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Abstract

Airborne wind energy (AWE) is an emerging field that aims to revolutionize the wind energy sector.
This work focuses on the aspects of modeling AWE kite flight behavior. Research on such models
is important since new or improved models can potentially reduce development time and costs and
provide insight in the role of key system parameters.

This research investigates the effects of the mass and drag of the kite control unit (KCU) on the kite’s
flight behavior since it is hypothesized that the mass of the KCU causes an outward swing of the KCU
during turns and that KCU drag reduces the angle of attack during the retraction phase.

For this investigation, the simulation of a kite and tether system is required. Existing simulation environ-
ments could not be used due to legacy code, limited validity or unsuitable model complexity. Therefore,
a suitable kite and tether model need to be selected for implementation in a simulation environment
(SE). Two kite models have been found suitable: Fechner’s and Ruppert’s model.

In the early stages of this research the aim was to use a model that has been fitted to experimental flight
data. Due to the unavailability of experimental flight data, the parameters of both models are identified
using simulated flight data. This approach provides Kitepower with a method to identify the model
parameters with experimental flight data in the future. Kitepower is an AWE company that facilitated
on this research.

The groundstation controller and flight controller signals of Kitepower have been integrated in the SE.
Two experiments have been performed in the SE. For the first experiment, flights are performed with
different and increasing values for the drag coefficient of the KCU. In the second experiment the mass
of the KCU and kite have been varied independently. Both experiments have been performed in a low
and high wind condition.

The high wind condition experiment showed that and increasing drag results in a reduction of 7% of
the average cycle power. The KCU drag force can reach up to to 5% of the kite drag force for a KCU
drag coefficient of 1.5.

Increasing the combined mass of the kite and KCU results in an increase of >150% in average cycle
power output for the low wind conditions and an increase of >40% for the high wind condition. The
increase in power is caused by a reduction in elevation angle in combination with the assumption of a
flat wind profile. Additionally an outward swing of the KCU of 4.5° has been observed.

It is recommended to compare Fechner’s and Ruppert’s rigid body kite models through using experi-
mental flight data in order to investigate which model reproduces actual kite flight the best. Furthermore
it is recommended to investigate the optimal altitude or elevation angle at which to operate the AWE
system for maximal power output considering a non-flat wind profile, tether drag and kite and KCU
dynamics. It is suggested that these findings should then be incorporated in the flight controller of
Kitepower in order to increase the system power output.
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Introduction

Airborne wind energy (AWE) is a relatively new concept from 1980 [63] for harvesting energy from a re-
newable energy source. One of the leading companies in AWE a start-up called Kitepower. Kitepower’s
ground-based AWE system consist of three components, namely a generator on the ground, a tether
and a flexible kite. Through flying patterns with the kite the generator on the ground is able to convert
the mechanical energy into electrical energy.

Due to their flexibility, these kites are more difficult to model than regular rigid aircraft. Research showed
that the dynamics of the kite control unit (KCU) influence the roll and pitch of the kite which consequen-
tially influences the turning behavior. The tether further complicates the modeling of these systems.
Only a few models have been verified with experimental flight data.

Regarding the steering of leading edge inflatable kites (LEI) kites, the steering is thought to be caused
by a warping induced yaw [84]. It is hypothesized that kite roll caused by the outward motion of the
KCU due to centrifugal forces positively contribute to the steering. Additionally, it has been observed
in experimental flights that added drag induced by an on-board turbine reduces the angle of attack of
the kite. The aerodynamic drag of the KCU might play a role in the hypothesized outward motion as
well.

Oftentimes the mass of the KCU is not taken into account when modeling these AWE systems, whereas
some models include the mass, but ignore aerodynamic drag. Reports exists of models that show
correspondence of the model including KCU mass with experimental flight data, but no reports exist
that explicitly quantify the effects of the mass and drag of the KCU.

In this research the effects of the mass and drag of the KCU on the kite’s behavior during flight will be
investigated. Since the kite behavior is heavily linked with the dynamics of the tether and groundstation
as well as the flight and groundstation controller, the overall system behavior is analyzed.

