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Abstract. This computational study compares the performance of circular and figure-of-eight flight patterns
for fixed-wing ground-generation airborne wind energy (AWE) systems using a PID-based basic controller that
effectively controls the kite during each pattern’s pumping cycle in a MATLAB® Simulink® environment. A
simple, adjustable control framework enables a steady analysis within consistent operational parameters, allow-
ing for fair comparisons of power output, power quality, ground surface area requirements, and structural load
impacts. Unlike for small lightweight kites, the simulation results reveal that when using the 150 m*> MegAWES
reference kite, the power is not similar over different patterns. The circular flight pattern achieves the highest
cycle-averaged power output in a smaller operational area, making it advantageous for maximising energy within
limited spatial constraints. Conversely, the figure-of-eight down-loop pattern demonstrates superior power qual-
ity with lower power peaks and lower expected structural fatigue due to a reduced cyclic aerodynamic load fre-
quency and amplitude, supporting greater operational stability and system longevity. The figure-of-eight up-loop
does not stand out on any of the metrics considered in this work. This study offers insights into the trade-off’s be-
tween energy output, efficiency, and structural demands associated with each flight path, providing a foundation

for future AWE flight path selection and control strategy optimisations.

1 Introduction

Airborne wind energy (AWE) is an emerging renewable en-
ergy technology aiming to harness the power available in
higher-altitude winds. Unlike conventional wind turbines, the
operating pattern is not fixed. A conventional wind turbine
has rotating blades connected to a hub. AWE devices use
tether kites, which have a much larger potential operating do-
main, which allows for better adaptation to the available wind
resource but comes with complex controller challenges.

One shared characteristic of the different existing AWE
systems is that they all fly in a closed pattern. However, the
best shape of this pattern has not yet been decided on. The
debate about the optimal flight pattern dates back to the be-
ginning of the technology development in the first decade of
the 21st century. The industry appears undecided on a single
specific pattern, with circular and figure-of-eight paths both

prevalent. Tether winding is mentioned as one of the key rea-
sons for the latter (Houska and Diehl, 2006; Licitra et al.,
2019). Other factors might also influence the choice, as dis-
cussed in this study.

In particular, three main patterns are currently flown in
AWE. These are divided into two shapes: a circle and a figure
of eight. The latter can be flown in two directions, one where
the outer segments of the figure are flown upwards (up-loop)
and one where they are flown downwards (down-loop). Each
pattern offers distinct advantages and challenges in terms of
stability, energy capture, and system complexity.

Licitra et al. (2019) conducted an in-depth performance
assessment of a small-scale low-mass fixed-wing AWE sys-
tem in pumping mode using an optimal control framework.
Their findings challenge the common debate on the superi-
ority of lemniscate versus circular trajectories by showing
that, under equal boundary conditions, both patterns yield
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comparable power output. The study further emphasises that
practical considerations, such as flight area requirements and
mechanical stress, may ultimately drive the choice of flight
pattern rather than efficiency alone. This work expands on
their conclusions using a much heavier and larger kite, a de-
tailed controller environment, and a user-friendly simulation
framework for open-source collaborations.

Specifically, this study focuses on the development of a ba-
sic flight controller for a fixed-wing AWE system, designed
in a MATLAB® Simulink® environment, with the purpose
of comparing different flight patterns flown by heavy kites.
The controller is engineered to replicate the entire pumping
cycle of a ground-generation kite system, simulating the crit-
ical phases of power generation (traction) and its recovery
(retraction). By modelling the kite’s flight path and control
dynamics within this virtual environment, the model can pro-
vide valuable insights into the performance and efficiency of
different flight strategies.

Control and navigation of AWE systems often follow a
hierarchical control structure, as commonly proposed for
ground-generation rigid-wing systems (Rapp et al., 2019;
Vermillion et al., 2021). This cascaded approach effectively
breaks down the complex control problem into manageable
sub-problems, allowing for optimal customisation of each
control layer. The higher-level control is typically managed
by a finite state machine, which supervises transitions across
various flight operations, including launch, traction, retrac-
tion, and safety manoeuvres. This control architecture is il-
lustrated in Fig. 1.

For path following, target points are frequently utilised
to guide the kite closely along predefined trajectories or to
give a looser guidance approach with a planned path. In
van der Vlugt et al. (2013), four waypoints were used to steer
a soft kite in stable figure-of-eight down-loop manoeuvres.
Erhard and Strauch (2013); Fagiano et al. (2014) demon-
strate periodic figure-of-eight flight paths by alternating be-
tween two target points, also known as the bang—bang control
approach used in practice by Skysails at the time. Fechner
and Schmehl (2016) added a geometric construction of the
planned pumping cycle flight path to the four-waypoint con-
troller of van der Vlugt et al. (2013). Although these methods
result in flying less defined path shapes, making it harder to
quantify controller performance, their simplicity and compu-
tational efficiency make them appealing for real-world appli-
cations and sometimes even more superior in power produc-
tion.

Another method is continuous path parameterisation,
where the entire path is discretised into points which are
tracked by the navigation system. A widely studied controller
logic using this method is given by the L; guidance logic.
It calculates the required centripetal acceleration to define a
reference roll angle, facilitating precise path following and
enhanced system performance. This logic was initially pro-
posed by Park et al. (2004) and later refined by Fernandes
et al. (2022) to the so-called L guidance logic. Both methods
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are widely adopted non-linear path-following strategies in
aerial vehicle navigation. Fernandes et al. (2022) also show
that the Lo guidance logic ensures asymptotic stability and is
particularly well-suited for AWE systems.

Additionally, controlling the kite’s attitude and dynamics
is critical in ensuring stable and efficient AWE system op-
eration. For flexible-membrane wings, the turn rate law pro-
posed by Erhard and Strauch (2013) links kite steering inputs
to its course rate. However, this law does not apply to fixed-
wing systems, where dynamic forces and moments are much
more prominent.

An example of a more advanced control strategy can be
seen in the flight controller presented by Ruiterkamp and
Sieberling (2013), where the longitudinal and lateral motions
of the kite are decoupled and controlled independently. This
approach involves breaking down the figure-of-eight curve
into discrete target points and using linear controllers to con-
vert these into reference roll angles. However, challenges re-
main, particularly in maintaining the tether tension within
safe limits.

