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Abstract: The need to reduce 𝐶𝑂#		emissions and the increase in oil prices affect all 
transportation industries and especially the maritime industry. This has led to the search for 
more energy-saving propulsion systems for ships. Taking advantage of wind energy by 
using tethered airfoils, or kites, as an alternative propulsion source can be an effective 
solution. The "Beyond The Sea" project, led by Yves Parlier, aims to provide ships with an 
alternative green energy source. An automatic pilot was designed in order to control a kite 
that can generate enough power to tow a ship. To this end, a point mass model was first 
used to describe the kite dynamics. The model parameters were deduced from experimental 
data and the aerodynamic coefficients were identified using data from a quasi-static flight. 
Open loop simulations were conducted to verify the kite behaviour and the overall coherence 
of the model. An eight-shaped trajectory was defined on the wind window. Its position, size, 
orientation and direction are all adjustable parameters. A path-following strategy was then 
designed. It computes an error signal between the kite velocity orientation and a desired 
velocity orientation ensuring that the kite is steered towards and along the trajectory. Closed-
loop simulations are presented to show the efficiency of the path-following algorithm, and 
the various theoretical performances obtained depending on the chosen trajectory are 
discussed. 
 
Keywords: Towing kites, Kite modelling, Ship propulsion, Aerodynamic identification, 
Automatic pilot.  
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NOMENCLATURE 
𝐴& Kite surface [m#] 
𝐶( Kite drag coefficient [-] 
𝐶) Kite lift coefficient [-] 
𝐶* Kite lateral force coefficient [-] 
𝑑 Distance from kite to trajectory [m] 
𝑑, Pivot distance for kite orientation [m] 
𝑭. Aerodynamic force vector [N] 
𝑭/ Gravitational force vector [N] 
𝑔& Proportional gain of turn rate law [-] 
𝑚 Kite mass [kg] 
𝑀 Gravitational gain of turn rate law [-] 
𝑃4 i-th point of desired trajectory 
𝑅. Aerodynamic reference frame 
𝑅6 Kite body reference frame 
𝑅&, Kite position reference frame 
𝑅7 Trajectory reference frame 
𝑅89 Relative wind reference frame 
𝑟 Length of tether [m] 
𝑇<=> Desired trajectory 
𝑽. Kite apparent wind vector [ms-1] 
𝑽& Kite velocity vector [ms-1] 
𝑽@A< Desired kite velocity vector [ms-1] 
𝑣. Apparent wind velocity projected on kite 𝑥 −axis [ms-1] 
  
𝛼, Kite incidence [rad] 
𝛼4 Apparent Wind incidence [rad] 
𝛼4, Incidence offset [rad] 
	𝛼 Angle of attack [rad] 
𝛼F Drift angle [rad] 
𝛽 Kinematic drift angle [rad] 
𝛿 Differential steering [m] 
𝜖 Symmetric steering [m] 
𝜖J Orientation error between the desired trajectory and the kite course 

angle [rad] 
𝜃 Elevation angle in 𝑅89 [rad] 
𝜙 Azimuth angle in 𝑅89 [rad]  
𝜓 Heading angle [rad] 
𝜌 Density of air [kgm-3] 
𝜒 Course angle [rad] 
𝜒P Trajectory orientation [rad] 
𝜒@A< Desired body velocity angle [rad] 
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INTRODUCTION 
The need to reduce 𝐶𝑂#	 emissions and the increase in oil prices affect all transportation 
industries and especially the maritime industry. This has led to the search for more energy-
saving propulsion systems for ships. Taking advantage of wind energy by using tethered 
airfoils, or kites, as an alternative propulsion source can be an effective solution (Naaijen & 
Koster, 2007). It involves an AWE (Airborne Wind Energy) concept, operating at high 
altitudes, where the wind is stronger and steadier. AWE concepts can be used effectively to 
convert the traction power of tethered airfoils into electricity (Lansdorp et al., 2007; De 
Wachter 2010) or into ship propulsion (Wellicome, 1984; Leloup, 2016). 
In order to achieve a wind propulsion system for ships, a towing kite following a dynamic 
trajectory is the most interesting candidate (Loyd, 1980; Wellicome 1985; Naaijen & Koster 
2007). This concept is illustrated in Figure 1. In most wind conditions, compared to a static 
flight, a dynamic motion of a tethered wing with an eight-shaped pattern can provide 
sufficient force through traction to tow a ship. A 15m2 kite is enough to tow a small fishing 
boat for instance. This is because the aerodynamic forces are approximately proportional to 
the square of the apparent wind speed seen by the kite. Stronger wind generates more force 
and an eight-shaped trajectory can be used continuously. The advantages are an endless 
source of force from the wind, as well as a compact, lightweight system that can be used or 
stored easily, taking up very little space. This concept could be very beneficial for any ship 
thanks to its economic and environmental efficiency. The wing itself is the most crucial part 
of the system. However, with increasing size, traditional empirical design approaches are 
too slow and the cost of prototypes too high.  To design an automatic pilot using a kite in 
dynamic motion, it is first necessary to develop a satisfactory model to understand the 
dynamical behaviour of the wing. 

 

Figure 1. Principle of the ship propulsion system using a towing kite in 
dynamic motion. 

 
In this paper, the focus is on modelling a tethered wing and building a realistic simulator that 
can later be used to design a robust controller, so that the kite follows a desired trajectory. 
The theoretical model of the wing is discussed first. The following section deals with 
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experimental tests performed by "Beyond The Sea" with a kite and sensor unit enabling the 
identification of the model. Open loop simulations are presented to validate the model. 
Finally, the last section provides a strategy for the kite to follow a designated eight-shaped 
pattern, with closed loop simulations. 
 