For a controlled investigation, simulation of a complete airborne wind energy system will be required.
Existing simulation environments cannot be used for several reasons. Therefore a suitable kite and
tether model need to be selected for the implementation in a real-time simulation environment, using a
dynamics engine.

After a model selection and verification step, a set of experiments have been performed in the simulation
environment under different wind conditions where the mass and drag of the kite were manipulated.
The experiments are followed by a summary of the findings and recommendations for further research
and a set of suggested actions for Kitepower.






Literature Review

The literature review contains a summary of all the required background knowledge for the actual thesis
work. It contains an overview of the state-of-the art in the modeling of AWE systems. The literature
review starts with the basics of AWE systems and gradually shifts its focus towards the modeling and
simulation of these systems. It provides an extensive overview of different kite and tether models. The
result of the literature review is the research question which is discussed in the following chapter.

2.1. AWE Preliminaries

In this section the AWE basics will be laid out, starting with the extractable wind energy. Different
concepts and methods for converting wind energy to mechanical or electrical energy will be discussed.
Finally the system of Kitepower will be discussed in detail.

2.1.1. Increasing Extractable Wind Power with Higher Altitudes

Here, the relation between extractable energy and wind speed will be discussed, followed by the effect
of altitude on the amount of extractable energy.

The wind power P,, scales cubically with the wind speed. However, the extractable power P,, is not
equal to wind power B, . The ratio between the extracted power and the wind power is equal to the
power coefficient C,, which has an analytical limit of:

P
Commax = (%) =16/27 (2.1)
max

w

This limit is often referred to as the Betz limit [59] [66]. Since C, is a scalar, the extractable power from
the wind scales also with the cube of the wind speed.

Poy = Cy6,,S, (2.2)
8 = 1/2pv3 (2.3)

6, = Wind power density

S, = Surface area perpendicular to the wind velocity
v, = Wind velocity

p = Density of the air

The power density §,, is a useful measure since it contains the wind speed and the air density which
directly influence the power generation. Both are dependent on the atmospheric conditions which varies
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greatly with altitude. Therefore the relation between altitude, air density and wind speed will now be
inspected.

The Hellmann exponential law (Equation 2.4), or power law, is a commonly used expression for the
relation between wind speeds at different heights [18] [10]. The relation makes use of a parameter a
which depends on the site’s topography (Table B.1) and can also vary between day and night [18]. For
the estimation of v at height H, one wind speed measurement v, is required. The measurement of v,
is generally performed at a height of H, = 10 [m].

v H\"
== (%) @

One could also use the logarithmic wind profile law (Equation 2.5) [49][18], which makes use of a
surface roughness parameter z, (Table B.2). Here H is the height with respect to the height at which
zero wind speed occurs. It should be noted that from 100m and up, the the power law is more accurate
than the logarithmic law [25].

v In(H/z)

vy In(Ho/z) 29)

The density of air depends on pressure and temperature. Both pressure and temperature vary with alti-

tude. Equation 2.6 shows the (near-linear) relation of the air density with the altitude [10], incorporating

varying pressure and temperature.

T, — 12\t )
(2.6)

_Po (lo7'2
M@—R%( T,

g = Gravitational constant

R = Gas constant

po = Pressure at sea level

T, = Temperature at sea level
I' = Lapse rate ([K/km])

Typical vertical profiles in the boundary layer
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Figure 2.1: Relation between altitude, air density, wind speed and the resulting wind power density, using the poser law (solid)
and the logarithmic law (dashed). Adopted from [10].

Figure 2.1 shows the combined effect of varying air density and wind speed on the wind power density.
Both wind speed profile laws are shown. The typical altitude of AWE systems is also indicated (400
[m]). The increasing wind power density at greater heights is one of the biggest motivations for the
development of AWE systems.
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2.1.2. An Overview of Existing AWE Systems and Concepts

Here an overview will be given of several AWE concepts. The goal is not to give a complete overview,
but to provide the reader several examples to build an understanding of the possibilities of AWE. Ground
generation, airborne generation and vehicle propulsion applications will be discussed.

Each AWE concept consists of at least the following three components (Figure 2.2).

* An anchor point
* Atether
* An aircraft

Y

S77777777777777 4

Figure 2.2: Depiction the main components of AWE systems. 1) Anchor point, 2) Tether, 3) Aircraft, 4) Earth’s surface.