Other advanced control strategies, which include the use
of continuous path parameterisation, exist too. Jehle and
Schmehl (2014) employ a cascaded controller using feed-
back linearisation of an empirical steering-to-yaw rate model
combined with a non-linear tracking law on the unit sphere to
align the kite’s flight path with a prescribed trajectory. Rapp
et al. (2019) combine a PID controller for state-ideal path er-
ror correction with non-linear dynamic inversion to achieve
the desired kite attitude. Lyapunov-based controllers, as de-
veloped by Li et al. (2015), focus on controlling kite attitude
and rate error dynamics through differential and proportional
control laws, addressing both translational and rotational mo-
tions independently.

The MegAWES 3 MW fixed-wing reference kite (Eijkel-
hof and Schmehl, 2022) is used in conjunction with the new
improved flight controller developed by Rossi (2023). The
earlier implemented controller proposed by Eijkelhof and
Schmehl (2022) is complex and requires many controller pa-
rameters to be tuned for an optimal trajectory. This makes the
controller unsuitable for a comprehensive study of the flight
pattern. Therefore, a simpler, easier-to-tune controller is de-
sired.

The main objective of the present work is the development
of a simulation framework that allows comparing different
flight patterns using the same operational environment, kite
design, and flight controller. The path planning is based on
the described Lo logic (Fernandes et al., 2022), and the at-
titude control of the kite consists of a cascaded PID control
loop based on Eijkelhof (2019). To have a consistent system
for the analysis of the flight paths, the MegAWES reference
kite described by Eijkelhof and Schmehl (2022) is used. A
new winch design and controller are implemented as devel-
oped in Hummel et al. (2024b). The winch has been better
sized for the system size of the MegAWES reference kite,
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Figure 1. Control architecture representation, featuring outer and inner control loops, for a ground-generation AWE system.

and the winch controller has been changed to follow a power-
optimal strategy.

The remainder of the paper is organised as follows. In
Sect. 2, a comprehensive overview of the numerical frame-
work is provided, the design and implementation of the flight
controller in MATLAB® Simulink® are described, the winch
controller is introduced, and the strategy for obtaining com-
parative flight paths and the reference system are presented.
In Sect. 3, a detailed analysis of the simulation results com-
paring the circular and two figure-of-eight flight paths is pre-
sented. Finally, in Sect. 4, a conclusion is drawn based on the
results.

2 Methodology

In this section, the numerical framework is described, which
is used to compare the three different flight paths. First, the
flight controller is discussed, split up into lateral and longitu-
dinal control, and the reference systems are described. Sec-
ond, the required winch model is discussed. Third, the com-
parison strategy is explained, and, last, the additional system
parameters are provided, including the reference kite model.

2.1 Flight controller

The development of the flight control system for the fixed-
wing AWE system is crucial for ensuring reliable and effi-
cient operation. This system is designed to handle the intri-
cate dynamics of tethered flight, which involves managing
both the kite’s lateral and longitudinal motions. The con-
trol architecture is based on a cascaded-control approach,
which separates the control tasks into more manageable sub-
problems, allowing for precise tuning and optimisation of
each component. This section outlines the reference systems
used to model the kite’s flight dynamics, the methodologies
employed in designing the state machine for switching be-
tween phases, and the lateral and longitudinal control sys-
tems of the kite.
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Figure 2 illustrates the control state machine structure de-
signed for the system, detailing the transitions and control
objectives for each flight phase. This state machine frame-
work enables smooth transitions between traction, retraction,
and other phases, optimising power output and stability un-
der varying operational conditions.

In the traction phase, lateral and pitch control are focused
on maintaining the maximum angle of attack for optimal en-
ergy capture, while winch control enforces an optimal force
set point to manage tether tension. The transition phase from
retraction to traction adjusts lateral and pitch controls simi-
larly to the traction phase, driving the angle of attack to its
peak to ensure longitudinal stability until the kite reaches
the designated pattern target point to go back into traction.
During the retraction phase, lateral control reorients to a pre-
determined retraction target point, pitch control tracks a de-
scent angle, and winch control reduces the tether tension to a
reference force set point, effectively preparing the system for
the next cycle.

2.1.1 Coordinate frames

Various coordinate frames are used to model the entire sys-
tem and effectively represent the many vector quantities that
are involved. In most cases, these coordinate frames align
with those commonly used in the flight mechanics literature,
but some others are specially introduced for the AWE do-
main. This section presents a description and graphical repre-
sentation of the reference frames used throughout this study.
Figure 3 presents the inertial (e¢), wind (w), body (B), and
tangential plane (7) reference frames. In this work, the wind
direction is aligned with the inertial x axis (¢, = 0). Because
the wind reference frame has the x axis aligned with the wind
direction, both inertial and wind x axes coincide. The inertial
reference frame is defined as a north-east-down (NED) coor-
dinate system with the ground station placed in the origin and
the z axis pointing into the ground. This definition is consis-
tent with the standard approach in aerospace literature and is
also implemented in the internal aerospace Simulink block.
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Figure 2. The control state machine describing the transitions and control objectives for each flight phase. The triggers to switch between
phases are shown next to the arrows, where /; is the tether length, and s is the dimensionless path variable resembling the position along the

pattern.

To guide the kite through the wind window and to define
the desired flight path for the traction phase, it is convenient
to define a reference frame centred in the kite’s centre of
gravity (i.e. kite position) and tangential to the flight sphere.
This frame, shown in Fig. 3, can be obtained through a se-
quence of transformation matrices starting from the wind co-
ordinate system.

The body coordinate system is fixed according to the po-
sition and orientation of the kite. In this study, the kite is
considered rigid, and any real-time deflection or deformation
is not taken into account.

2.1.2 Lateral control

The lateral controller requires a controller objective. This
objective is determined by the path-following module. This
work utilises an adapted version of the L; controller logic,
a discretised Lo controller logic. As both methods are simi-
lar in principle, the L method is described first, from which
the Ly method is then derived. The concept is visualised in
Fig. 4.

The L controller logic is typically a control strategy used
in guidance systems in flight controllers for path following,
where a dynamical system must track a desired trajectory.
The key principle behind the L logic is that it defines a dis-
tance metric, often referred to as the L distance, which mea-
sures the separation between the actual position of the system
(e.g. kite or aircraft) and a designated target point on the in-
tended path. This distance is often used as a control parame-
ter to ensure that the system moves toward the desired trajec-
tory by looking either closer or further ahead to determine an
optimal target position to track. The L; controller has only
one adjustable design parameter, the L distance, which can
be tuned to achieve faster or smoother convergence to the de-
sired path. This makes the strategy simple to tune and ideal
in the context of this work. Park et al. (2004) demonstrate
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the effectiveness of this tracking method and explain how to
optimise the parameter across different scenarios, including
straight lines, perturbed paths, and circular trajectories. They
further employ an approach based on the Lyapunov invari-
ant set theorem to guarantee asymptotic stability. This makes
the L1 control strategy particularly well-suited for non-linear
systems, offering an advantage over traditional linear control
methods.