KITE MODELLING 
System description 
This section aims at delivering a suitable model for controlling a kite around a defined 
trajectory. Several models have been proposed in the literature. Each tries to replicate the 
dynamic motion of a kite, from low complexity models to very detailed ones. A zero mass 
model such as those by (Erhard & Strauch, 2012; Dadd et al., 2011; Leloup et al., 2016), is 
of low complexity but not entirely suited for robust control because of its low accuracy. 
Conversely, the most advanced models taking into account the mechanics of deformable 
solids or multi-body systems (Breukels 2011; Breukels & Ockels, 2010; DeGroot et al., 2011; 
DeGroot 2010) are too resource consuming for efficient real-time control. In order to obtain 
a sufficiently realistic model which can also be easily implemented in a controller, a point-
mass model was chosen, as it offers sufficient accuracy while allowing a fast computing 
time. Such models have already been proposed in Fagiano (2009), Williams et al. (2008), 
Jehle and Schmehl (2014) or Diehl (2001). However, this paper proposes to include some 
additional aspects of the kite behaviour in dynamic flight in the point-mass model. 
As mentioned in the introduction, the main part of the system is the wing. The flexibility of 
the wing is not considered here, as the kite is assimilated to a rigid body, while the entire 
mass is concentrated in a point at the centre of the wing. The intended use of the system is 
the propulsion of a ship through the traction force generated. Conveying this energy implies 
a tethered wing arranged as follows. Three lines attach the airfoil to a fixed point on the 
ship's deck. Two lines placed on the trailing edge of the kite are used for steering, and permit 
motion and attitude control. The last line, on the leading edge of the kite, is the traction line 
and holds most of the traction force generated. 
The steering lines are considered constant in length and non-deformable. Their effects on 
the wing dynamical behaviour are neglected and remain beyond the scope of this paper. 
The focus is on the dynamic modelling and control of a kite wing. In the following, the ship 
relative wind will be treated as the true wind from the kite point of view and will be referred 
to simply as wind. On the anchor point, two hydraulic drives can simultaneously reel in or 
out the steering lines to control the wing. An asymmetric length difference of the back 
steering lines affects the yaw angle of the kite. This differential command is denoted 𝛿. The 
slacking and hauling (the action of easing and tightening both lines simultaneously), denoted 
𝜖, is done through adjusting the back lines symmetrically and will then influence the 
geometric incidence.  The traction line is left untouched. 
 
Point-mass model 
The model described in this paper is based on several coordinate systems. As shown in 
Figure 2, the main coordinate reference 𝑅89 = (𝑂, 𝒙89, 𝒚89, 𝒛89) is attached to the anchor 
point of the ship, labelled 𝑂. Throughout this paper, vectors will be denoted by bold letters. 
Hence, the 𝒙89 axis is oriented according to the wind. The 𝒛89 axis points downwards with 
respect to gravity. The kite position is parameterized using classical polar coordinates 
denoted (𝑟, 𝜃, 𝜙)/9Z[	where 𝜃 is the elevation of the kite and 𝜙 is the azimuth relative to 
time. 𝑟 is the length of the steering lines and remains constant throughout the entire model. 
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This reference frame defines a quarter sphere, which depicts the wind window of the kite. 
As already mentioned, the effects of the lines are neglected in the scope of this paper. 
 
With respect to the basis vectors	(𝒙89, 𝒚89, 𝒛89), the kite position can be deduced using 
the elevation and azimuth as follows: 
 

𝒙\ = 𝑟 ]
cos(𝜙) cos(𝜃)
sin	(𝜙)cos	(𝜃)
−sin	(𝜃)

c	. (1) 

 

Figure 2. Definition of coordinate references. 

The second coordinate system 𝑅&, = (𝐾, 𝒙&,, 𝒚&,, 𝒛&,) is centred at the kite's position, 
labelled	𝐾. Its unit vector 𝒛&, always points towards the reference point, i.e. the anchor point 
𝑂 of the ship. Its 𝒙&, unit vector points towards the ground and in the opposite direction to 
the zenith. Thereafter, the body reference frame system 𝑅6 = (𝐾, 𝒙6, 𝒚6, 𝒛6) is computed to 
account for the kite attitude and is also positioned at the kite location. As a result, a rotation 
around the 𝒛6 axis represents a change in the kite yaw angle	𝜓 (or heading angle) between 
the longitudinal 𝒙6	axis and the kite current geodesic, represented by	−𝒙&,, as explained in 
Erhard and Strauch (2012), and Jehle and Schmehl (2014). Equivalently, a rotation around 
the 𝒚6	axis models the slacking and hauling of the kite, due to a symmetrical steering input 
by the two hydraulic drives.  
By applying Newton's second law of motion to the kite in the reference frame	𝑅&,, the 
elevation and azimuth accelerations can be computed by the following equations: 
 

e
�̈�9gh = 	−

𝑭. 𝒙&,
𝑟𝑚 − sin(𝜃) cos(𝜃)�̇�#	

�̈�9gh =
𝑭. 𝒚&,

𝑟𝑚 cos(𝜃) − 2 tan
(𝜃)�̇��̇� .

 (2) 
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Here, 𝑭 denotes the sum of all the forces applied at the kite centre of mass, with respect 
to	𝑅&,. This global force is composed of all the aerodynamic forces labelled	𝑭., as well as 
the gravitational force	𝑭/: 

 
𝑭 = 𝑭. + 𝑭/	. (3) 

 
The aerodynamic force 𝑭. depends mainly on the apparent wind velocity vector 𝑽. seen by 
the kite. As usual in aerodynamics, the apparent wind is determined by the following 
equation	𝑽. = 𝑽89 − 𝑽&.  Therefore, it can be convenient to compute an aerodynamic 
reference frame, related to apparent wind velocity, which will give the direction of the drag 
𝒙<n./	and lift	𝒙o4p* . The drag force has the same direction as the apparent wind 𝑽.	seen by 
the kite, as shown in Figure 3 and is in the symmetry plane (𝒙6, 𝒛6) of the kite as explained 
below by the anti-drift force. The lift is thus perpendicular to the drag and to the transverse 
axis 𝒚6 of the kite.  Thus, if an aerodynamic reference frame 𝑅. = (𝐾, 𝒙., 𝒚., 𝒛.) is defined 
with its unit vector 𝒙. parallel and opposite to the apparent wind 𝑽., the direction of drag is 
the opposite of the axis 𝒙. (Figure 3). Therefore, the computation of the lift direction is 
immediate: 
 

q
𝒙<n./ = 	−	𝒙.	

