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Abstract: Similar to parafoils, ram-air kites are flexible membrane wings inflated by the apparent
wind and supported by a bridle line system. A major challenge in estimating the performance of
these wings using a computer model is the strong coupling between the airflow around the wing and
the deformation of the membrane structure. In this paper, we introduce a staggered coupling scheme
combining a structural finite element solver using a dynamic relaxation technique with a potential
flow solver. The developed method proved numerically stable for determining the equilibrium shape
of the wing under aerodynamic load and is thus suitable for performance measurement and load
estimation. The method was validated with flight data provided by SkySails Power. Measured forces
on the tether and steering belt of the robotic kite control pod showed good resemblance with the
simulation results. As expected for a potential flow solver, the kite’s glide ratio was overestimated by
10–15%, and the measured tether elevation angle in a neutral flight scenario matched the simulations
within 2 degrees. Based on the obtained results, it can be concluded that the proposed aero-structural
model can be used for initial designs of ram-air kites with application to airborne wind energy.

Keywords: airborne wind energy; SkySails Power; ram-air kite; fluid-structure interaction; dynamic
relaxation; virtual wind tunnel

1. Introduction

The growing energy demand and shift toward carbon-free electricity production is
rapidly expanding the market for renewable energies [1]. While most countries are forced
to adapt their production accordingly, the demand for renewable energy also opens the
field for alternative wind energy technologies. Airborne wind energy (AWE) is such
an alternative approach that is aimed at harvesting wind from higher altitudes using
tethered flying devices [2]. Next to the potential of accessing an additional source of
renewable energy, a key motivating factor is the substantially lower material footprint of
the technology. Several different system configurations have been tested so far. SkySails
Power developed a ground-based airborne wind energy system that uses a ram-air kite
to drive an electrical generator. During the power phase, the kite is flown in figure-eight
maneuvers, pulling the tether off a drum that is coupled to a generator. When the maximum
tether length is reached, the kite is depowered to reduce its pulling force. After a transfer
phase, the kite is pulled toward the ground station using the generator as a motor. Once
the kite has reached its initial position, the power cycle is repeated. Methods for estimating
the performance of such pumping AWE systems have been presented in [3–6]. For more
detailed information regarding AWE system configurations, refer to [7,8].

Ram-air kites and parafoils are made of thin woven fabric and are inflated by the
airflow entering the wing through intakes located at the kite’s leading edge [9–12]. The
aerodynamic shape of the wing is defined by internal ribs similar to the ribs in an aircraft
wing and bridle lines that attach to the ribs and transmit the forces from the wing to
the tether [13]. Ram-air wings for AWE applications are designed to produce maximum
tether force during the reel-out phase and have to withstand these loads for many power
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cycles. To better predict the aerodynamic loads on the wing and the resulting—often
large—deformations, an accurate numerical simulation of the fluid-0structure interaction
(FSI) process is indispensable.

Several aero-elastic models for ram-air kites have been developed in the past. A com-
plete dynamic approach with a staggered FSI scheme was proposed by Ortega et al. [14]
consisting of a cost-effective low-fidelity potential flow solver with deforming wake and
an explicit dynamic solver with a wrinkling model and viscous damping to determine the
wing shape. The intake flow was not modeled because of the limitations of potential flow.
The solver was tested on a free-flying parachute payload configuration with and without
deflecting steering lines. The comparison of the computed and measured flight velocity
and glide ratio showed a satisfactory agreement.

A three-dimensional FSI analysis, including the intake flow, was conducted by
Fogell et al. [15,16]. They investigated the aeroelastic deformation of a single wing section
during steady gliding flight using a loosely coupled approach. The fluid dynamics were
solved with the commercial fluid solver STAR-CCM using the Reynolds-Averaged Navier–
Stokes (RANS) approach. The structural response was modeled with linear elastic isotropic
material properties using the commercial software LS-DYNA.

Lolies et al. [17] studied the dynamics of a paraglider using a high-fidelity transient FSI
simulation based on an immersed boundary coupling approach. The flow was simulated
with a lattice Boltzmann method, and the structural model consisted of an arrangement
of elastic springs allowing larger time steps for the transient time integration. The com-
puted shape of the parafoil agreed with the shape measured in the wind tunnel, but an
underresolved boundary layer caused by the immersed boundary method was observed.

Folkersma et al. [18] modeled a ram-air kite by coupling RANS simulations with
OpenFOAM to determine the aerodynamic pressure distribution on the wing surface with
the FEM solver mem4py [19] to compute the resulting deformations of the membrane
structure. The framework was used to compute the steady-state shape of the wing for
several trim configurations. In the present paper, a similar technique is used to deter-
mine the steady-state shape for a single trim configuration. However, instead of using
CFD, a faster potential flow solver is employed to determine the aerodynamic surface
pressure distribution.