Ground-Based Generation Ground-based generation encompasses all systems with the generator
located on or near the surface of the earth, including floating systems [24]. In general this means a
generator is connected to a drum around which the tether is wound to which an aircraft provides tension.
During reel out the generator provides a counter torque such that energy can be extracted, this mode of
operation is called traction. Power generation is performed in pumping cycles (Figure 2.5), due to the
limited length of the tether. Reeling out and in are alternated, making sure that reel out generates more
energy than reel in costs. The pumping cycle operation will be discussed in subsection 2.1.3.

Throughout the traction phase the kite can either perform static or crosswind flight. During static flight,
the kite faces the wind. During crosswind flight the kite flies a path transverse to the wind, this will
increase the kite’s airspeed to above the wind speed. Figure 2.6 shows that crosswind flight results in
a higher power output.

Airborne Generation With airborne generation, the conversion from wind energy to electrical energy
takes place on the aircraft. The electrical energy is then transported via the a cable to the ground.
Figure 2.3 shows three examples of airborne generation systems. This category of systems is often
referred to as fly-gen [88]. The leftmost aircraft in Figure 2.3, can generate power in two ways similarly

R

R

Figure 2.3: Different concepts for airbone generation [23]. Left: Plane with front-facing turbines. Middle: Lighter-than-air
aircraft with a wind turbine in center. Right: A quadrotor with autorotation.

to ground-based generation, namely through static and crosswind flight.
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Vehicle Propulsion In some cases like carriage (Figure 2.4a) or ship propulsion (Figure 2.4b) [71]
the energy is not required to be converted to electricity, but serves to provide or assist in the motion of
an object. Concepts for the propulsion of railway vehicles also exist [6].

(a) Depiction of a kite propelled carriage [100] (b) Kite assisting in ship propulsion [3].

Figure 2.4: Two different uses of a kite for vehicle propulsion
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2.1.3. Description of the Working Principles of Pumping Cycle AWE Systems

The basic working principles of pumping cycle AWE systems, especially the one that is employed by
Kitepower, will now be explained.

Just like all other AWE systems, the pumping cycle system consists of a anchor point, a tether and
an aircraft. As described in Figure 2.1.2 this system generates energy by alternating between a reel-
out and a reel-in phase, alternatively named the traction and retraction phase as shown in Figure 2.5.
Figure 2.6 shows that the power output is greatest when the aircraft flies in crosswind conditions,
therefore the aircraft is flown in closed loops which resemble a figure of eight Figure 2.5a. The traction
and retraction phases are alternated. A third phase, the transition phase, describes the transition from
the retraction phase to the traction phase. The retraction phase costs energy and the traction phase
produces energy (Figure 2.5b). The aircraft and the flight paths will be discussed next, the ground
station falls outside the scope.

400
300

200
-z [m]
100

-100 | | | | | |
Y [m] 0 20 40 60 80 100 120
200 200 X [m] Time 7 [sec]

(a) The traction (blue) and retraction (red) phase as a closed (b) Global system enery output. Blue = traction
path. Adapted from [35] phase, red = retraction phase. Adapted from [35].

Figure 2.5: Distinction between the traction and retraction phases and the trajectory of an aircraft over one pumping cycle.

Fo

Fc

NORMALIZED POWER OUTPUT

Fs

3 o‘,s 1.0
VELOCITY RATIO VL/Vw
AND DRAG RATIO Dp/Dk

Figure 2.6: Effect of velocity and drag ratio on the system power output for L /Dy = 10. Dg: airborne generation with crosswind
flight, F.: ground-based generation with crosswind flight, Fs groundbased generation with static flight [63].

Aircraft Types and Control Methods Different types of aircraft can be used for the operation of such
systems. Encountered aircraft are [23]:

» LEI SLE (Leading Edge Inflatable, Supported Leading Edge) kites;
 LEI C-kites;

* Foil kites;

* Glider or rigid wing;

» Swept rigid wings;

* Hybrids / Semi-rigid wings.
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Since Kitepower current system is operated with LEI-SLE kites, this will be referred to as kite, or LEI
kite. For this type of kite, different steering mechanisms can be used:

+ Control of the bridle from the ground;

+ Control of the bridle from an airborne control unit;

» Control of a cart on a rail attached to the wingtips of a kite;
» Control through the actuation of aerodynamic surfaces.