Rather than specifying the L distance as a control metric,
a discretised interpretation of the L distance is used (Fer-
nandes et al., 2022). In this approach, the distance to the tar-
get point is calculated from the nearest point along the tra-
jectory projected from the kite’s position.

In contrast to conventional methods, this formulation
broadens the field of attraction toward the desired course,
guaranteeing that the guidance system consistently retains a
target point on the path, even when the kite drifts further from
the desired trajectory. When the L distance is used, the con-
troller becomes confused when the kite is further away from
the trajectory than the specified L; distance. There are sev-
eral ways to solve this, for example, by widening the distance
when it cannot converge on a point on the trajectory. How-
ever, using the L distance instead was deemed to be the most
effective.

Due to the closed and intersecting geometry of certain
flight paths, accurately selecting the target point becomes
more complex. When dealing with a continuous curve, it-
erative techniques, such as Newton—Euler methods, are typ-
ically employed to determine both the nearest and the target
points with a manageable number of iterations. However, for
the discrete representation of the path as a finite set of points,
an alternative approach is necessary.

In the studied scenario, the set of path points is discretised
using the dimensionless path variable s over the interval from
0 to 2. This ensures unique tracking points, independent of
path shape. The path is discretised on the tangent plane and
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Figure 4. Principle of L1 and L guidance logic. The closest point to the kite and the target point are highlighted in red. V is the kite
velocity magnitude, a the required acceleration, and 7 the heading.

then projected onto a spherical surface. Using a path param- harmonic oscillations. By choosing the right parameters, a
eterisation dependent on this variable s, Cartesian path coor- shape similar to a figure of eight can be obtained. The lem-
dinates can be calculated and stored. niscate of Booth is a generalised version of the lemniscate of

The discretisation of the circular path is straightforward Bernoulli, which was first introduced by the Bernoulli broth-
given the definition of a circle. The figure of eight can be ers in 1694. Bernoulli’s lemniscate was then generalised in
defined in several different ways, a Lissajous or (hyperbolic) the 19th century by James Booth. The lemniscate of Booth
lemniscate of Booth, for example. Lissajous figures are loop- can be described as the set of points where the product of

ing patterns formed by the combination of two perpendicular distances to two foci of the hyperbolic function is constant.
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When the hyperbolic function is rectangular, the lemniscate
of Bernoulli is obtained (Gray, 1997). The lemniscate of
Booth is used in this framework, and given the path variable
s, the shape is defined in the tangent plane by the follow-
ing coordinate expressions and then projected on the flight
sphere:

bBooth SIn s

Xrigs (5) = - (1
(o=t ) cos?s
ABooth SIN S COS §
Vigs(s) = —— )

1+ (Zgz—z::)zcoszs
where apooth and bpooth define the height and width of the
figure of eight, respectively. For this study, a discretisation of
50 points was chosen. This leads to a smooth path discretisa-
tion but is still computationally efficient.

Additionally, a distance array is introduced, containing the
distances between the kite’s current position and each point
on the path. This array is organised cyclically, allowing the
algorithm to continually search for the closest point as the
kite follows the closed-loop trajectory. To select the cor-
rect nearest point, special attention is needed for complex
paths like the figure of eight. In this shape, the kite crosses
over multiple intersections, which can lead to wrong tracking
points. To overcome this problem, the selection process uses
a smaller subset of the distance array, starting from the previ-
ous time step. This proved to be a reliable method to choose
the correct projected kite location on the trajectory.

Instead of choosing a distance value as the controller pa-
rameter, the tracking point is determined using a set number
of elements ahead. After identifying the closest point, the tar-
get point is set as the nth element ahead in the sequence. This
guarantees that the target point remains consistently defined
as n points ahead of the nearest one, where n serves as a tun-
able discrete control parameter.

The lateral controller determines the actuator demands
based on the tracking point given by the path-following mod-
ule. The target vector is computed using the coordinates of
both the kite and the target point, within the wind reference
frame described in Sect. 2.1.1. Using the appropriate trans-
formation matrices, the target vector and the kite’s velocity
are projected onto the tangent plane. This tangent plane is
visible in Fig. 3 and is tangent to the sphere surface, with a
radius equal to the straight tether length and the centre at the
ground station.

The resulting projections are then used to derive the head-
ing angle n. To avoid impractically sharp turns, which could
lead to hazardous manoeuvres, the calculated heading angle
1 is restricted to 7. Finally, by considering all forces act-
ing on the kite, the desired roll angle ¢; ges, relative to the
tangent plane, is determined as

. ((acm + Fg,ycos + Fy . sin
Dr.des = arcsm( i 2,y COSProact + Fy ¢r,act> B

L
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where m is the kite mass, Fy is the gravitational force acting
on the kite, ¢ ac¢ is the actual roll angle, Fi, is the lift force,
and q. is the lateral acceleration needed for the vehicle to
trace a curved trajectory. This acceleration can be calculated
as

Ve
=2—sinn, 4
ac L n “4)

where Vi is the kite velocity magnitude, and 7 is the angle
between the kite velocity and the direction to the reference
point.

This desired roll angle is then converted into a demand
for the aileron deflection using multiple PI controllers, illus-
trated in Fig. 5.

2.1.3 Longitudinal control

One of the key factors influencing power extraction from the
wind during crosswind flight of AWE systems is the tether
force, which is directly linked to the kite’s lift. To maintain
proper tether tension, the kite’s angle of attack must be con-
trolled via the longitudinal or pitch controller.

Since the system’s primary goal is to maximise wind en-
ergy extraction, the control of longitudinal flight dynamics
aims to sustain a high CE / C12) ratio to optimise power gen-
eration. Loyd (1980) showed that the maximum theoretical
power extraction is proportional to this ratio. Considering
tether drag, the highest feasible ratio is practically lower than
for untethered aircraft. Hence, it is essential to consider the
total system’s combined CE / Clz) ratio, including the kite and
tether drag. In general, a higher CE / C]% ratio corresponds to a
higher angle of attack when including the tether drag, yield-
ing more power. Hence, a simple approach is used, choosing
a constant high angle of attack as a reference target during
the power production phase.