The paper summarizes the PhD research of the first author [20] and is organized as
follows. In Section 2, the coupling scheme is introduced. The assumptions to justify a
steady-state behavior of the kite are critically reflected on, and the solver framework is
verified for the same kite as used in [18]. In Section 3, there is a description of how the
developed FSI solver is applied to a 120 m2 ram-air kite designed by SkySails Power. The
tether and steering belt forces and the glide ratio are compared to data measured during a
42 h flight. Additionally, the elevation angle during a neutral flight state is compared to a
three-minute flight window. Finally, the results are concluded in Section 4.

2. Methodology

Modeling the aeroelastic behavior of a tethered soft kite flying in a turbulent wind
environment poses a number of challenges. In this section, we introduce the relevant
assumptions to simplify the physical problem and develop a simulation approach.

2.1. Simulation Setup–Virtual Wind Tunnel and Model Assumptions

The aerodynamic and structural characteristics of the parafoil, such as the glide ratio,
the tether and bridle line forces, and the mechanical stresses are determined in a virtual
wind tunnel environment that reproduces realistic flight conditions. The power harvesting
envelope of a SkySails Power parafoil consists of four phases: the power, transfer, retraction,
and restart phases [21]. During the power phase, the kite is flown in crosswind figure-eight
maneuvers at relatively low-elevation angles to produce a maximum tether tension. At
the same time, the winch reels out the tether, modulates the speed, and also controls the
apparent wind speed at the kite and the tether force. To avoid modeling a whole figure-
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eight trajectory with steering input and transient aerodynamic and structural effects, a
steady flight state is assumed between two turning maneuvers when the parafoil reaches a
constant flight velocity and inflow angle, as depicted in Figure 1a. This steady-state flight is
defined by an equilibrium of all forces acting on the kite: the distributed aerodynamic load,
the gravitational forces, and the tether force. The equilibrium state during steady-state
flight provides valuable insight into the coupled aerodynamic and structural characteristics
of the kite.

Figure 1b depicts the influence of gravity on the airborne system components, which
cause the tether to sag toward the ground and require a small part of the lift force of the
kite to compensate for the effect of gravity on the tether and kite.
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Lk

Wk

Wt

ex

ez

(b)

Figure 1. Model simplification for the virtual wind tunnel [20]. (a) Kite performing figure-eight
maneuvers during the power phase. On the indicated, roughly straight trajectory segment, no
steering input is given and the parafoil flies at a constant speed. (b) Effect of kite weight and tether
sag due to the gravity during the power phase.

Consequently, the tension in the tether is slightly reduced, and the tether elevation
angle at the kite is slightly larger than the elevation angle at the ground, with both values
deviating from the geometric elevation angle [6]. For an AWE system utilizing soft kites,
the weight of the parafoil and tether is less than 1% of the average tether force during the
power phase, and, therefore, the influence of gravity can be neglected during the power
phase, which allows for the use of a symmetry condition as explained later. On the other
hand, tether sag due to aerodynamic drag is accounted for in the model.

The apparent wind velocity vector experienced by the kite is defined as follows:

Va = Vw − Vk, (1)

where Vw is the wind velocity and Vk is the flight velocity of the kite. The latter can be
further decomposed into a component Vk,τ perpendicular to the tether and a component
Vk,r aligned with the tether, which for a straight tether, is identical to the tether reeling
velocity Vt at the ground [22]. The velocities acting on the kite during crosswind flight are
illustrated in Figure 2a.

The angle ϑ is measured between the wind velocity vector Vw and the tether, while the
angle φ is measured in the yz-plane of the wind reference frame between the vertical and
the orthogonal projection of the kite position. Figure 2b shows the definition of the apparent
wind velocity, the angle of attack, and the aerodynamic forces acting on the kite. For a kite
performing crosswind maneuvers in a uniform wind field, the apparent wind speed along
the tether varies linearly [23]. However, a realistic wind field is always nonuniform, with
the magnitude and orientation of the velocity vector varying in both space and time. Also,
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the flight speed of the kite depends on the resultant glide ratio of all airborne components,
which varies with the paid-out length of the tether and the flight altitude of the kite. For
a simplified analysis of crosswind flight, the inflow velocity Va is assumed to be linearly
varying along the tether.