Kitepower makes use of an airborne control unit to control the kite. This control unit is called the kite
control unit (KCU). The KCU is located inbetween the kite and the ground station, where the tether
connects the KCU with the ground station and the bridle, steering and power lines connects it with the
kite (Figure 2.7a). The KCU can reel in and reel out the steering power lines. Shortening the length
of the steering lines on either side causes the kite to warp and consequently to steer. The power lines
give the KCU control of the power setting of the kite (Figure 2.7b).

Wing /Rcar tip attachment

teering line
Steering tape
. / Depower tape

epower winch
Weak link

) "/:'/:ﬁ—l/ |
) } v /XJ\‘ \Safety line p 4
’ - - Power line =
//\ Kite Control Unit
peia Pulley Steering winch &

(b) Kite orientation with respect to the KCU for
different power settings.

\ Kno
Front tube t\.
suspension

(a) Line layout of the kite and KCU.

Figure 2.7: KCU kite and bridle layout and effect of power setting. Adopted from [56].

Aircraft Flight Path Shape and Definition Details regarding the flight path of the kite will be dis-
cussed here. A different view of the flight path is shown in Figure 2.8. It is the KCU'’s task to steer the
kite in such a way that roughly the same trajectory is flown. The way Kitepower has implemented the
flight path controller is through the use of attractor and turning waypoints.

elevation

100

200 300 200 -150
X [m] 500

Figure 2.8: Left: Flight path in 3D, adapted from [37]. Right: projection of the flight path in 2D.

Waypoints are a way to influence the movement of the kite. The waypoints are part of the user input and
correspond to a set of parameters and switching conditions. There are two types of waypoints, each
with a different set of parameters: "Attractor” (4,), and ” Turn” (T,). When flying the figure-of-eights, the
aircraft intermittently switches between the "Attractor” and "Turn” waypoint types. The lying eight can
be constructed by two small and two large circle segments. The "turn” waypoint causes the aircraft to
execute a turn either up or downward. The "attractor” causes the aircraft to fly towards a specific point,
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resulting in a straight trajectory. The attractor waypoint knows two parameters that define its location,
the turn waypoint knows only a steering value; together these determine the flight path as can be seen
in Figure 2.8. As mentioned, a switch occurs between different waypoints (which are not necessarily
of a different type). A switch is determined by a conditions on e.g. altitude and azimuth. This causes
the aircraft to fly from turn 1 — attractor 1 — turn 2 — attractor 1 — turn 1 — and so on.

2.2. Modeling and Simulation Practices in AWE

This section inspects the modeling aspects of AWE systems, starting with the use cases. An extensive
model overview for kite and tether models will be given. The final section will provide an overview of
existing and possible future software for the simulation of AWE systems.

2.2.1. The Use of Modeling and Simulation for AWE

Reasons for modeling AWE systems can be (among others):

« Estimation of the LCOE' [80]

* Flight controller design and trajectory optimization [50] [32]

+ Kite design [21] and structural optimization [11]

» System component design

» Model validation [98] [14] [45]

» Serve as a substitute for direct measurement and experimentation

Depending on the use, models with different levels of detail exists. For example, for the estimation of
the LCOE, the actual flight path is irrelevant and a kite position is used which is representative for the
"average’ location in a figure-of-eight during reel out. In this case the level of detail is quite low. In the
following two sections, different kite and tether models will be discussed. Ground station models are
excluded.

2.2.2. The Different Types of Kite Models

Below, the reader is provided a list of different kite models that are being/ have been used. The models
will be discussed roughly in the order of model complexity. Dynamical, aerodynamic and structural
models are discussed intermixedly since they rely on shared assumptions.

The following model types will be discussed:
* Black box models
* Point mass models
* Rigid body models (+ reduced and extended versions)
* Multibody models
* Multi-plate models
* Lumped-mass / particle models
* Finite element method (FEM) models

The model types can be ranked by their degrees of freedom and the computational effort, resulting in
Figure 2.9.