As developing a new reference kite and aerodynamic
model is beyond the scope of this paper, the existing aero-
dynamic data of the MegAWES Kkite are used (Eijkelhof and
Schmehl, 2022). Using this, a target angle of attack of ap-
proximately 4° was chosen for the traction phase to keep the
kite operating within the linear region. This corresponds to
an approximate Cr, of 1.8. Hence, the stall region is entirely
avoided. While possible in numerical studies to neglect tether
force control, in practical applications, it is critical to ensure
that tether tension does not exceed its limits. During winch
controller saturation, it may require changing the desired an-
gle of attack to lower the aerodynamic performance, as done
in Hummel et al. (2024a). This work does not include such a
tether force controller, but the limit is taken into account in
the optimisation objective.

The desired angle of attack ages is then used as an objec-
tive for the pitch controller, which adjusts the kite’s pitch by
means of elevator deflection §.. This conversion is done by
the PI cascaded loops visible in Fig. 5.
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Figure 5. Flow diagram of the attitude and rate controller for both lateral and longitudinal control. The lateral controller needs a PID to
accurately follow the desired input, and for the longitudinal controller, a PI controller suffices. The gains are tuned separately for traction and
retraction. The integral part of the PI(D) controller is reset at the start of the specific flight phase to prevent windup.

While following circular or figure-eight paths, the longitu-
dinal controller must compensate for external disturbances,
including winch and tether forces and kite dynamics. Wind
plays a significant role, particularly as the relative wind di-
rection changes during ascent and descent. When the Kkite
flies against the wind, the relative wind speed increases, rais-
ing o, while descending in the same direction as the wind
decreases «,. These oscillations, dependent on the velocity
along the path, must be actively managed.

2.2  Winch controller

The winch, which includes the drum, drivetrain, and gen-
erator, is modelled as a single rotating body with inertia J
and a constant radius R (Hummel et al., 2024b) positioned
in the origin of the wind and inertial reference frames. The
modelling approach simplifies the equations by ignoring vis-
cous friction, as the friction torque is much smaller than the
forces exerted by the tether on the winch and the control mo-
tor torque. Additionally, the radius is assumed constant, de-
spite the spooling of the tether, because the changes in ra-
dius are small and slow, making their dynamic impact neg-
ligible. Two primary moments act on the winch: the tether
force multiplied by the winch radius and the motor torque,
both of which are used in the control strategy.

An optimal control curve is derived to define a control tar-
get. The ground tether force, the force at the winch, is cal-
culated using a quasi-steady model, neglecting cosine losses
and the kite’s mass (Schmehl et al., 2013)

F=Cv;,, 5)
where
3
C—1 SCLEZ 1+ L) (6)
= 5PSCLE Ee)

where F; is the ground tether force, v, ; the radial component
of the apparent wind velocity, p the air density, S the refer-
ence wing area, CL, the lift coefficient, and E.q the equivalent
lift-to-drag ratio (including tether drag).

Instead of modelling individual forces like gravity or wind
speed variation, an equivalent wind speed is used to account
for these effects. Choosing an optimal reel-out factor f* of
1/3 (Loyd, 1980), the motor torque on the winch aims to
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balance out the torque from the tether force at steady state.
The reel-out factor is defined as reeling velocity divided by
the wind speed. This results in a winch control curve, often
called the “optimal force-squared speed manifold”, where the
motor torque Ty, is the product of the optimal tether force and
winch radius
Tm = 4CV?2R, (7
where v is the tether reeling speed.

In Hummel et al. (2024b), the winch is sized for the
MegAWES kite, as shown in Table 2. The given size pa-
rameters ensure a robust and steady response of the winch
when trying to stay on the optimal control curve defined by
Eqgs. (5), (6), and (7).

2.3 Comparative flight path strategy

To evaluate the flight patterns, the following key criteria
are investigated: cycle-averaged power, power oscillations
(power quality), and projected ground area.

Cycle power is the average power output over a complete
pumping cycle. It serves as a primary measure of system effi-
ciency, representing the overall energy production capability
of the system. Higher cycle-averaged power indicates more
efficient wind energy extraction. The cycle power can be cal-
culated using only the numerator of Eq. (9).

Power oscillations (power quality) reflect the stability and
consistency of power generation. A system with lower power
oscillations provides more stable power output, which is cru-
cial for integration into the electrical grid. Hence, minimis-
ing power fluctuations is a desirable characteristic in AWE
systems. The power quality is quantified using the peak-to-
average-power ratio (PAPR) during the traction phase. It is
defined as the ratio between the maximum instantaneous me-
chanical power and the average power over the traction inter-
val:

max  Prech(?)
1€ Tiraction

l b
Tiraction thractiun PmeCh (t) dt

PAPR = €]

where Ppech(f) is the instantaneous power at time ¢, and
Tiraction denotes the time interval corresponding to the trac-
tion phase.
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The projected ground area provides an estimate of the
space required for each system when deployed in a farm con-
figuration. It is crucial to determine how dense systems can
be arranged within a given surface area, directly influencing
the potential energy density of the farm. Additionally, it of-
fers a preliminary assessment of the necessary safety buffers,
which are vital for mitigating the risk of system interference
and ensuring operational safety. The projected ground area is
defined as the area of the two-dimensional projection of the
flight trajectory onto the ground plane. Additionally, the sur-
face area power density is used to evaluate the average power
output normalised by the projected ground area:

1
Tcycle chycle PmeCh(t) dt

Py= ,
d PGA

®

where Py is the surface area power density, PGA is the pro-
jected ground area, and Tcycle denotes the time interval cor-
responding to the entire pumping phase.

To support the comparative analysis of circular and figure-
of-eight flight patterns, this study employs the covariance
matrix adaptation evolution strategy (CMA-ES) (Hansen,
2006). The CMA-ES method iteratively refines parameters
by minimising a specified objective function, allowing for
targeted adjustments in both controller settings and flight
path characteristics.

Rather than aiming for a global optimum, the optimisation
serves as a strategic exploration of the design space, focusing
on identifying representative configurations for each flight
pattern. This suboptimisation approach thus provides a bal-
anced set of configurations that enable a fair and insightful
comparison of the performance, stability, and structural im-
plications of different flight patterns, aligning directly with
the study’s goal of understanding each pattern’s relative ad-
vantages and limitations. This means the solution should be
in no way interpreted as an optimal condition. This method
works well for different kite designs and scales where the
initial condition is hard and time-consuming to determine.
The numerical exploration using CMA-ES allows for find-
ing a parameter set which converges, which is key to pro-
ceeding with any optimisation process. Gradient-based op-
timisation methods can effectively yield an optimised solu-
tion when an appropriate initial condition is available. How-
ever, despite the existence of techniques aimed at reducing
the likelihood of suboptimal convergence, it remains inher-
ently uncertain whether the obtained local optimum corre-
sponds to the global optimum. Gradient-based methods are
considered more suitable for a more detailed analysis of a
single pattern.