ϑ
ey
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ez

Vw

Vk,τ

Vt

epitch eyaw

eroll

φ
Lt

Vk
Vk,r

(a)

α

Rk

Lk

Dk

Va

Va,τ
eroll

eyaw
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Figure 2. Velocities and forces acting on the kite in crosswind flight. Adapted from [20]. (a) Crosswind
flight of a kite described with spherical coordinates (ϑ, φ) that are defined in the wind reference frame
(ex, ey, ez). The flight velocity Vk of the kite is decomposed into radial and tangential components,
Vk,r and Vk,τ , respectively. Also shown is the body-fixed reference frame (eroll, epitch, eyaw) of the
kite. (b) Resultant aerodynamic force RK, its lift LK and drag DK components, its apparent wind
velocity Va, and its component Va,τ perpendicular to the tether and along the roll axis of the kite.
The angle of attack α is measured from the center rib’s chord line to the apparent wind velocity.

Figure 3 depicts the initial condition of the virtual wind tunnel setup with a horizontal,
linearly varying inflow and a vertical tether connecting via a bridle line system to the
undeformed parafoil.

Va eroll

eyaw

Figure 3. Side view of the virtual wind tunnel setup with the modeled half of the ram-air kite during
the power phase assuming steady flight and a negligible influence of gravity (tether length not
to scale) [20].
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For the simplified steady-state flight condition with neglected gravitational effects,
only half of the wing is modeled, which exploits the symmetry of the FSI problem with
respect to the center rib of the parafoil. This also means that no steering input can be
applied in the simulation. During the coupling iterations, the kite translates and pitches
from this initial position and orientation until it eventually assumes an equilibrium state,
where the aerodynamic forces are balancing the tether force. This final state corresponds to
the trim condition of the parafoil with the angle of attack at its trim value. To illustrate this,
Figure 4 compares the initial configuration and shape of the kite for two different positions
δ1 and δ2 of the bridle point with the shapes in steady-state flight, resulting in two different
trim values α1 and α2 of the angle of attack [18].

Bridle point position δ

δ1 1 2δ2

α1 α2

0% 100%

Figure 4. Trim configurations 1 and 2 for the initial configuration and shape of the kite (left), and for
steady-state flight (center and right) in the symmetry plane of the kite. Adapted from [18].

To avoid a front stall of the parafoil in the first coupling iteration, which would produce
a negative lift and a collapse due to a low angle of attack, a minimum angle of attack α0 is
set as an initial value.

The distributed aerodynamic load on the kite is computed with the open source tool
APAME, which is a potential flow solver based on the panel method [24]. For computing
the deformation of the inflated membrane structure and the connected bridle lines, the open
source tool mem4py is used [19,20]. This in-house FEM solver was specifically developed
for fabric membrane structures and is based on the kinetic dynamic relaxation method
introduced in [25,26]. To correct the compressive stress state in each membrane element, a
wrinkling model valid for orthotropic materials is used [27].

2.2. Force Coefficients and Glide Ratio

The structural force distribution in the kite can be characterized by the tether and
steering belt forces, Ftether, Fbelt,left and Fbelt,right, respectively [9]. Figure 5 shows a photo
of the SkySails Power system during takeoff and a schematic close-up of the control pod,
indicating where these three forces are measured with load cells.

Since the control pod is not modeled, the resultant force acting in the bridle lines that
are not connected to the steering belt can be determined as follows:

Fbridle = −
(

Ftether + Fbelt,left + Fbelt,right

)
. (2)

From the dimensional values, the following nondimensional coefficients are derived

CR =
Ftether
1
2 ρV2

a S
, (3)

CB =
Fbelt

1
2 ρV2

a S
, (4)

where ρ is the air density, and S is the projected wing surface area.
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(a)

Tether force load cell

Va

Vane anemometer

Steering belt

IMU

Bridle lines connecting with parafoil

Steering motor unit

Belt force load cell

(b)

Figure 5. SkySails Power system SKS PN-14 and the sensor setup as adapted from [20]. (a) Ground
station with the kite at mast during takeoff. The control pod (encircled) provides the system with
several sensor data points. (b) Sketch of the control pod indicating force and apparent wind sensors
and the position of the IMU. The belt force is measured to the left and right of the pod.

The resultant aerodynamic lift and drag forces acting on the kite are determined by
integrating the aerodynamic surface pressure distribution pa, overall membrane elements,
and the aerodynamic line drag over all bridle line elements. The glide ratio E can then
be evaluated as the ratio L/D of lift and drag forces. It should be noted that the surface
pressure pi on the inside of the membrane elements is not computed with the potential flow
solver but assumed to be uniform and identical to the stagnation pressure at the inflow
opening of the wing. This is a reasonable assumption for ram-air wings because the flow
speeds in the enclosed volume are relatively low since the air can escape only through the
permeable fabric, seams, and other leakage options. With pi = p∞ + 1/2ρV2

a , the resultant
pressure coefficient can then be computed as follows:

Cp =
pa − p∞

1
2 ρV2

a
− pi − p∞

1
2 ρV2

a
= Cp,a − 1, (5)

where Cp,a is the pressure coefficient determined by the potential flow solver and p∞ the
static pressure in the far field.