𝒙o4p* = 𝒙<n./ 	×	𝒚6	, (4) 

where × denotes the cross product. Hence, the aerodynamic forces are given by: 

𝑭. =
1
2𝜌𝐶)(𝛼)𝐴&

|𝑽.|#𝒙o4p* +
1
2𝜌𝐶((𝛼)𝐴&

|𝑽.|#𝒙<n./	, (5) 

where 𝜌 is the air density, and 𝐴& is the surface in contact with the apparent wind 𝑽. seen 
by the kite.  
 
It is a common assumption that the kite longitudinal axis 𝒙6 always tries to stay in front of its 
apparent wind, so as to be parallel with its perceived airflow (Leloup, 2013). Thus, in this 
paper, we add a third aerodynamic force to align the kite with its apparent wind velocity 
vector. In order to represent that behaviour, a transverse force is added to the other 
aerodynamic forces, perpendicular to the drag and lift forces completing a right-hand 
reference frame.  
 
As it is an anti-drift force, the direction of the transverse force is a function of the drift angle 
𝛼F between the projection of 𝑽.	 onto the tangent plane and the longitudinal axis 𝒙6	. The 
drift angle can be negative or positive, as can its aerodynamic coefficient	𝐶*. The negative 
sign of 𝒙* = 	−𝒚6 ensures that the transverse force drives the kite in the opposite direction 
to the drift angle until 𝛼F = 0. As it is an aerodynamic force, its expression is similar to the 
drag or lift force and possesses its own aerodynamic coefficient	𝐶*. The transverse force 𝑭* 
is given by:   
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𝑭* =
1
2𝜌	𝐶*

v𝛼Fw	𝐴&|𝑽.|#𝒙*	. (6) 

 
Thus, the three aerodynamic forces given by (5) and (6) are added to define the global 
aerodynamic force	𝑭.. Figure 3 represents the direction of the drag and lift forces that act 
upon the kite centre of gravity. 

 

Figure 3. Angle of attack 𝜶 between the apparent wind and the kite body. 

Angle of attack 
Some models consider the aerodynamic coefficients as constants. Nonetheless, it is a 
known fact that the lift and drag aerodynamic coefficients 𝐶) and	𝐶( are related to the angle 
of attack	𝛼, and additionally the lateral force aerodynamic coefficient	𝐶* is related to the drift 
angle 𝛼F. Figure 3 pictures the definition of the angle of attack as the angle between the 
apparent wind and the plane	(𝒙6, 𝒚6). This angle can be decomposed linearly by separating 
𝛼 into the incidence of the wind relative to the tangent plane on the sphere	(𝒙&,, 𝒚&,), and 
the geometric incidence between the tangent plane and the body plane	(𝒙6, 𝒚6). The angle 
of attack is defined by: 

𝛼 =	𝛼, + 𝛼4	, (7) 
where 𝛼4 represents the geometric incidence, or slacking and hauling, of the kite, by 
performing a symmetrical steering input 𝜖. This leads to a rotation of the kite around its 
transverse axis 𝒚6.  
 
Turn rate law 
The heading angle, or yaw angle, denoted 𝜓, defines the orientation of the kite longitudinal 
axis 𝒙6	relative to	𝒙&, when the geometric incidence	𝛼4 = 0. It is also important to note that 
the heading angle 𝜓 can differ from the actual flight direction, which is represented by its 
velocity vector. Hence, the kite velocity angle 𝜒 (or course angle) will differ slightly from	𝜓, 
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especially when turning. In straight flight however, the two angles are almost identical. The 
difference between the two is called the kinematic drift angle and can be defined by	𝛽 = 𝜒 −
𝜓. This distinction is important when considering a path-following strategy, as explained 
further below. 
As opposed to a symmetrical steering input, the influence of a differential, or asymmetrical,   
steering for the kite is essentially related to its angular velocity. Indeed, the calculation of 
the kite's angular rate when applying a steering input shows that the yaw rate is the 
parameter that is the most influenced by the input (Erhard, 2012; Jehle, 2014). The others 
will be neglected as their contributions are sufficiently small compared to the yaw rate. An 
empirical equation discussed in other studies (Erhard & Strauch, 2012; Jehle & Schmehl, 
2014; Fechner et al. 2015) is proposed to account for this behaviour. The dynamical 
response to a steering input 𝛿 is thus modelled by the following equation: 

�̇�A = 𝑔&𝑣.𝛿 + 𝑀
cos𝜃 sin 𝜓

𝑣.
	, (8) 

where �̇�A is the measured yaw rate, 𝑣. is the apparent wind velocity vector 𝑽. projected on 
the 𝒙6	 axis and 𝑔& is a constant parameter that must be deduced from real measurements. 
As explained in Erhard and Strauch (2012), the second term of the equation accounts for 
the effect of the mass distribution of the kite, 𝑀	being another constant to compute. It is 
important to understand that depending on the sign of 𝑀, a kite behavior can differ. If 𝑀	is 
positive, without any steering input or alignment with the wind, the kite has a tendency to fall 
towards the ground. If 𝑀	is negative, the kite moves towards the zenith and aligns itself with 
the wind. 

While 𝜓 is the angle of the kite heading relative to	𝒙&,, its yaw rate �̇�A calculated with relation 
(8) only takes into account the angular velocity of the kite reference frame 𝑅6  relative to the 
kite position reference frame	𝑅&,. However, as the kite evolves on a sphere, the actual yaw 
rate seen by the ground reference can be defined by the relation	�̇� = �̇�A + �̇�9Z[ . The 
second term is equal to �̇�9Z[  =	−�̇� sin 𝜃. Finally, the turn rate law used in the model is: 

 

�̇� = 𝑔&𝑣.𝛿 +𝑀
cos 𝜃 sin𝜓

𝑣.
	− �̇� sin 𝜃. (9) 

  

State space representation 
Using relations (2), (3) and (9), the model can be written as a state space description with 5 
states.  