Black-/Gray-Box Kite Models In black-box or gray-box models a direct mapping between input and
output is constructed. Black-box models do not assume any knowledge about the system, whereas
grey-box models knowledge is included. In [34], [55] and [84] a relation is used between the steering
input and the yaw rate which agrees very well with experimental data. This relation is often referred to
as the turn-rate law.

"Levelized Cost of Energy: the net present value of the unit cost of electricity over the lifetime of a generating asset.
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Figure 2.9: Qualitatively increasing computational effort with degrees of freedom / model complexity. The model type that is
eventually selected and used is indicated with an arrow.

Point Mass Kite Models Point mass models have translational dynamics (thus translational iner-
tial effects), but ignore rotational dynamics and therefore have instant attitude changes. Flexibility is
ignored. During flight, in general it is assumed that the kite is always aligned with the apparent wind,
however in [14] the sideslip is virtually imposed by a control variable.

Gravitational, aerodynamic and tether forces act on the kite. Depending on the tether model, the tether
gravity and drag is incorporated in the equations of motion. Steering is achieved by an aerodynamic
side-force or prescribing a roll angle to the lift vector. Both the roll and aerodynamic side force depend
linearly on the steering input. See Table 2.1 for an overview of different implementations.

Besides the different steering methods, different implementation of the aerodynamic forces are used.
More about this in section 2.3.

This model (depending on the implementation) can become unstable when the mass hanging under-
neath the kite is too low [14], or when the tether force are low [38]. The absence of rotational inertia
causes sign changes of the apparent wind and consequentyl jumping of the yaw angle, which is non-
physical behavior. Also, it is less accurate than the four-point model [38], which will be discussed in
Figure 2.2.2.

Besides information regarding the kite model, [15] contains information regarding the simulation of mul-
tiple models. Two options are explained: 1) Model exchange, and 2) Co-simulation. Model exchange
results in an extended state vector containing states of both models and thus a quadratically growing
system matrix with the number of states. Co-simulation separates the simulation of both models and
ensures interaction at specified time-intervals.

Figure 2.10: A point mass kite model with 3 translational DOF

The point mass model is often used in analytical analyses of AWE systems. In the analytical case
quasi-steady motion of the kite is assumed through an equilibrium between the aerodynamic forces
and the tether force.
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Table 2.1: An overview of the encountered variations of the point mass model.a = angle of attack; g= sideslip or an arbitrary
control variable; ¥ = roll; C;, Cp, and Cs are the respective lift, drag and steering coefficients; k is a constant.

Source Aerodynamic Control
[36] Cr(a), Cp(a) Y
[31],[32], [52] €, =ky, Cp =kp Y
[107],[108] CL = kL! CD = kD a,l,li
[109] C(@) = ka, Cp = Cp, + kC,* a, P
[13] CL(a), Cp = Cp, + kCE, Cs(B) = CL(B)  a, B
[53],[50],[54] CL! CD = CD,O + kClzl 1/), CL
[14] C (), Cp = Cpy +kCE, Cs(B) a, p
[101] CL = CLO + CLaa,CD = CD,O + kCg a, ll)
[38] Cr(a), Cp(a), Cs(B) a, B
[16] Cr(a), Cp(a), Cs(u) a,u

For a basic quasi-steady analysis, the following assumptions are made:

* Quasi-steady flight: the flight manoeuvre can be approximated as a sequence of steady state
changes.

» No gravitational and inertial forces

» The aerodynamic coefficients (€, and Cp) are fixed.

* The tether is straight —The reel-out velocity is aligned with the tether

 Tether weight and (aero)dynamics are neglected

Using an analytic model, in his paper [63], Loyd performs a 2D analysis for different flight scenarios
of a kite, including non-manoeuvring (simple-kite) and crosswind flight. The optimal reel-out velocity
for maximum power generation during reel-out has been determined analytically and is found to be
v, /v, = 1/3. Furthermore, it is shown that the L/D ratio has a significant influence on the power
output of the system. Additionally an advanced analysis has been performed, which makes use of a
point-mass model (Figure 2.2.2).