2.3. Coupling Algorithm

The interface coupling of fluid and structure solvers is outlined with Algorithm 1.
The coupling tool preCICE [28] initializes the communication between the solvers and

in each iteration, interpolates all field variables between the two interfaces. Due to the
steady flight assumption, the coupling iterations occur in a single pseudo time step, and
either explicit or implicit coupling methods can be used to find the equilibrium state. In case
of explicit coupling, no information of the previous iteration is used, the pressure is given
to the FEM, and the displacements are handed back to the panel code until convergence
in the displacement is reached. In case of implicit coupling, the IQN-ILS approached
proved to perform better for some kite geometries than did the explicit method. In the
implicit approach, an implicit least-squares method (ILS) is used to approximate the relation
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between pressure and displacement within a single time step. The difference between the
implicit and explicit coupling is that for the implicit approach, the displacement vector is
scaled by the least-squares method (see line 13 in Algorithm 1), whereas for the explicit
method, no scaling is applied, and the first iteration of both approaches is equivalent.
A growing difference between both interfaces defines divergent coupling behavior, and
it usually results in an wing flying upside down, which is indicated by a negative lift
coefficient. Hence, the simulation is aborted if CL < 0. For the kite geometries used in this
work, the total number of coupling iterations varied between 10 and 60. It was observed
that a higher mesh resolution also resulted in more coupling iterations because the kite
would show more local deformation details that had an influence on the convergence.
Also, the kite model provided by SkySails would converge only when using the implicit
coupling approach.

Algorithm 1 FSI coupling procedure.

1: Read structure and fluid mesh.
2: Initialize displacement field u and surface pressure field p.
3: Set iteration counter i = 1.
4: while ||ui − ui−1||>εFSI do.
5: if CL < 0 then
6: break
7: end if
8: Run APAME on geometry with deformation field ui.
9: Correct Cp distribution with internal pressure using Equation (5).

10: Pass Cp distribution to mem4py.
11: Run mem4py with current pressure distribution.
12: i = i + 1.
13: Pass ui back to APAME. For implicit coupling scale ui.
14: end while
15: Postprocessing

2.4. Solver Verification

For verification, the developed FSI solver was used to simulate the ram-air kite with
an 160 m2 flat (laid-out) wing surface area that was investigated in [18]. Figure 6 illustrates
the computed shapes of the half-kite for typical apparent wind speeds Va = 10, 20, and
30 m/s.

While a small change in the profile shape could already be observed when the speed
was increased from 10 to 20 m/s, an increase to 30 m/s led to a strong shape deformation
of the leading edge, which in return affected the aerodynamics of the wing.

In a next step, the computed aerodynamic coefficients and pressure distributions were
compared with the results presented in [18]; it is important to note that in this earlier
study, only the aerodynamic solver was different, with the CFD solver OpenFOAM being
used instead of the panel method APAME. The FEM solver and coupling procedure were
identical. Figure 7a,b show the lift and drag coefficients as functions of the angle of attack
at the center rib.

It can be seen that both coefficients exhibited a similar trend until larger angles of
attack, where the RANS solution (Folkersma et al 2020 [18]) started to drop in lift as a result
of flow separation. As expected, the potential flow stayed attached to the wing without
reduction of the lift at high angles of attack. The drag coefficient showed a good match
between the two solutions for angles of attack smaller than 15 degrees when both curves
started to deviate.

Figure 7c,d show the resultant force coefficient and glide ratio as functions of the
angle of attack. The CR(α) and CL(α) functions are very similar, which emphasizes the
importance of a high lift for generating a high pulling force as the CL contribution to CR
dominates by a factor of 5 to 10 depending on the angle of attack. For the comparison of



Energies 2023, 16, 2603 8 of 18

the glide ratio of both approaches, a good match except for low angles of attack of around
5 degrees can be seen despite the differences in lift and drag.

Figure 6. Deformed half-kite in the virtual wind tunnel, for Va = 10, 20, and 30 m/s in blue, red and
turquoise, respectively. Adapted from [20].