Table 1 provides a set of system parameters which could
be varied by the optimiser. The main objective is to max-
imise the average cycle power (mean(Ppech)). The imposed
soft constraints are formulated based on exceeded maximum
thresholds, which are carefully selected to restrict the design
space. Their implementation is detailed in Appendix A.
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Table 1. Operational and controller parameters varied during opti-
misations. Kp, Kj, and Kq are the PID gains.

Controller Flight path Tether

Kp, K; winch (retraction)
Ky roll rate (traction)

Kp roll rate (retraction)

K pitch rate (traction)

K pitch rate (retraction)
Kp, Ki, Kq roll (traction)
Kp, Kj, Kq roll (retraction)
Kp, K; pitch (traction)

Kp, K; pitch (retraction)

Tether length max
Tether length min
Retraction force

Figg aBooth ™

Figg bBooth ™
Circle radius™

Elevation angle

* Whether the parameter is needed depends on the chosen flight path.

The soft constraints are defined as follows:
— maximum cross-track error (traction phase) <75m

- maximum kite velocity (traction phase) < 100 ms™!

— maximum  tether  force  (excluding  transi-
tions) <1664910N
— maximum peak-to-average-power ratio (traction

phase) <2.5.

As PAPR turned out to be a difficult constraint to satisfy,
optimisations are also run without the PAPR constraint to
evaluate the influence of this constraint on the overall opti-
misation process and conclusions.

2.4 Additional system parameters

As this work focuses on comparing flight paths, it is of key
importance to keep as many factors as possible the same
throughout the analysis. Therefore, for each case study, the
same kite, ground station, and tether are used. Similarly, one
wind shear model without turbulence is chosen and kept con-
stant throughout the analysis. The wind shear is determined
from the averaged Ijmuiden measurement data presented in
Schelbergen et al. (2020). The 3 MW MegAWES Kkite is cho-
sen as the ground-generation fixed-wing kite (Eijkelhof and
Schmehl, 2022). Since the original MegAWES simulation
framework used a winch which was not sized for megawatt-
scale power, a better-sized winch is used instead (Hummel
et al., 2024b).

The kite is modelled as a rigid body (6 degrees of free-
dom). The total sum of forces acting on the kite is composed
of the aerodynamic force, the tether force, and the gravita-
tional force. The aerodynamic force is a resultant force com-
bining lift, drag, and side force.

The tether is modelled similarly to the original MegAWES
simulation environment. The tether is modelled as quasi-
steady, discretised by lumped masses which are connected
by straight elements and have a stiffness based on the
Dyneema® material.
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Table 2. General planform parameters of the wing, tail, and fuse-
lage and characteristics of the winch and tether, adapted from Ei-
jkelhof and Schmehl (2022).

Parameter Value  Unit

5.7680 x 10°  kgm?
Inertia Jyy 0.8107 x 10°  kgm?
Inertia J,, 6.5002 x 10°  kgm?
Mass 6.8852 x 103 kg

Inertia Jyxx

Wing/RevEy airfoil

Span 4247 m
Chordoot 446 m
Chordgp 211 m
LE sweep 2 °
Aspect ratio 120 -
Surface area 150.45 m?
Twistroot—tip 5-0 °
Horizontal tail / NACAO0012 airfoil
Span 7.6 m
Chord 2.8 m
Vertical tail / NACAO0012 airfoil

Span 3 m
Chord 28 m
Winch

Total inertia 1.0x10* m
Radius 1.5 m
Tether/Dyneema®

Density 097 x 103> kgm™3
Modulus 1.16 x 101 Pa
Ultimate strength 3.6x10° Pa
Cylindrical Cp 1.2 -

Table 2 shows a summary of the specifications of the en-
tire system. This includes kite design, winch size, and tether
specifications.

3 Results

This section presents a detailed comparison of the circular
and figure-of-eight flight patterns, evaluating their perfor-
mance based on key metrics such as cycle power and peak-
to-average-power ratio. The simulations are performed in a
consistent operational environment at a wind speed of 12 and
15ms~! across all tests. These wind speeds are below the
rated wind speed. Above the rated wind speed, a real-world
kite system is limited to not exceeding the rated power. This
limit is not included in this simulation framework. Thus, a
below-rated wind speed was chosen as a good compromise
between high power output and a non-limited condition. For
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both wind speeds, the simulations are performed with and
without the PAPR constraint. Often, the constraint cannot be
satisfied, and the solutions without the constraint can pro-
vide some insight into whether the relative differences are
not based on the constraint handling but rather a characteris-
tic of the pattern. The simulations with and without an active
PAPR constraint are started from the same initial guess.

This section is structured as follows. First, the optimal so-
lution for a fair comparison is chosen. Second, the full pump-
ing cycle is compared between patterns. Even though com-
plete pumping cycles are compared, the focus has been on
the traction phase, where the pattern makes a big difference;
the retraction strategy is relatively similar in all cases and
therefore discussed in less detail.

3.1 Pattern exploration

In this section, only two of the earlier-mentioned three per-
formance metrics are considered. The objective function fo-
cused on average cycle power, making it of key importance in
selecting the cycle for detailed discussion in the next section.
As the peak-to-average-power ratio (PAPR) constraint was
not satisfied, this is included as well. First, the cycle power
is compared to the circle radius in Fig. 6. As the algorithm
is free to choose any radius, many combinations of param-
eters are evaluated, hence multiple power results per radius.
The optimal radius for this kite at the given wind speed, with
the operation conditions explained throughout this paper, is
around 220 m. This means that the diameter of the flight pat-
tern is around 10.5 times the wingspan.

From theory, a smaller turning radius should allow more
of the kite’s path to pass through regions of higher wind
speed (after accounting for cosine losses), which suggests
that smaller circles could extract more power. In practice,
however, the radius cannot be made arbitrarily small because
other physical and operational limits start to dominate.

Several factors explain why optimisation tends to favour
larger radii instead:

— Roll angle effects. Smaller radii require the kite to roll
more steeply. As shown in Makani’s study (Tucker,
2020), this reduces power production efficiency.

— Velocity limits. Tighter turns increase the tangential ve-
locity needed to follow the path along a turn. This
follows from the definition of the required centripetal
force. When the kite is already operating around its
maximum aerodynamic capability, the only option is
larger velocities to follow the sharper turns. If this ve-
locity exceeds the maximum allowed limit, the opti-
miser penalises the solution, effectively discouraging
small radii.