The two dimensional analytic analysis can be extended to three dimensions by using a spherical coor-
dinate system ([5, p.28] [73] [97]), using coordinates r, 8 and ¢ for the position and ¢ for the heading
of the kite. Since the apparent wind velocity cannot be negative, this approach leads to a constraint on
the reeling factor: f < S,Cy. Furthermore, a direct relation is found between the aircraft flight velocity
and the wind velocity, captured by the tangential velocity factor A. Due to the nature of 4, it cannot be
negative which results in set of ¢, and 6,,,,, that together define a subset of the flight envelope. For
the flight envelope the following definition will be held: "The set of possible positions in space of a kite,
attached to a tow line with length r, is described by a quarter sphere with radius r, which is called the
flight envelope (FE)” [71].

More detailed versions of the analytic model include gravitational and inertial forces. Nevertheless, in-
ertial forces are deemed relevant only for situations with high angular velocities which occur when the
tether is short. During nominal flight the tether length is significant and therefore the inertia can be ig-
nored [97]. Figure 2.11 shows the relevant forces and velocities for the scenario where the gravitational
force is included and inertia is ignored.

As stated before, the model depends on a force equilibrium. The resulting set of equations are nonlinear
in the unknown parameters. An algebraic solution cannot be found even though there are six equations
and six unknowns.

Two numerical methods exist for solving the set of equations. One makes use of the discrepancy be-
tween the the lift-over-drag ratio and the kinematic ratio [97]. The other method makes use of Newton’s
iterative method, which takes roughly 5 iterations to converge Figure 2.12. The number of iterations
required for the method of [97] is not analyzed.
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Figure 2.11: Kite force and velocity diagrams in 3D. Forces are shown in pink, velocities in yellow.
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Figure 2.12: Convergence of the solution estimates via the Newton approach

For simulation, the analytic point mass model can be used in two ways: 1) The position of the kite is
updated with each time step by using the resulting velocities from the equilibrium for a given heading
and location, 2) At each time step the kite is moved only in the radial direction. A representative kite
location and heading are chosen such that the output power corresponds to the average power of that
in the first method. Steering occurs by either prescribing the heading or the roll angle.

Rigid Body Kite Models This is the model that is eventually selectect in the following chapters.
Just like the previous two models (generally) rigid body models neglects deformations. Whereas the
orientation has been neglected previously, the attitude dynamics for this type of models are now taken



2.2. Modeling and Simulation Practices in AWE 13

into account through rotational inertia and torques. Rigid body models are often used for modeling
aircrafts [69] [58]. A flexible aircraft has also been modeled as a rigid body [95]. For rigid body models,
results rely heavily on the correct modeling of the aerodynamic forces.

[15] uses a rigid body model in combination with a panel method for determining the aerodynamic
forces. [60] uses an aerodynamic model by using non-dimensional aerodynamic coefficients. Quater-
nions are used to prevent singularities.

Reduced rigid-body kite models, or semi-rigid body kite models [84], fix certain degrees of freedom or
prescribe an analytical constraint (possibly controlled). Extended rigid body models, in general, try to
capture the flexibility or deformability of a kite.

In [84] a reduced rigid body model is used, this model will be referred to as Ruppert’s model from here
on. The motivation for this is that the kite is largely constrained in two degrees of freedom, namely roll
and pitch, this will result in stiff differential equations. Therefore the roll is constrained such that the
kite is always perpendicular to the tether. The kite’s pitch (angle with respect to the tether) is controlled
by the power setting P;, which is used as a control variable. For steering two methods are used: 1) A
direct coupling between the steering input and the yaw rate (thus ignoring rotational inertia), and 2) a
yaw rate depending on the aerodynamic torques. A comparison between both steering methods has
not been performed.

[45] extends the rigid body model with variable mean chord length, wing span, surface area and inertia
properties, all depending on the control inputs. The relations are all quasi-static, so no additional
dynamics are introduced.

[95] Uses rigid body dynamics for modeling in order to inspect the stability of a non-controlled kiteplane.
The aerodynamic elements are discretized and offset from the center of mass (Figure 2.21).