0 5 10 15 20 25 30 35 40

Angle of attack [deg]

0.2

0.4

0.6

0.8

1

1.2

1.4

C
L

Proposed Method
Folkersma et al. 2020

(a)

0 5 10 15 20 25 30 35 40

Angle of attack [deg]

0

0.05

0.1

0.15

0.2

0.25

C
D

Proposed Method
Folkersma et al. 2020

(b)

0 5 10 15 20 25 30 35 40

Angle of attack [deg]

0.2

0.4

0.6

0.8

1

1.2

1.4

C
R

Proposed Method
Folkersma et al. 2020

(c)

0 5 10 15 20 25 30 35 40

Angle of attack [deg]

4

6

8

10

12

14

16

18

20

E

Proposed Method
Folkersma et al. 2020

(d)

Figure 7. Computed aerodynamic properties as functions of the angle of attack at the center rib [20].
RANS data is taken from Folkersma et al. [18]. (a) Lift coefficient. (b) Drag coefficient. (c) Resultant
force coefficient. (d) Glide ratio.
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In Figure 8, the resultant pressure coefficient along the chord of the center rib is
presented, computed for a trim configuration with δ = 42%.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c

!3

!2.5

!2

!1.5

!1

!0.5

0

0.5

1

C
P

RANSE
Panel

Figure 8. Resultant pressure coefficient along the chord of the center rib in the RANS and panel
method solutions. The trim angles of attack in the RANS simulation and panel method are 12.4 de-
grees and 14.8 degrees, respectively [20].

Despite an identical bridle configuration, the trim angle of attack in the RANS simula-
tion is 12.4 degrees, whereas the value computed with the panel method is 14.8 degrees.
The Cp-distributions have a similar appearance. The panel method exhibits a steeper slope
over the first 10% of the chord, and the pressure peak is only half of that observed in the
RANS simulation. Also, the line attachment points create a kink in the parafoil shape to
which both solvers react with a local pressure drop. This drop is particularly pronounced
for the panel method, leading to larger angles between neighboring panels.

It can be concluded that the panel method can approximate the pressure field fairly
well compared to the RANS simulation. Care should be taken for large deformations that
can cause strong and even nonphysical local pressure drops. As an initial design tool for
parafoils, the panel method allows for efficient and relatively accurate determination of the
aerodynamic surface pressure distribution without the generally extensive preprocessing
effort to generate high-quality volume meshes for CFD and the long simulation times.
Aerodynamic parameters like lift and drag are approximated within a 30% difference for
a range of angles of attack. Nevertheless, it should be emphasized that the definition
of an angle of attack for soft kites is not trivial due to possible chord deformation and
rotation [29]. A better way to compare the solutions is the trim position defined on the
undeformed kite geometry (see Figure 4).

2.5. Measurement Setup, Data Acquisition, and Postprocessing

The instrumentation of the control pod is detailed in Figure 5. Next to force and
apparent wind speed at the kite, the tether angles ϑ and φ, as defined in Figure 2a, were
measured with a LIDAR, as was the vertical wind profile. The instrumentation of the
system was similar to the setup described in Erhard et al. [30].

The tensile forces in the bridle line system, Ftether, Fbelt,left, and Fbelt,right, were mea-
sured with three load cells. These data were recorded at a frequency of 10 Hz and were
synchronized during flight. The instruments were calibrated before the flight using a
tension test machine and proved to be reliable for many flight hours.

The apparent wind speed at the kite was recorded with two vane anemometers
attached to the sides of the control pod, as indicated in Figure 5b. Because the anemometers
were aligned with the roll axis of the kite, they in fact only measured the component of the
velocity along this axis. In Figure 2b, this measured velocity component can be identified
as Va,τ and is related to the apparent wind speed Va as follows:
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Va,τ

Va
=

LK√
L2

K + D2
K

. (6)

This fundamental equation is based on the geometric similarity of the velocity and
force triangles, linking the kinematics of the relative flow at the kite to the decomposi-
tion of the resultant aerodynamic force [22]. Equation (6) can be used to correct for the
misalignment of the anemometer with the local inflow vector:

Va = Va,τ

√
1 + E2

E2 , (7)

where E is the parafoil’s glide ratio. During the retraction phase and turning maneuvers,
the angle of attack can vary significantly, which leads to erroneous deviations of Va be-
cause the misalignment correction uses a constant glide ratio. To reduce such inaccurate
measurements, only the power and transfer phases were considered for validation when
the kite was not steered, and the tether sag was small due to a high apparent velocity and
pulling force. The manufacturer calibrated the vane anemometers, and before the flight, a
new set of propellers was attached. Not measuring the angle of attack and the apparent
wind speed directly is a clear disadvantage of the described method. Also, the control pod
influences the airflow around the vane anemometers, such that the measured apparent
wind speed deviates to some degree from the actual speed. Because of this disturbance
effect and the error introduced when using the misalignment correction with a constant
glide ratio, uncertainty remains in determining Va during flight.