⎩
⎪
⎨

⎪
⎧
�̇� = 𝑓(𝑋(𝑡), 𝑈(𝑡))	
𝑌(𝑡) = 𝑔(𝑋(𝑡), 𝑈(𝑡))

		𝑤𝑖𝑡ℎ	𝑋 =

⎣
⎢
⎢
⎢
⎡
𝜃
𝜙
�̇�
�̇�
𝜓⎦
⎥
⎥
⎥
⎤

			𝑈 = �𝛿𝜖�. (10) 

The input 𝑈 is a vector with the differential steering input 	𝛿 and the symmetrical steering 
input	𝜖. 𝑓 is a nonlinear function, grouping equations (2), (3) and (9), that describes the 
evolution of the system state 𝑋. 𝑌 is the error between the kite velocity orientation and the 
desired velocity orientation and 𝑔 is the output function, which represents the path-following 
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algorithm. A few parameters are still unknown before a simulation of this model can be 
achieved: 𝑔&, 𝑀, 𝐶(, 𝐶)	and 𝐶*. They depend on the kite wing itself, and need to be 
determined by experimental tests as explained in the next section. 
 

EXPERIMENTAL RESULTS 
In this section, we present how the experimental data were recorded by "Beyond The Sea". 
The kite used in all the experiments detailed below is a 15 𝑚# kite, with three 25-meter 
tethers. The experiments were made on the ground, at a beach near Arcachon in France. 
The anchor point consists of a fixed manual steering device, as shown in Figure 4b, that 
allows for asymmetrical and symmetrical steering by acting on two handles at the end of the 
two steering lines. The traction line is connected to the ground as well, but is not used for 
control. On the wing, the measurements are made with an inertial measurement unit, which 
will be referenced as IMU. The IMU is mounted at the centre of the leading edge of the kite, 
and communicates with the ground via wireless communication, as shown in Figure 4a. On 
the steering device, each tether is connected to a load cell to measure the sustained force. 
Shaft encoders measure each line displacement. The IMU communicates a reference frame 
which indicates the kite attitude at each moment of time. Additionally, an anemometer 
measures the wind speed and direction. 

 
(a) Cross section of the kite, with the 
inertial measurement unit attached 

near the leading edge.  
(b) Manual steering device, fixed on the ground. 

Figure 4. Experimental tests conducted by "Beyond The Sea" on a beach near Arcachon, 
France. 

 
The kite is then steered manually, via the two steering lines. The sensors measure the kite 
attitude, the tethers’ force and their steering. It enables the computation of all the necessary 
signals to determine the model parameters defined in the previous section. 
 
Slacking and hauling 
To deduce the kite position in the wind sphere using the IMU, it is necessary to correct the 
slacking and hauling of the kite. Indeed, the position is estimated by calculating the attitude 
of the IMU. This would be sufficient if the kite plane was tangent to the wind sphere. 
However, it is not always the case, as the wing can have an unwanted geometric incidence 
due to the symmetrical steering input 𝜖. As the steering is manual, it can be quite difficult to 
ensure that slacking and hauling are null. Once this effect is corrected, the real position of 
the kite is deduced as explained above, without considering slacking and hauling. 
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The relation between the symmetrical steering 𝜖 and the geometric incidence of the kite is 
linear and can be written as follows: 
 

𝛼4 = 𝐾4𝜖 + 𝛼�,	, (11) 
 
where 𝛼4,	is an incidence offset and 𝐾4 is a linear coefficient. The purpose is to deduce the 
geometric incidence 𝛼4 applied to the kite, knowing the symmetrical input. It is then possible 
to compute the real kite position on the wind sphere. To deduce this coefficient, an 
experimental procedure was conducted, in which the kite was held manually by its leading 
edge and with a fixed position. Since equation (11) is considered as a mechanical relation, 
the easiest position to conduct this measure was on the ground since 𝐾4 is considered 
independent of the kite position. Its only degree of freedom was through slacking and hauling 
as the heading angle was also manually maintained null.  This made it possible to find the 
relation between the steering input 𝜖	and the resulting geometric incidence	𝛼4. 
 

 

Figure 5. Measured data of incidence as a function of the 
symmetrical input 𝝐. 

 
Figure 5 illustrates the linear fitting of the measured data of geometric incidence, thanks to 
the IMU. From this, 𝐾4 = 0.4474	 ± 0.0016. Then, knowing the symmetrical input 𝜖 of the 
steering lines, the incidence generated at any time can be directly calculated by equation 
(11), defining the slacking and hauling of the wing. The offset 𝛼�, obtained during this 
identification process is not used as a parameter for the following computations. Conversely, 
the slope 𝐾4 is used to correct the measured geometric incidence 𝛼4	by the IMU (fixed on 
the kite leading edge) and to obtain a more accurate kite position. 
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Turn rate law coefficients 
In order to compute the coefficients of the turn rate law (9), experimental data from a 
dynamic flight around the zenith were analysed, as illustrated in Figure 6a. In this case, the 
differential steering input 	𝛿 is the most important information required to deduce the two 
parameters 𝑔& and 𝑀	which are directly connected to	𝛿 as shown by equation (9). The 
steering applied during the procedure is shown in Figure 6b. The kite position	𝜃	and	𝜙, as 
well as the kite heading	𝜓, were computed from experimental measurements. However, the 
actual yaw rate measured by the IMU is	�̇�A. Therefore, the objective is to compare the 
measured �̇� with the reconstructed	�̇�, denoted	�̇�=�, using the two parameters 𝑔& and 𝑀	and 
equation (8). Using a least squared algorithm, these two parameters are computed, allowing 
the comparison of 	�̇� and	�̇�=�. 

 

 
(a)Trajectory achieved during the 

experimental test 

 
(b) Steering 𝜹 applied during the procedure. 

Figure 6. Experimental test conducted to identify the turn rate law coefficients. 