Figure 2.13: A rigid body model with 6 DOF: 3 translational and 3 rotational

Particle Kite Models Particle, lumped-mass or multi-point models are characterized by multiple in-
terconnected point masses. The connections can either be flexible or fixed. One motivation for using
a particle-based method is to allow for different kite designs, as well as to be able to anticipate specific
defects. A particle model representation has also been used for modeling a flexible aircraft in [57]. In
[39] the kite is modeled by two semicircular arcs containing 5 particles each (Figure 2.14, left). Infinitely
stiff springs are used for the connections. Additional connections are placed between the particles on
the front side to force the kite shape. All constraints are forced one-way. A velocity-free Verlet [99]
integration method is used for simulation and an iteration is used for handling the constraints. The
Verlet integration method is fast and more stable then the Euler integration scheme [99]. By limiting
the number of iterations on the constraints, still some flexibility is allowed which allows more flexibility
in the trailing edge. The aerodynamic coefficients are determined by slicing the canopy midway of the
particles and determining the angle of attack of each slice. The aerodynamic coefficients are then used
to obtain the aerodynamical forces which are distributed equally over the surrounding particles.

The particle model developed in [62] consists of five particles (but is called the *four-point kite model’)
and will be referred to as Fechner’s model from here on. Besides gravity and constraint (spring) forces,
particles 0,1 and 2 experience aerodynamic forces based on a common C; (a) and Cp(«) curve. The
model is shown in Figure 2.14 on the right, note that this image is a projection and that the particles do
not actually lie in the same plane.
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Table 2.2: An overview of the encountered variations of the rigid body mass model. P,, P; are the power and steering inputs
respectively, u is an input that causes a mesh deformation, x4, , Xpq, are the displacements of the left and right control carts
respectively, the same goes for §;, 5.

Source Aerodynamic Control
[84] Cx =Cp(a) Pp:Ps
C, = Aside
Y Akite
C; =C(a) .
Cn na(P )(Z(P) + Cnﬁﬁ + Cn’” |V ol + Cnd PairAkitjg]VapHZ
[15] Panel method u
[45] CX = CXO + CXaa + CXX% xhaL,xbaR
- 5 rb *paL *par
Cy = Cyy + Cyy + Cy, 5y + Gy, =2 + =

qc Rba
CZ = CZO + CZaa + Czqz + CZX%
rb x X
Cl = Cl[;ﬁ + Clr; + Cleﬂ + Clx;g%

xba
Con = Cing + Cim a+CmqV + G, 20
XpaL xbaR
C, = Cnﬁﬁ + Cnr 2. + CnxL + Can )

Structural model:

¢ = fe(Xpa) b = fy(Xpa), S = fs(Xpa)

[60] CX = CD cosa — CL Sina 5L' 6R
C;=C,cosa+Cpsina
CY =0

b
Ci=Cpy +CuB + Clp# + Czr T+ Gy (8 — 81)
Cn = Gy + Cmp@ + C

mg 2| | + Cmg (0 5(6L + SR) 5ac)
b
Cn = CnO +C ﬁ + Cn + Cnﬁ (6R SL)

P 2|V nr 2|v |
[95] Aerodynamic element dlscretlzat|on per element: Cx = Cp(a) -
Cy = 0
Cz =Cr(a)
Cl = 0
= f(a)
C,=0

A similar particle model consisting of 4 particles is used in [38]. A model with four particles is the most
simple particle-system model that includes rotational inertia in all axes. Kite mass is distributed over
the particles. A fifth particle represents the kite control unit. Particles are interconnected with spring-
damper elements (Figure 2.14, right). The virtual kite center is midway between points C and D. The
kite shape is parametrized by three values hk, hb and wk. Only steering sensitivity parameters need to
be identified. The aerodynamic forces are applied to surfaces that are attached to the kite particles B,
C and D in the same way as [62]. No surface is attached to point A, this point only serves the correct
placement of the COG and contributes to the rotational inertia.

A Multibody Kite Model Whereas particle models consist of a set of point masses, multibody models
consist of a collection of rigid bodies connected by constraints. A multibody approach is used in [21]
in order to model a kite. The kite is build up from two ’building blocks’: 1) Inflatable tubes consisting of
series of rigid bodies connected by spherical joints with rotational stiffness in all three directions, and
2) foils consisting of cord-wise wires, trailing wires and cross wires. desktop.