The tether angles ϑ and φ, as defined in Figure 2a, were measured at the ground
station with line angle sensors. Together with the recorded length of the reeled out tether,
this allowed for the estimation of the position of the kite during the power phase. It was
also possible to measure the angle between the tether and the control pod and use this to
improve the ϑ-estimate. The control pod was also equipped with an inertial measurement
unit (IMU) to determine the accelerations in three axes such that both the orientation and
turn rates of the kite system could be derived.

The glide ratio of the kite, defined as the assembly of the wing, bridle line system,
and control pod, was not directly measured but estimated from the quasi-steady theory of
tethered flight, using the following equation: [30]

E =
Va

Vw cos ϑ − Vt
, (8)

where ϑ is the angle between the wind velocity vector and the tether, as indicated in
Figure 2a. Equation (8) is valid for a negligible effect of gravity and a glide ratio E � 1,
which is common for AWE applications.

The following data filtering and selection procedures were applied to the raw flight
test data:

• The data were smoothed with a 3 s moving average to level out short-term fluctuations
using the Matlab function movmean. It was found that this procedure provided a good
smoothing behavior without influencing the measurement over a power cycle.

• The symmetry assumption of the parafoil was enforced by selecting only data points
during the straight flight when the steering belt position was not further than 5 cm
from the neutral position in both directions.

• To enforce the quasi-steady flight assumption, the magnitude of the measured accelera-
tion during the flight was used to select data points which satisfied a 0.1 g offset.

3. Results

The numerical FSI model was validated with data recorded during a flight test of a
kite with an 120 m2 flat wing surface area and instrumented as described in the previous
section. The data comprised 154 power cycles and a 5 min phase of neutral flight when
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the kite was placed passively in the air without any steering input. Two different flight
conditions were simulated: crosswind flight and neutral flight. All results are presented as
normalized values.

3.1. Tether and Steering Belt Forces

In a first validation step, the tether and steering belt forces were compared. For this
comparison, the different flight phases were distinguished according to the investigated
aerodynamic parameter. The power phases are generally characterized by larger flight
speeds and higher forces. To also include the lower forces associated with lower speeds,
the transfer phases have been added to the graphs. Figure 9 depicts the tether force
plotted against the steering belt force during all flight phases when the kite was not
steered. The correlation is clearly linear with a coefficient of determination close to 1 using
linear regression. The FSI results match well with the linear regression, which shows that
for this particular wing with a large anhedral angle, the solver correctly determines the
aerodynamic forces at the wing tips, to which the bridle lines connected to the steering belt
attach, in relation to the tether force. The data also show that the wing does not deform
majorly under load which would be indicated by a nonlinear tether and steering force ratio.
A slight offset between the measured data and the simulation can be seen for larger forces
where the relative increase in belt force is more significant than the increment in tether force.
This behavior might be the result of a local increase in angle of attack at the tip section of
the wing due to profile and bridle line deformations.
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Figure 9. Normalized tether force as a function of normalized steering belt force obtained during
a total of 154 power cycles including all flight phases, but only data when no steering input was
applied are shown. The measurements were smoothed with a 3 s moving average [20].

3.2. Tether and Belt Force Coefficients

Next, the computed tether and belt force coefficients were compared to the mea-
surement data. The diagrams in this section depict the measured force coefficients as
histograms, with each tile being colored according to the number of data points recorded
for that specific range of the coefficient for a given range of apparent wind speed or tether
length. Additionally, the binned mean of all tiles in a column is plotted as a black cross. The
simulations were performed for a minimum tether length Lt, with the tether completely
reeled in, and a maximum length, where it was completely reeled out.

Figure 10a,b show the tether force coefficient CR during the power and transfer phases.
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(a) (b)

(c) (d)

Figure 10. Normalized tether force coefficient for various apparent wind speeds and tether lengths
obtained during a total of 154 power cycles [20]. (a) CR against Va. (b) CR against tether length. (c) CR

against Va. (d) CR against tether length.

It can be seen that the deviation from the mean is larger for the lower apparent wind
speeds when the tether force is also lower and that the kite is more susceptible to gusts
and other unsteady external factors. For larger values of Va, the data exhibit a maximum
deviation of 15% from the mean and an overall positive slope of CR with increasing Va.
This positive slope highlights an interesting feature of the parafoil: an improved flight
performance at higher aerodynamic loading. Possible reasons for this are an increase in the
angle of attack due to deforming bridle lines, a change in rib profile, or a local change in
the twist of the wing. The simulation results plotted in red approximately coincide with
the mean of the data points and exhibit a positive slope. No significant deviation between
the simulation results using no tether and the maximum tether length on CR can be seen.