 
Equation (11) allows the correction of the kite position, by adjusting the slacking and 
hauling	𝛼4, induced by the symmetrical steering input	𝜖 visible in Figure 6b. Then, the 
parameters 𝑔&	and 𝑀	are deduced as explained above: 

�𝑔& = 	0.16652		
𝑀 = 	1.17704	. (12) 

Figure 7 shows the difference between the yaw rate �̇�A	measured by the IMU during the 
trajectory of Figure 6a and the yaw rate �̇�=� reconstructed with equation (8). The projected 
apparent wind velocity	𝑣., the command 𝛿, elevation 𝜃 and heading angle 𝜓 used to 
compute �̇�=� come from the measurements made during the trajectory of Figure 6a. The 
shift in times between the two curves is due to the delay between the command 𝛿	 and the 
yaw rate �̇�A	coming for instance from line transmission or kite deformation. However, in 
equation (8), no such delay was considered. Therefore, the reconstructed yaw rate seems 
to be ahead of the measured yaw rate in Figure 7. 
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Figure 7. Measured yaw rate (blue) compared to reconstructed 
yaw rate (dashed red line). 

Aerodynamic coefficients 
The other parameters of the model that need to be found are the aerodynamic coefficients 
of the drag and lift force. They are mainly a function of the angle of attack	𝛼. In the literature 
(Fagiano 2009; Knappskog 2011), the aerodynamic profiles used are often similar to an 
airplane wing determined by experiments and some simplifications (Stevens & Lewis, 2003) 
or specific to the wing used. Therefore, a method to estimate those parameters based on 
experimental data is proposed here, specific to the kite used by "Beyond The Sea". 
The experimental test conditions to this end are purposely chosen, as the kite is placed in 
front of the wind. Then, the kite evolves along the meridian 𝜙 = 0 at a neglected velocity, 
controlled by the slacking and hauling of the kite. Thus, two assumptions can be made. 
- First, the heading 𝜓 is already aligned with the wind. This allows the transverse 
aerodynamic force (6) to be neglected. 
- Secondly, the force sustained by all the tethers is measured by three load cells. Thus, the 
total traction is known and the following assumption is considered: the kite while going 
towards the zenith is slow enough for the kite to be in quasi-static flight. In this case, the 
accelerations of the kite are low enough to be neglected and therefore the total traction 
measured can be considered equal to the opposite of the aerodynamic force from equation 
(5). 

 
(a) Apparent wind seen by the kite 

calculated from wind and kite speeds 
measurements.  

 
(b) Angle of attack 𝛼. 
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Based on the two assumptions above, the drag and lift forces are computed thanks to the 
angle of attack 𝛼 of the kite, while the kite is steered gradually by a slacking and hauling 
input	𝜖. Thus, the kite will move towards the zenith and away from it, while remaining centred 
with the true wind where 𝜓 = 0 and 𝜙 = 0. Then, by computing the drag and lift as functions 
of the angle of attack	𝛼, the drag and lift can be estimated. The procedure is shown in Figure 
8 during a slow enough ascent/descent of the kite, centred on the wind.  
Figure 8a depicts the kite apparent wind 𝑽.		during the experiment in the 𝑅6 reference frame. 
The 𝑧 −component of the vector is always positive, while the 𝑥 −component is negative. 
This shows that the apparent wind comes from below the kite and from its leading to trailing 
edge. As the kite is aligned with the wind, the 𝑦 −component is, on average, equal to zero. 
The angle of attack in Figure 8b is fitted with a smoothing spline function to remove the 
artefacts that are unusable for identification. Figure 8c then compares the angle of attack 
obtained with the drag and lift forces calculated from the apparent wind and using the static 
(no motion) assumption. Finally, based on relation (5), the drag and lift coefficients as a 
function of 𝛼 are computed on Figure 8d. These coefficients are obtained by plotting the 
calculated drag or lift force divided by the coefficient  �

#
𝜌𝐴&|𝑽.|#.	 

Due to uncertainties over the kite attitude and over the wind speed at the kite altitude, these 
estimations are not yet satisfactory, and a hysteresis appears on the Figure 8d. Because 
the experimental procedure enables only the identification for 𝛼 ∈ [2; 25]°, it is useful to 
extrapolate the aerodynamic coefficient outside this nominal interval. Indeed, whereas in 
dynamic motion the angle of attack will always be within the 𝛼 ∈ [2;25]° range, during the 
transition phase, where the kite is still partially in static motion, the angle of attack might go 
below or above this nominal interval. Therefore, by implying that the drag coefficient cannot 
be negative, or null, and by manually adding a stalling effect to the lift coefficient, the final 
fitting equations were calculated, as shown in Figure 8d. The lift coefficient was fitted using 
a 4th degree polynomial function  while the drag coefficient was fitted with a piecewise 
function as shown in table (1). 
Concerning the transverse aerodynamic force, no estimation of that coefficient has been 
made yet. However, it was taken sufficiently high so that, in dynamic motion, the kite remains 
aligned with its airflow as much as possible, as the experimental tests suggest. In addition, 
as explained above, the current experiment only allows the identification for a relatively small 
interval of the angle of attack 𝛼. In future work, one of our priorities will be to conduct a more 
reliable, accurate procedure, covering a larger interval of angle of attack. The model can 
now be implemented and simulated in different conditions, based on the identified 
parameters, summarized in table (1). 
 

 
(c) Aerodynamic forces and angle of 

attack. 

 
(d) Measured and fitted lift and drag  

coefficient. 

Figure 8. Calculation of the aerodynamic coefficients 
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Table 1. Identified parameters of the kite used during experimental tests. 

