξ1,12

σ2ξ2,1…σ2ξ2,12 σ2ξ3,1…σ2ξ3,12

h i
: ðA6Þ

The same methodology applies for the RFD kite, except that TB+ i and TB− i do not appear in the Markov vector (see Equation 6) and index j runs

from 1 to 10 (instead of 12) in the equations above. Table A1 shows the values of the parameter of the filter used in this work.

Observation model

The variables that are new in the observation vector are the angles measured by the multi-hole Pitot tube (~α and ~β), the variables measured by the

sensors of the wind station (~BV , ~rV , ~Vw ), and the constraint of the LEI kite (~Pyk ). The airspeed was included in the observation vector of Borobia

et al.,20 but the observation model is different because the new setup has the information of the wind velocity provided by the wind station.

After writing the airspeed as va = uaiK + vajK +wakK , the observation model for the measurements of the Air Data System V2.0 is

~va = jvaj+ ηva , ηva 2Nð0,σ2ηva Þ, ðA7Þ

~α= arctan
wa

ua

� �
+ ηα, ηα 2N 0,σ2ηα

� 	
, ðA8Þ

~β = arcsin
va
jvaj

� �
+ ηβ , ηβ 2N 0,σ2ηβ

� 	
, ðA9Þ

where va is computed from the state vector of the filter as

va = v + ω × OKP − Vw1R
T
EK

cosψw1

sinψw1

0

0@ 1A, ðA10Þ

TABLE A1 Parameters of the FPR algorithm

LEI Kite RFD Kite

Symbol Value Symbol Value Symbol Value Symbol Value

γ1, 1… 6 0.1 γ2, 1… 6 0.1 γ1, 1… 6 0.1 γ2, 1… 6 0.1

γ1, 7… 10 1 γ2, 7… 10 1 γ1, 7… 10 1 γ2, 7… 10 1

γ1, 11 0.1 γ2, 11 0.1 γ1, 11 0.1 γ2, 11 0.1

γ1, 12 10π/180 γ2, 12 10π/180 γ1, 12 10π/180 γ2, 12 10π/180

τa 100 s τω 100 s τa 100 s τω 100 s

τVw 100 s τVw 100 s

σwf 0.2 m/s2 σwω 0.5π/180 rad/s σwf 0.05 m/s2 σwω 0.1π/180 rad/s

σwVw
0.002m/s σwrV

0.5π/180 rad/s σwVw
0.001m/s σwrV

0.1π/180 rad/s

σξFa 17.0 N σξMa
15.0 Nm σξFa 10.0 N σξMa

15.0 Nm

σξT 3.0 N σξVw 0.005m/s σξT 5.0 N σξVw 0.02 m/s

σξψw 0.8π/180 rad σξψw 0.1π/180 rad

σηB 0.1 G σηr 2.0 m σηB 0.2 G σηr 5.0 m

σηv 0.5 m/s σηf 0.2 m/s2 σηv 2.0 m/s σηf 4.0 m/s2

σηω 4.4π/180 rad/s σηva 0.5 m/s σηω 8.0π/180 rad/s σηva 1.0 m/s

σηα 0.5π/180 rad σηβ 0.5π/180 rad σηα 0.5π/180 rad σηβ 0.5π/180 rad

σηT 10.0 N σηBw 0.01 G σηT 10.0 N σηBw 0.02 G

σηrw 8.0π/180 rad/s σηVw 0.5 m/s σηrw 4.0π/180 rad/s σηVw 0.5 m/s

σηD 0.001m σηPik 0.4 σηD 0.01 m
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with OKP the vector with origin at the center of mass of the kite and tip at the position of the Pitot tube. In Equation (A10), we also introduced

the rotation matrix

�REK =

cψcθ cψsθsϕ−sψcϕ cψsθcϕ+ sψsϕ

sψcθ sψsθsϕ+ cψcϕ sψsθcϕ−cψsϕ

−sθ cθsϕ cθcϕ

0B@
1CA, ðA11Þ

which depends on the yaw, pitch, and roll angles that are part of the state vector. For brevity, the cosine and sine of an angle were denoted with

the letters c and s.

The observation model for the magnetometer installed in the wind station is

~BV = �R
T
EVB0 +ΘBV + ηBV

, ηBV
2N 0,σ2ηBV

� 	
, ðA12Þ

with B0 the value of the magnetic field in the test area, and we introduced the rotation matrix that related SE and SV

�REV =

cosψV −sinψV 0

sinψV cosψV 0

0 0 1

0B@
1CA ðA13Þ

and ψV =ψw1 + π. Regarding the angular velocity of the vane and the wind velocity, we write

~rV = γψw1
ψw2 +ΘrV + ηrV , ηrV , 2N 0,σ2ηrV ,

� 	
, ðA14Þ

~Vw =Vw1 +ΘVw , ηVw
, 2N 0,σ2ηVw ,

� 	
: ðA15Þ

Finally, the observation model for the projection of vector OEOK along jK (~PjK ) is

~PjK = jK � �R
T
EKr + ηP jK

, ηP jK
, 2N 0,σ2ηP jK

,

� �
: ðA16Þ

~PjK is constant (~PjK =0) due to the constraints introduced by the tethers (OEA
+ , OEA

− and A+A− defines an isosceles triangle).

The observation noise for the FPR algorithm of the LEI kite is

η= ηr ηv ηf ηω ηB ηva ηα ηβ ηTA+
ηTA−

ηTB +
ηTB−

ηBV
η _rV ηVw

ηD ηPik

h iT
, ðA17Þ

and the covariance matrix �R has zeros everywhere except at the diagonal

diagð�RÞ = σ2ηr σ2ηr σ2ηr σ2ηv σ2ηv σ2ηv σ2ηf σ2ηf σ2ηf σ2ηω σ2ηω σ2ηω σ2ηB σ2ηB σ2ηB σ2ηva σ2ηα σ2ηβ σ2ηT σ2ηT σ2ηT σ2ηT

h
σ2ηBV

σ2ηBV
σ2ηBV

σ2ηrV
σ2ηVw σ2ηD σ2ηP jk



:

ðA18Þ

In the case of the RFD kite, the observation model is exactly the same, except that the tensions of the rear lines (~T
�
B ) and one of the constraints

(~PjK ) are removed. Table A1 summarizes the parameter of the observation model used in this work.
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