With this specific visualization technique, the data in Figure 10a show a good agree-
ment between simulation and measurement, except for low values of Va. In Figure 10b,
the resultant force coefficient is plotted against the tether length, and it can be seen that
the binned mean values and the simulation results with maximum Va fit well for tether
lengths above 0.8. The force coefficient determined by the simulations appears to be slightly
increased for longer tethers, following the binned mean values of the measurements, except
for tether lengths below 0.6 where the measured coefficient is increases by almost 10%.

The resultant force coefficient was also compared to data recorded during the power
phases only. Figure 10c depicts the resultant coefficient plotted against Va. and similar
to the measurements including the transfer phases, the coefficient exhibits a positive
slope for increasing Va. The simulation results underestimate the binned mean values
by approximately 5%, where most data were recorded. Similarly, Figure 10d shows the
coefficient plotted against the tether length, and the binned mean values display a slightly
decreasing slope which is the opposite trend compared to the data including the transfer
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phases. The simulation results based on the maximum apparent wind speed slightly
underestimate the binned mean values of the measurements.

Next, the belt force coefficient CB was compared to the experimental data. Figure 11a,b
displays the coefficient during power and transfer phases plotted against Va and tether
length, respectively.

(a) (b)

(c) (d)

Figure 11. Normalized steering belt force coefficient for various apparent wind speeds obtained
during a total of 154 power cycles [20]. (a) CB against Va. (b) CB against tether length. (c) CB against
Va. (d) CB against tether length.

The binned mean values of the measurements and the simulation results both exhibit
a positive slope with increasing Va and tether length. The simulation results lie within 5%
of the binned mean, and the increasing trend for the force coefficient as a function of Va is
similar to the behavior of the tether force coefficient.

Figure 11c,d show the power phase only, and it can be seen that the density of the data
points is lower but more concentrated around higher velocities. Again, the measured force
coefficient and the simulation results show a good resemblance. It can be concluded that
the simulation results correctly reflect the increasing trend of the force coefficients with
increasing velocity. Moreover, the data measurements do not show a clear trend in force
coefficients with varying tether lengths. The discrepancy between measured and simulated
force coefficients lies within 5%, which is a good result for an initial design tool with an
aerodynamic flow field obtained with potential flow theory. It should be noted that the
spread in data points for various velocities and tether lengths clearly show that the test
setup and measurement procedure suffer substantially from the unsteady wind field and
kite–tether dynamics, as well as possible changes in the angle of attack.

3.3. Glide Ratio

In this section, Equation (8) is used to determine the glide ratio of the airborne system
from measurement data, which is then compared with simulation results. The same
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visualization technique as described in the previous section is used for the experimental
data. Figure 12a,b depict histograms of measurement data recorded during both the power
and transfer phases as a function of Va and tether length, respectively.

(a) (b)

(c) (d)

Figure 12. Normalized glide ratio during power and transfer phases [20]. (a) Glide ratio against Va.
(b) Glide ratio against tether length. (c) Glide ratio against Va. (d) Glide ratio against tether length.

The glide ratio given by the binned mean values fluctuates between 0.9 and 1.15 over
the range of velocities, especially in the midrange, where the data are sparse, and the
binned mean values should be interpreted with care. From this data, a clearly increasing or
decreasing trend with Va cannot be easily identified, mostly because of the large spread of
the data. A similar picture can be seen in Figure 12b, where the binned glide ratio exhibits
smaller fluctuations over the range of tether lengths, and a slight increase in glide ratio
can be seen. This trend is opposite to the simulation results, which show a reduction in
glide ratio for a longer tether, and considering the verification performed on the tether drag
influence, this trend should be expected. For both graphs, the simulation results indicate
an overestimation of the glide ratio by approximately 5–10%.

Figure 12c,d shows the glide ratio solely measured during the power phases, and
a different behavior can be observed. In both figures, the glide ratio exhibits a negative
trend for larger values. The difference between the binned mean and the simulation results
varies between 5–12%. A general overestimation of the glide ratio is expected due to the
potential flow assumption, which overestimates lift at higher angles of attack, as could be
seen in the comparison study with CFD results [18]. Two factors possibly cause the large
spread in glide ratio described in this section. The first source of error lies in Equation (8)
from which the glide ratio is computed. The equations of motion in [30] assume a perfectly
stretched tether without sag and dynamic interaction between wind, kite, and winch.
Furthermore, the model is based on a force equilibrium assumption that is not satisfied
in a nonuniform wind environment and with a winch accelerating the kite during flight.
The second source of uncertainty includes the sensors used to determine the glide ratio.
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The LIDAR determines a wind speed average of over 1 min and acts as a low-pass filter.
The tether angle at the ground station measures ϑ to a high degree of accuracy, but due to
the long tether, a time lag between forces acting on the kite and the angle measured at the
ground station can occur.