Parameter Value Designation 
𝑚 4 kg Mass of the kite 
𝐴& 15 m#	 Effective area 
𝑔& 0.16652 Turn rate coefficient 
𝑀 1.17704 Mass distribution coefficient 

𝐶)(𝛼) 𝑝�𝑥  + 𝑝#𝑥¡ + 𝑝¡𝑥# + 𝑝 𝑥 + 𝑝¢ Lift Coefficient 

𝐶((𝛼) q
𝑐,																			𝑖𝑓	𝛼 < 0
𝑐�𝑥# + 𝑐,						𝑖𝑓	𝛼 > 0 Drag coefficient 

 
 
 
The values of the coefficients presented in table (1) are given by equation (13): 

⎩
⎪
⎨

⎪
⎧𝑝� = −5.74.10¦§
𝑝# = 0.0003734
𝑝¡ = −0.007357
𝑝  = 0.07235
𝑝¢ = 0.152

				and	 q𝑐, = 0.02414	
𝑐� = 0.0004452	.   (13) 

OPEN-LOOP SIMULATIONS 
To validate the consistency of the model, simulations were carried out in various 
configurations, to see if the simulated kite behaviour was similar to observations made 
during real flights. First, concerning the mass of the kite 𝑚, the simulation on Figure 9 shows 
that the kite mass affects the final elevation of the kite, when it is aligned with the wind. The 
kite reaches an equilibrium position, close to the zenith, depending on its mass, and on its 
lift to drag ratio. 

 
(a)Trajectory centred with the wind. 

 
(b) Elevation 𝜽 with various masses. The 

initial speed of the kite was decreased so as 
to limit the effects of inertia for mass > 4kg. 

Figure 9. Influence of the mass over final equilibrium elevation of the kite. 

Figure 9b depicts the permanent elevation reached by the kite for various masses when its 
initial position is placed at 𝜙 = 𝜓 = 0. The two commands 𝛿 and 𝜖	were left untouched. This 
behaviour is the same as the real flights observed during experiments where the kite also 
moves towards the zenith. This figure shows the effect of the mass and inertia on the kite 
movement, along the trajectory shown on Figure 9a. The heavier the kite is, the lower its 
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final elevation will be. This shows that the total mass of the kite cannot be entirely neglected 
when considering the potential sensor units or other devices that can be mounted onto the 
wing in a later production stage.  

 

Figure 10. Trajectory of the kite with a negative mass distribution 𝑴. 
The second simulation on Figure 10 shows the effect of the gravitational term 𝑀 from 
equation (9), which accounts for the effect of mass distribution in the kite. In this simulation, 
the term 𝑀 is positive, which leads to a "falling" behaviour. Indeed, without any control, as it 
is the case here, the kite may fall to the ground, if not perfectly centred with an azimuth 𝜙 =
0 and heading angle 𝜓 = 0. This behaviour was also observed during experimental tests, 
and confirms the accuracy of the model. A negative value for parameter 𝑀 stabilizes the kite 
around the zenith, and aligns it with the wind. The kite used by "Beyond The sea" in their 
experimental tests has a "falling" behaviour. 
Overall, the behaviour resulting from these simulations corresponds to the consistent 
behaviour seen by an observer during real flights thus validating model (10) and the 
associated identified parameters. 
 

EIGHT-SHAPED TRAJECTORY 
Path-following strategy 
The actual purpose of "Beyond The Sea" is to develop a controller that steers the kite on a 
desired trajectory	𝑇<=>. It has been found that the optimal trajectory which avoids twisting the 
lines is an "8" shaped trajectory.   
Geometrically, there are several ways to describe an "8" shape. Here a lemniscate of 
Bernoulli was chosen as the desired trajectory for its interesting properties, such as gradual 
variation of its curvature radius. Such a trajectory is defined by the parametric equation with 
the parameter	𝑠: 

𝑇<=> = 
𝑥7 = 𝑎 ¯�° >

�±²³¯´ >
	

𝑦7 = 𝑎 ¯�° > ²³¯ >
�±²³¯´ >

,				where	𝑠 ∈ [0; 2𝜋].   (14) 
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Figure 11. Figure-of-eight trajectory projected onto the wind window (blue). Trajectory in 
tangent plane (red) 

Other parameters such as the trajectory position (𝜃7,𝜙7) and its orientation Ω7 complete the 
definition of the trajectory, along with the arc size 𝑎 of the trajectory. As shown in Figure 11, 
once the lemniscate is parameterized as desired, it can be projected into the quarter sphere. 
As equation (14) suggests, the trajectory is not a function of time. Therefore, following the 
path does not depend on time but on space. The trajectory is thus spatially discretized in a 
series of points	𝑃4, evaluated in the wind reference frame 𝑅89. 
 
Path-following algorithm 
The objective is obviously for the kite to reach the trajectory, if it is not already the case, and 
then to be able to follow it. Therefore, the path-following algorithm needs to reduce the 
distance and align the kite velocity with the trajectory tangent, at the same time. At every 
time step, the algorithm described in this section will find which point of the trajectory the 
kite needs to follow. It will be referred to as the optimal point	𝑃»¼*. The distance between the 
kite and the optimal point is then deduced and noted	𝑑. 
As already specified, the difference between the kite heading angle 𝜓	and the kite velocity 
angle 𝜒	is taken into account here. Hence, to follow the desired trajectory, the kite velocity 
angle 𝜒	needs to be tangent with the desired trajectory at point	𝑃»¼*. The distance 𝑑 between 
the kite and the trajectory is considered an error to be minimized. Thus, by choosing an 
appropriate flight direction of the kite, represented by the course angle 𝜒@A< in Figure 13, 
the error distance can be diminished and the kite flown in the same direction as the 
trajectory. 
To determine the optimal point 𝑃»¼* the kite needs to follow, an algorithm is presented here. 
Starting from an initial point 𝑃4	of the desired trajectory, considered as the current optimal 
point, the principle is to define a reference frame 𝑅7 = (𝑃4±�, 𝒙*, 𝒚*, 𝒛*) at the next waypoint 
of the trajectory, hence	𝑃4±�. Then, the kite position is calculated in this new trajectory 
reference frame 𝑅7	at 	𝑃4±�. The algorithm then tests a condition: if the kite does not pass 
the next point, then the optimal point is not changed. However, if the kite flew past the next 
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point, then this point is considered as the new optimal point. This test is repeated as many 
times as necessary until the optimal point is found. 