— Wake effects. In reality, smaller radii would also am-
plify wake losses (i.e. stronger wind speed reduction
upstream). Although this is not included in the present
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Figure 6. Circular pattern performance at 15 ms~! wind speed with different circle radii. Left is the average cycle power. Right is the

peak-to-average-power ratio.

analysis, this effect would reinforce the preference for
larger radii.

Another important metric that needs to be considered is the
PAPR. The peak power of the traction phase is divided by the
average traction phase power. The large concentration of data
points at low PAPR shows that the penalisation of the objec-
tive is working as expected. While optimising for more cycle
power, the power peaks are minimised. In the given condi-
tions, the optimal PAPR is a little over 4. Even though some
results show that it could obtain a slightly lower PAPR than
4, those solutions are deemed less optimal, with either lower
average power or exceeding any of the other constraints. Ac-
cepting a lower cycle power would potentially lead to a lower
PAPR. However, the same can be said for the other patterns,
likely leading to similar differences.

A similar analysis is performed for both variations of the
figure of eight. Figures 7 and 8 show the optimisation results,
illustrating the geometry (width and height) of the figure of
eight with respect to the cycle power on the left and the PAPR
on the right.

Both down-loop and up-loop flight patterns converge to an
optimal combination of width and height. The up-loop seems
to converge to smaller-sized figure of eights compared to the
down-loop; however, as shown in the next section, the con-
verged down-loop is slightly smaller. To reduce the PAPR,
the up-loop pattern width needs to shrink. This is the ex-
pected behaviour since the smaller-width figure-of-eight pat-
terns in particular remain more in the effective wind window.
This benefits the upward flight. The down-loop uses the inner
part to counteract gravity and seems less affected by the total
width.

The left image in Fig. 7 shows that the optimal solution
of the down-loop is limited at a lower cycle power than the
circle pattern. The PAPR, however, converges to the lower
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value of below 4. Similar to the circular pattern, lower PAPR
solutions exist but are less optimal.

The left image in Fig. 8 shows that the most optimal solu-
tion of the up-loop is similarly limited at a lower cycle power
than the circle pattern. Unlike the down-loop, the up-loop
PAPR, however, converges to the highest PAPR value of the
three patterns.

3.2 Pumping cycle comparison

From the previous results, the best-performing path is se-
lected for a more detailed comparison. Here, the flight pat-
terns are compared based on the power oscillations (power
quality), projected ground surface area, and cycle average
power.

Figure 9 shows the 15ms~! wind speed circular three-
dimensional flight path coloured by the mechanical power,
which is shown with respect to time on the right. The pro-
jected ground area is shown with the dashed red box on the
ground plane. The centreline of the cycle trajectory is slightly
shifted on the y axis, aligning the upward flight more with
the centre of the wind window. As the target path is centred
at zero azimuth, this result is solely a consequence of pre-
cise gain tuning and changing tracking accuracy along the
pattern. Tracking accuracy can change as different velocities
occur throughout the pattern, making it easier and harder to
track a given target (Diehl et al., 2004; Ilzhofer et al., 2007;
Gros et al., 2013).

It can be noted that at this wind speed, most of the mechan-
ical power is positive; however, during each loop, the winch
needs to retract slightly to insert energy into the system to
get it to the top of the circle. This extra required energy is
due to the gravitational losses, which the kite alone cannot
compensate for. The cycle average is at 2.254 MW, which is
much higher than the figure-of-eight flight patterns.

https://doi.org/10.5194/wes-11-1287-2026
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To illustrate the ground area that the system cov-
ers, the projected ground area is shown under the flight
path. The converged circular trajectory under these condi-
tions projected on the ground covers an area of 0.31 km?
(0.53km x 0.59 km). This results in a surface area power
density of 7.24 MW km 2.

Figure 10 presents the velocity and lift force with respect
to cycle time for the circle. As expected, the velocity and lift
force more or less follow the same behaviour.

The maximum velocity is at the start of the cycle. The rel-
atively bad transition from retraction to the traction phase
causes this spike in velocity and is, therefore, not considered
a limiting factor in the validity of the result for this paper.
Transition phases are highly complex and not relevant to the
scope of this work. A higher velocity is reached at the end of
the downward flight, slowing down on the way back to the
upper part of the circle.

An additional performance metric that can be derived from
these results is the dominant load frequency associated with
the aerodynamic forces. Among these, the lift force emerges
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as the most significant. Specifically, when considering only
the traction phase of operation, the lift force exhibits a cyclic
load on the structure with a frequency of approximately
0.041 Hz. In comparison to the down-loop phase, this higher
cycle frequency, as well as a higher amplitude, suggests an
increased likelihood of fatigue-related damage over time, as
the system is subjected to more frequent load cycles.

Figure 11 shows the 15ms™! wind speed figure-of-eight
down-loop three-dimensional flight path coloured by the me-
chanical power, which is shown with respect to time on the
right. The projected ground area is shown with the dashed
red box on the ground plane.

It can immediately be noted that at this wind speed, almost
all of the mechanical power is positive. Out of the three pat-
terns, this delivers a smoother power output, requiring less
power-smoothing equipment. At the centre of the figure of
eight, the kite is right in the optimal part of the wind window.
Using this part to fly up, the forces can use this beneficial
wind to counteract gravity, reducing overall power oscilla-

Wind Energ. Sci., 11, 1287-1304, 2026
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Figure 10. Circular flight path of the most optimised solution set at 15 ms—! wind speed with active PAPR constraint. Left is the kite
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tion. The cycle average is at 1.645 MW, which is lower than
the circular path but higher than the up-loop figure of eight.

The converged down-loop trajectory under these condi-
tions projected on the ground covers an area of 1.06 km?
(0.95km x 1.10km). This results in a surface area power
density of 1.56 MW km 2.

Figure 12 presents the velocity and lift force with respect
to cycle time for the down-loop. Similarly to the circular
path, the velocity and lift force follow the same behaviour.

The higher velocity occurs during downward flight at the
outer curves, while the kite slows down in the centre, flying
up.

The right of Fig. 12 shows that the dominant load fre-
quency of the lift force is approximately 0.034 Hz. Out of the
three studied patterns, this is the lowest, having favourable
effects on kite lifetime.