3.4. Neutral Flight

The final validation step was based on a neutral flight situation, during a time window
of 5 min when the kite was positioned at a fixed downwind position at approximately a zero
azimuth angle. The kite was controlled with small steering input to counteract wind gusts and
turbulence to hold it in the same position. The simulation setup was similar to that described
above: the symmetry boundary condition was kept at the center of the kite, and thus only
half of the parafoil was modeled. Since the forces acting during a neutral flight are small
compared to the power phases of the energy harvesting cycles, gravitational effects had to be
taken into account in the simulation. Each component of the kite, such as the fabric, bridle
lines, control pod, and the tether, were known masses, and the FE solver used these to include
the distributed gravitational loading. For a kite in the neutral position, the apparent velocity
is equivalent to the wind speed at flight altitude. Therefore, the measured LIDAR and ground
wind speeds were taken as Va at ground and flight altitudes, while the values in between
were linearly interpolated. The converged result was then used to determine the elevation
angle θ at the ground and λ at the control pod, as depicted in Figure 13.

exθ

λ

ez

Vw

Figure 13. Schematic of the sagging tether during neutral flight, with elevation angle θ measured at
the ground and the elevation angle λ measured at the kite. The coloring of the wing surface indicates
the distribution of the computed aerodynamic surface pressure [20].

The most relevant measurements during the 5-min flight window are shown in Figure 14.
Both angular rates of the tether angles and the g-forces experienced by the control pod

served as a selection procedure for the data to ensure a static flight. All data points with an
angular rate deviation of 0.03 deg/s from zero and a g-force deviation larger than 0.01 were
excluded. It can be seen in the tether angle φ that the kite was drifting during the 5 min of
flight, and for the validation, only data points between −5 and 5 degrees were considered.
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The tether angles ϑ and φ, as defined in Figure 2a, were measured with two rotary encoders,
while the elevation angle at the control pod was derived from IMU data. The operator ∆
quantified the difference between the simulation results and measured data.
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Figure 14. Measurements taken during the 5 min neutral flight period [20].

Figure 15a,b depict this difference in the elevation angle at the ground and the control
pod. It can be seen that the data are sparse due to the short flight window and data selection
criterion. For the elevation angle at the ground, the difference between the simulation
and measurement stays within ±1 degree, while for the control pod elevation angle, it is
approximately within ±2 degrees. The simulation results of the kite-tether system show
that the developed method can approximate both elevation angles to a satisfying degree of
accuracy. The measured data also show how complex the interpretation of the kite system in
a real wind environment is. In addition to fluctuations in the wind field, dynamic interactions
between kite and tether create a time delay between measured accelerations at the kite and
the ground station. Furthermore, despite the pilot’s effort to keep the kite aligned with the
wind vector, the kite tended to drift slightly off, possibly due to changing wind direction at
flight altitude.

(a) (b)

Figure 15. Elevation angle at the ground station and the control pod during neutral flight for various
values of the tether angle φ. The data are presented as the difference (∆) between the simulated and
measured value [20]. (a) Ground elevation angle θ. (b) Control pod elevation angle λ.



Energies 2023, 16, 2603 17 of 18

4. Conclusions

A numerical method has been developed to determine the quasi-steady equilibrium
shape and flight state of a ram-air kite during flight. The fluid–structure interaction problem
was solved by computing the aerodynamic surface pressure distribution with the potential
flow solver APAME and the shape deformation with the FEM solver mem4py, which were
coupled via the library preCICE. The in-house-developed FEM solver is based on the
kinetic dynamic relaxation method combined with a wrinkling model. The method was
numerically stable and accurately found the equilibrium state of an inflated ram-air kite
in a relatively short time. This is of particular importance at an early design stage when
many different configurations have to be iterated and their aerodynamic performance and
steering behavior assessed. Compared to analytical and numerical methods described in
the literature, the developed FSI solver performed well even for large deformations of the
membrane wing. The FSI solver was validated using measurement data from flight tests.
The computed tether and steering belt force coefficients agreed well with the measured data
for various flight speeds. The glide ratio was derived from the flight data and compared
with the simulation results. It was found that the simulation overestimates the glide ratio
by approximately 5–15%, depending on the flight speed. Moreover, the data showed a
considerable spread of the glide ratio, which can be explained by the various assumptions
required to derive the glide ratio from the measurements. A neutral flight situation was
simulated accounting for both tether and gravitational effects. The computed elevation
angles at the ground station and the control pod showed a satisfying accuracy within
1–2 degrees.
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