 

Figure 12. Determination of the best reference 
point the kite needs to follow. 	𝑷𝒊±𝟏 becomes the 

new optimal point. 
An example is shown in Figure 12, where the sign of the kite 𝑥-coordinate 𝐱&	relative to 𝑅7 
informs if 	𝑃4±� should become the new optimal point. If 𝐱& < 0,	the kite does not pass the 
point 	𝑃4±�, then	𝑃4 remains the optimal point 𝑃»¼*. If 𝐱& > 0, then it does (as shown in Figure 
12), and the reference point is moved to 	𝑃4±� before the procedure is conducted once again. 
A new reference frame 𝑅7	is computed at 	𝑃4±#. The kite position in calculated in this new 
reference frame and the sign of the 𝑥-coordinate is checked again. The 𝑦-coordinate of the 
kite position gives an approximation of the distance	𝑑. Depending on the initial point, the 
algorithm might skip several points until it reaches a point where the correct conditions are 
met. 
The initial point	𝑃4	can be chosen arbitrarily, for instance it can be the first point of the 
trajectory, for	𝑠 = 0. However, considering the initial position of the kite, the optimal point 
determined by the algorithm might not always be the most suitable point. Therefore, the 
automatic pilot is designed to allow a user defined starting point. 
 
Desired orientation 
Once the kite position relative to the trajectory point 	𝑃»¼* is known, its desired course angle 
𝜒@A<	also needs to be computed. As mentioned above, the course angle 𝜒 is used to control 
the kite direction. Therefore, the desired velocity angle 𝜒@A<	has to be calculated and 
compared to the actual 𝜒	afterwards. The objective is to determine an angle 	𝜒@A< that allows 
the kite to reach and follow the trajectory: 
 

𝜒@A< = 𝜒P + Δ𝜒@A<(𝑑). (15) 
 
The tangent at point 	𝑃»¼* is computed first, as it represents the actual desired direction that 
the kite needs to be aligned with. The first term of equation (15) is the angle between this 
tangent translated at the kite position, denoted K, and the meridian passing at point K, 
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denoted 𝜒P. This angle adds the information of the trajectory orientation as shown in Figure 
13 and explained in Jehle (2012). 
 
If 𝛥𝜒@A<(𝑑) is not added in equation (15), the kite is steered to have the same alignment but 
is not necessarily on the trajectory. Hence, another term is necessary to bring the kite closer 
to the trajectory. 𝛥𝜒@A<(𝑑)	is defined by 

𝛥𝜒@A<(𝑑) = arctan Ã
𝑑
𝑑,
Ä. (16) 

Equation (16) depicts the angle added to the tangent direction	𝜒P, which is a function of the 
distance	𝑑. The pivot distance 𝑑,	is the distance, chosen by the user, where the course angle 
𝛥𝜒@A<	 is 45°. When 𝑑 = 𝑑,, 𝛥𝜒@A< = arctan(1) = 45° and the kite is pointing equally 
towards and along the desired trajectory.   

If the kite is far from the trajectory (𝑑 is much greater than 𝑑,), then 𝛥𝜒@A< = + Å
#
.  Hence, 

the kite will go directly towards the point	𝑃»¼*, perpendicular to the tangent. If 𝑑 is relatively 
small, then the kite is pointing mostly along the trajectory, since 𝛥𝜒@A< ≈ 0. 
This parameter 𝑑,	can be chosen static, or dynamically relative to the kite speed. 
 

 
Figure 13. Desired velocity 𝑽𝒄𝒎𝒅 calculated from 

kite velocity and trajectory orientation. 
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Closed loop 
Based on the previous comments, the desired velocity angle 𝜒@A<	is compared with the 
actual kite velocity angle 𝜒. The resulting angle difference defined by  

𝜖J = 𝜒 − 𝜒@A<  (17) 

is then used in the following to define the closed loop tracking trajectory. 
 
The closed loop is then designed as illustrated in Figure 14. A simple proportional controller 
𝐾 is used at first, without actuators, to ensure the closed loop stability and obtain a sufficient 
performance level for path following simulations. However, a CRONE (Lanusse et al. 2013; 
Oustaloup et al. 2013) controller which is a robust controller based on fractional 
differentiation (Sabatier et al. 2015; Oustaloup et al. 2008) will be discussed and justified by 
the authors in a future publication dedicated to control. To sum up, the robustness will ensure 
good performance for a large set of wind-speeds and will take into account both the 
uncertainty and nonlinear behaviour of the model of the controlled system. 
 

 

Figure 14. Closed loop system composed of the kite, the path-following strategy and a 
proportional controller. 

CLOSED LOOP SIMULATIONS 
The model, the identified parameters and the path-following strategy explained in the 
previous section are then associated using MATLAB/SIMULINK software to simulate the 
closed loop which acts as the automatic pilot. 
In the following simulations, the dynamical model of the drives was omitted to let the closed 
loop steer the lines without any constraint. The kite has a size of 𝐴& = 15	m# and a mass 
𝑚 = 4	kg, while the tethers are 50	m	long. Besides validating the path following strategy, the 
simulations and particularly the steering 𝛿 needed can be studied to choose actuators that 
can withstand this command 𝛿. 
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The simulations presented in Figure 15 show that the path-following strategy works as 
intended. The pivot point 𝑑, used for those simulations is based on the kite velocity 𝑽& as it 
proved to be more robust for every situation. 
Figure 15 displays several simulations where the first column is for a vertical trajectory and 
the second column for horizontal trajectories centred in the wind window, but at a different 
elevation. Trajectory A (red) is at an elevation of 25° whereas Trajectory B (blue) is at 65° 
of elevation. As expected, the kite follows the desired trajectory correctly in each situation, 
and its transition from its initial position and the desired trajectory is gradual. As actuators 
are neglected, the command 𝛿	has no limit and can easily follow the trajectory. In reality, 
with the actuator dynamics, this is not the case. The slacking and hauling 𝜖 were not 
modified. The steering	𝛿, shown in Figures 15i and 15j, is periodic with the same period as 
the trajectory, and ranges mainly between −1m	to	1m. The noise on the command is due to 
the lack of a low pass effect in the controller, and of the lack of actuators that would act as 
a low-pass filter. This noise is caused mainly by the definition of the desired trajectory, which 
is discretised in a finite number of points. One interesting feature of Figures 15i and 15j is 
that the steering needed for a vertical trajectory has the same shape as the steering required 
for a horizontal trajectory. Therefore, if the actuators are able to perform a horizontal 
trajectory, then a vertical trajectory should also be possible with the same actuators. 