Wind Energ. Sci., 11, 1287-1304, 2026

Figure 13 shows the 15ms~! wind speed figure-of-eight
up-loop three-dimensional flight path coloured by the me-
chanical power, which is shown with respect to time on the
right. The projected ground area is shown with the dashed
red box on the ground plane.

It can be noted that at this wind speed, the mechanical
power is the most oscillatory of all patterns, requiring more
power smoothing than the others. Opposite to the down-loop,
the gravitational force needs to be counteracted at the outer
edges of the figure of eight, where the kite is at the least
optimal part of the wind window. Using this part to fly up,
the winch has to assist using retraction, increasing overall
power oscillation. The cycle average is at 0.877 MW, which
is lower than the down-loop figure of eight and with worse
power quality.

The converged up-loop trajectory under these condi-
tions projected on the ground covers an area of 1.31km?>
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Left is the kite velocity with respect to the cycle time. Right is the lift force with respect to cycle time.

(1.16 km x 1.12km). This results in a surface area power
density of 0.67 MW km 2.

Figure 14 presents the velocity and lift force with respect
to cycle time for the up-loop. Similarly to the other paths, the
velocity and lift force follow the same behaviour.

The maximum velocity is at the end of the cycle; looking at
the three-dimensional flight path in Fig. 13, this might not be
specific to this flight path. It seems to be a result of the sub-
optimal transition phase, which causes instability in the flight
direction and velocity. Unlike the down-loop, the higher ve-
locity occurs in the centre, slowing down at the outer edge.

The right of Fig. 14 shows that the dominant load fre-
quency of the lift force is approximately 0.045Hz. Out of
the three studied patterns, this is the highest, having un-
favourable effects on kite lifetime.

An overview of the results discussed before is shown in
Table 3.

https://doi.org/10.5194/wes-11-1287-2026

Apart from the down-loop figure of eight, the optimiser
cannot find solutions that satisfy the PAPR constraint. This
raises the question whether the implemented constraint han-
dling itself could have an influence on the most optimal so-
lution and thus the pattern comparison. To validate the rel-
ative differences between patterns, the comparative study is
also performed on the most optimal solutions when turning
off the PAPR constraints. This allows for solutions where all
constraints are satisfied.

For clarity only the overview of the results are shown in
Table 4. Comparing this table to Table 3, it can be noted
that the relative differences stay the same, even though the
optimal power of the figure-of-eight paths differ more from
their PAPR-limited counterpart. As expected, the power and
PAPR of the circle and up-loop patterns are higher when not
constraining the PAPR. The down-loop does show an unex-
pected result — the power and PAPR are actually lower. This

Wind Energ. Sci., 11, 1287-1304, 2026
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Figure 14. Figure-of-eight up-loop flight path of the most optimised solution set at 15ms~! wind speed with active PAPR constraint. Left
is the kite velocity with respect to cycle time. Right is the lift force with respect to cycle time.

illustrates the difficulty of optimisation of non-linear prob-
lems; it is very challenging to avoid local optima. A possible
solution would be to start from several different initial condi-
tions, but this lies beyond the scope of the present work. The
down-loop figure of eight remains beneficial when looking at
power quality. With respect to the ground surface area power
density, the figure-of-eight patterns did improve, although the
circle still strongly outperforms the down-loop and up-loop
patterns.

Finally, the simulations for both with (Table 5) and with-
out (Table 6) PAPR constraint are repeated at a lower wind
speed of 12ms~!. This is done to evaluate whether the rela-
tive results are wind speed (operating position on the power
curve) dependent. This wind speed was chosen such that the
heavy MegAWES kite would still be able to fly in all patterns.
Lower than 12ms~!, the kite has difficulties performing a
full power cycle, especially for the figure-of-eight up-loop.

Wind Energ. Sci., 11, 1287-1304, 2026

Using the PAPR constraint, the cycle power, PAPR, and
surface power density show similar characteristics between
patterns. The main difference seems to be for the PAPR,
where the figure-of-eight up-loop outperforms the circle. The
cause of this seems to be the pattern size. The minimum
size of the circle is limited, connected to the kite size. To
reduce the PAPR, mainly a consequence of gravity, the pat-
tern should reduce in size to reduce the difference between
the upper and lower part of the pattern. As the minimum
is indirectly constrained, the PAPR cannot be reduced to a
value lower than the up-loop. Looking at the unconstrained
results, the power indeed increases for the circle and down-
loop patterns. However, this also causes a drastic increase in
PAPR. At lower wind speeds, gravity has a much bigger in-
fluence, and thus the difference becomes much larger. The
up-loop, however, became stuck in a local optimum, and the
PAPR constraint actually helped to steer away from this. Of
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Table 3. Summary of pattern performance of the three studied flight patterns using the MegAWES kite at 15 m s~1 wind speed with active

PAPR constraint.

Circle Figure-of-eight ~ Figure-of-eight
down-loop up-loop
Cycle power 2.25MW 1.64 MW 0.88 MW
PAPR 5.07 2.37 7.27
Ground area 0.31 km? 1.06 km? 1.31 km?
Surface area power density 724MWkm—2  1.56MWkm~2  0.67 MW km 2
Cycle duration 12335 17455 397.6s

— Traction

— Retraction and transition
Maximum kite velocity (traction)
Average kite velocity (traction)
Dominant load frequency (lift)

98.25 (79.7 %)
25.15(20.3 %)

137.95 (79.0 %)
36.65 (21.0 %)

353.2'5 (88.8 %)
4445 (11.2%)

95.55ms ™! 80.05ms™! 91.30ms™!
66.98 ms™! 63.27ms™! 68.88ms~!
0.041 Hz 0.034 Hz 0.045Hz

Table 4. Summary of pattern performance of the three studied flight patterns using the MegAWES kite at 15 m s~ ! wind speed without PAPR

Circle Figure-of-eight ~ Figure-of-eight
down-loop up-loop

Cycle power 2.27TMW 1.55MW 1.50 MW
PAPR 5.69 2.29 9.07
Ground area 0.31 km? 0.91 km? 1.14km?
Surface area power density 724MWkm™2 1.71MWkm™2 1.32MWkm?2
Cycle duration 121.1s 12245 387.4s

— Traction 96.05(79.3%) 89.5s(73.1%)  364.35(94.0%)

— Retraction and transition 25.15(20.7 %) 329s5(26.9%) 23.1s(6.0%)
Maximum kite velocity (traction)  99.79 ms~! 80.19ms™! 95.63ms™!
Average kite velocity (traction) 66.80 ms ! 63.95ms ! 7341 ms™!
Dominant load frequency (lift) 0.041 Hz 0.041 Hz 0.059Hz

course, this is random behaviour and cannot be considered a
common phenomenon. For the sake of this comparison, the
simulations were started from the same initial conditions. To
help kick-start the no-PAPR constraint problem, one could
have used the solution of the constrained problem as a start-
ing condition instead. Nonetheless, finding the global opti-
mum is not the purpose of this study.