 
(a) Vertical and non-centred trajectory.  

Wind = 𝟖. 𝟑	𝐦𝐬¦𝟏. 

 
(b) Horizontal and centred trajectories.  

Wind = 𝟖. 𝟑	𝐦𝐬¦𝟏. 

 
(c) Elevation 𝜽	and azimuth 𝝓 for the 

vertical trajectory. 
 

 
(d) Elevation and azimuth of both 

trajectories. (Dashed line : Azimuth 𝝓; solid 
line : Elevation 𝜽) 
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(e) Angle of attack 𝜶 during the vertical 

trajectory. 

 
(f) Angle of attack 𝜶	during horizontal 

trajectories. 

 
(g)Yaw angle and velocity angle, showing 
a drift angle of the kite along the vertical 

trajectory. 

 
(h) Yaw angles of horizontal trajectories. 

 
 

 

 
(i) Steering 𝜹 during the vertical trajectory. 

 

 

 
(j) Steering 𝜹 during horizontal trajectories. 

 

 
(k) Traction produced during the vertical 
trajectory. 

 
(l) Traction produced during horizontal 
trajectories. 

Figure 15. Examples of closed loop simulation, with different trajectories 
 ( wind = 	𝟖.𝟑	𝐦𝐬¦𝟏). 
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As seen from the simulation results, the path following strategy works well for any trajectory 
that is within the wind window. Figures 15a and 15b show that the kite follows a non-centred 
path correctly. In all simulations, computing the angle of attack 𝛼 shows that in dynamic flight 
and while following an eight-shaped trajectory, variations of 𝛼	are relatively small, as 
represented in Figures 15e and 15f. Also, a high dynamic reduces the variations of 𝛼, as 
shown in Figure 15f where trajectory A has a small angle of attack 𝛼. Thus, the kite should 
not stall during that kind of motion, except during the starting phase where the kite still has 
low dynamics. Figures 15c and 15d depict the elevation and azimuth of the kite, showing 
the periodic behaviour of the systems. Trajectory A shows that the period is shorter than 
trajectory B. Since the kite is in the power zone of the wind window, it has a higher speed 
than when it is closer to the zenith. This period can be observed again in the yaw angle 𝜓 
as well as the velocity angle	𝜒 in Figures 15g and 15h.  
The difference between the two angles 𝛽 = 𝜒 − 𝜓 demonstrates the kinematic drift angle 
	(different from the drift angle 𝛼F), showing that the kite longitudinal axis is not always aligned 
with the kite velocity. This is the reason why the path-following strategy uses the velocity 
angle instead of the yaw angle. 
Computing the traction generated for each simulation also reveals the theoretical efficiency 
of any trajectory. As anticipated, the simulation in Figure 15b with a low elevation angle (Traj 
A) provides significantly more traction than the same trajectory at a higher elevation (Traj 
B), as its path is directly in the most powerful zone of the wind window. The difference is 
clearly highlighted in Figure 15l. However, these results are theoretical and do not guarantee 
that a kite could support the load during Traj A for example. At high speed (trajectory A), a 
decrease in the kite aerodynamic performance is not unusual in reality, caused by wing 
deformation at high loads. These effects are not taken into account in this model and 
therefore, the performances obtained are higher than reality and remain only theoretical.  
A trajectory at the edge of the wind window and vertical still has an acceptable average 
theoretical traction while being less constant, as shown in Figure 15k. Being able to 
complete such a trajectory within the wind window gives a greater degree of freedom 
concerning the possible traction force to be used, depending on the ship’s direction. 
 

CONCLUSIONS 
In this paper, a kite point-mass model has been developed, in which a transverse 
aerodynamic force nullifying the drift angle, as well as a slacking and hauling command have 
been taken into account. Then, based on experimental data provided by "Beyond the Sea", 
all the parameters of the model were characterized and the open loop simulations validate 
the overall behaviour of the model. A path-following strategy was then designed so that the 
kite can follow an eight-shaped trajectory. Thereafter, a simple proportional controller was 
used to define a closed loop of the entire system (without actuators). This closed loop acts 
as the automatic pilot, if a desired trajectory is defined. Simulations shows that the path-
following strategy performs well for several trajectories, whether horizontally centred in the 
wind window or vertically. The results show the theoretical potential of these patterns for 
towing ships given the traction magnitude that was calculated. The corresponding steering 
made it possible to estimate the actuator constraints needed to achieve the trajectories. The 
vertical trajectory also shows that it is theoretically possible to generate a traction force that 
is not aligned with the wind. While one of the trajectories shown in these simulations is 
usually never used, as the force generated is too high and difficult to control, the other 
trajectories are more acceptable and realistic. For instance, a 15 m2 kite was enough to tow 
a small fishing boat. Also, a 30 m2 kite have been included in the Energy Observer vessel, 
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measuring 30.5 meters long by 12.80 meters wide. This innovative vessel is aiming for the 
energy autonomy, with zero greenhouse gas emissions or fine particles (Energy Observer, 
2018).  
Future work will focus on comparing these theoretical calculations with experimental results. 
To obtain an automatic pilot, a robust controller using a CRONE approach will be designed, 
while taking actuator dynamics into consideration, as well as a periodic analysis of the 
linearized model around an eight-shaped trajectory. The latter study will lead to a theoretical 
method that will justify the robust controller design. Additionally, a static flight algorithm is 
being designed, in order to improve the quality of the transitions between static and dynamic 
flight.   
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