4 Conclusions

This study systematically evaluated the performance of cir-
cular and figure-of-eight flight patterns for fixed-wing AWE
systems under consistent operational conditions. Through the
development of a MATLAB® Simulink®-based controller,
the study achieved effective path tracking during the trac-
tion phase and demonstrated clear distinctions between these
flight patterns in terms of energy output, power quality, spa-
tial efficiency, and structural load effects.

https://doi.org/10.5194/wes-11-1287-2026

Unlike the results from the analysis on a small, lightweight
kite, the heavy kite studied here had different power pro-
duction levels over different patterns. The circular flight pat-
tern yielded the highest cycle-averaged power output, outper-
forming both figure-of-eight patterns in energy capture effi-
ciency. Additionally, it required a smaller operational area,
offering a beneficial power density, which is substantially
higher than the down-loop and up-loop figure-of-eight paths.
These advantages make the circular path attractive for appli-
cations prioritising maximal energy capture within limited
ground areas. It must be noted that there is some room to
find solutions which reduce the average power output and
improve the power quality.

Conversely, the figure-of-eight down-loop configuration
demonstrated superior power quality, producing lower power
oscillations with a peak-to-average-power ratio that could ac-
tually get below the 2.5 constraint. This pattern also miti-
gated gravitational losses more effectively by leveraging op-
timal wind window positions during ascent. The up-loop
variant, exhibiting the lowest cycle power and highest peak-
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Table 5. Summary of pattern performance of the three studied flight patterns using the MegAWES kite at 12 m s~1 wind speed with active

PAPR constraint.

Circle Figure-of-eight  Figure-of-eight
down-loop up-loop

Cycle power 091 MW 0.77MW 0.49 MW
PAPR 9.77 3.99 5.26
Ground area 0.36 km? 0.97 km? 0.77 km?
Surface area power density 250MWkm~—2  0.80MWkm~2  0.63 MWkm 2
Cycle duration 291.0s 339.7s 351.2s

— Traction 271.15(93.1%) 300.85(88.5%) 330.6s(94.1 %)

— Retraction and transition 19.95 (6.9 %) 38.9s (11.5%) 20.55 (5.9 %)
Maximum kite velocity (traction)  99.64ms™ 1 76.50ms ™! 84.08 ms™!
Average kite velocity (traction) 62.67ms™! 61.10ms™! 61.56ms™!
Dominant load frequency (lift) 0.045Hz 0.044 Hz 0.037Hz

Table 6. Summary of pattern performance of the three studied flight patterns using the MegAWES kite at 12 m s~ ! wind speed without PAPR

constraint.
Circle Figure-of-eight  Figure-of-eight
down-loop up-loop

Cycle power 0.99 MW 0.82 MW 0.28 MW
PAPR 11.01 12.42 10.20
Ground area 0.28 km? 0.87 km? 0.82 km?
Surface area power density 349MWkm=2  094MWkm™2  0.34 MWkm 2
Cycle duration 273.1s 372.6s 714.5s

— Traction 25445 (93.2%) 339.6s(91.1%) 698.55(97.8 %)

— Retraction and transition 18.75 (6.8 %) 33.0s (8.9 %) 16.0s (2.2 %)
Maximum kite velocity (traction)  107.88 m g1 91.71 ms™! 92.12ms™!
Average kite velocity (traction) 6321 ms™! 61.35ms ™1 60.85 ms™!
Dominant load frequency (lift) 0.048 Hz 0.046 Hz 0.042 Hz

to-average-power ratio, suggests it is the least optimal flight
path.

Additionally, each pattern displayed different factors
which could impact structural fatigue and kite lifetime,
driven by differences in load amplitude and frequency, as
well as velocity profiles. The figure-of-eight down-loop con-
figuration generally exhibited a lower load frequency, bene-
ficial for mitigating structural fatigue and potentially extend-
ing kite life. However, at the lower wind speed, the up-loop
showed some potential to reduce the frequency below the
down-loop. Furthermore, the amplitude of the force is gen-
erally lower for the down-loop compared to the other two
patterns. Nevertheless, fatigue should be studied separately,
in a more detailed study, to ensure a well-defined relation be-
tween pattern and cyclic loads.

In conclusion, the choice of flight pattern for AWE sys-
tems involves a trade-off between power density, power qual-
ity, and operational stability. Circular patterns are preferable
for maximising energy output and spatial efficiency, while
the down-loop figure of eight offers a promising solution for

Wind Energ. Sci., 11, 1287-1304, 2026

applications where system longevity and smooth power out-
put are critical for grid integration.

Future research should expand the optimisation domain,
including adjustments to azimuth angles and more refined
phase transitions, to further optimise power extraction and
load management. Also, more than two wind speeds should
be considered to evaluate if conclusions change throughout
the complete wind speed domain.

https://doi.org/10.5194/wes-11-1287-2026
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Appendix A: Constraint handling

As this paper is trying to find a comparable flight path rather
than an innovative and fast optimisation strategy, a simple
constraint handling process is used to implement constraints
in the CMA-ES optimisation. The power objective is only
penalised when maxima are exceeded. The objective is cal-
culated by

Cobj = —mean(Pmech) + Pete + Py + PR+ Ppapr> (AD)

with the penalties

102 . (max(cmss—track error) 1
75m ’
Pcte = if max(cross-track error) > 75 m
0, otherwise
4 max(Vk)
10 '(100 ms—T ])’
Pw = if max(Vi) > 100ms™!
0, otherwise
4 ax(Fy)
107 1?6?91([)N =1),
PR = if max(Fy) > 1664910N
0, otherwise
105 (PR 1), if max(PAPR) > 2.5
Dpapr = ' .
0, otherwise

The weight factors were chosen based on importance. For
example, the cross-track error, the error on position with re-
spect to the planned trajectory, is considered less important
than velocity, tether force, and peak-to-average-power ratio.

Code and data availability. The reference design of the kite
and the simulation framework is available on https://github.com/
awegroup/MegAWES (last access: 20 February 2026) in open-
access format (release version 3.0). The specific environment
and parameter inputs used in this work are available on the
4TU database (https://doi.org/10.4121/70679dc6-30ba-4f75-abba-
94144f456da7, Eijkelhof, 2025).
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