Multi-Plate Kite Models Multi-plate models consist of multiple plates connected by hinges. The multi-
plate models can be considered very elementary multibody models Figure 2.2.2. The hinges can either
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Figure 2.14: Different particle model implementations of a kite. [39] (left), [38] and [62] (right)
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Figure 2.15: Wireframe of the multibody model [21].

be frictionless [105] or consist of spring and damper elements[98] to provide stiffness and damping.
Two types of models exist in the literature, namely a multi-plate model starting with 2 plates [105] [60]
and a 3-plate modell [98]. Steering is achieved by changing the bridle length [98], or the attachment
points [105] of the bridle. In both cases the aerodynamic forces act on the center of the plates. The
aerodynamic forces are calculated via a linear approximation: C,(a) = c,a, Cp = cp + kpC?(a) [105]
of via lookup tables for the aerodynamic coefficients (C, (@) = f.(a),Cp(a) = fp(a)) [98].

Jjth plate

bridle mass

Figure 2.16: Several multi-plate models [105] [98] [60]

FEM Kite Models Besides the dynamical behavior, a finite element kite model tries to capture the
flexible modes of the kite. Local and global deformation behavior can be inspected with FEM. In the
work of [90], a FEM model is implemented in Madymo, which is a general purpose FEM, CFD and
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multibody solver, however the model is not coupled with an aerodynamic model.

[20] can be considered a continuation on the work of [90]. The goal is to make the FEM model faster and
not bound to a certain program/implementation while maintaining realisticness. In order to reduce the
number of finite elements proper orthogonal decomposition (POD) is applied. Three different options
are discussed for applying FEM to the tether + bridle + kite problem: 1) Modeling all three elements
with FEM, 2) Modeling the kite + tether with FEM, and 3) only model the kite with FEM. Two types of
coupling are discussed which resembles the options discussed in [15] (point mass model). Option 1
is coupling the dynamic equations of the FEM kite model with the dynamic equations of the tether and
bridle elements (model exchange); option 2 is assuming the kite fem model to be a quasi-static force
generator that exerts force at the bridle and tether(co-simulation). Finally the option is chosen where
the rigid body modes and deformation modes are decoupled, the FEM model handles the deformation
where the dynamical model handles the rigid body modes. The same aerodynamical model is used as
in [21]. The model runs with a real time factor of 27.5.

[40] the flexibility of the kite is not captured by FEM, but by a prescribed deformation of a reference
mesh. The aerodynamic forces are determined throught CFD.

Figure 2.17: Two FEM kite models. Left [90], right [20].
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Figure 2.18: Equivalence of the rolling lift vector and a side force. Resolving C; into Cy and C;.

2.3. Definition and Parameter Identification of Aerodynamic Mod-
els for Kites

In the previous sections it became apparent that multiple methods can be used order to model the aero-
dynamic lift and drag forces. Many models make use of aerodynamic coefficients in order to determine
the aerodynamic forces, these will be discussed first. Secondly all other encountered methods will be
discussed.

Aerodynamic Models Using Non-Dimensional Coefficients For aerodynamic models that use
non-dimensional coefficients, a closed-form expression exist for the aerodynamic forces and torques.
The following equations are dimensionless expressions for the forces and torques:

F, = [Fx'Fy' FZ]T M, = [Ml'Mm'Mn]T

C, = B Cy = f C, = fz
T A/20lvalPS T 1/200Val2S F T 1/2pIIvalI%S (2.13)
C = My Cn = M C, = M,
YT 1/2pIalI2Sh ™ T 1/2plIvel2Sc T 1/2plIvalI2Sh
With:
C. = A dimensionles coefficient
F, = The aerodynamic force
Fy,F,F; = The force along the local x-, y-, or z-axis, Fx,Fy.F,
M, = The aerodynamic torque

M, M,,, My = The torque around the local x-axis, M ,M ., M,

p = Density of air

v, = Apparent velocity
S = Kite surface area
c = Kite chord

b

= Kite wing span.

The rotational dynamics for the point-mass model are ignored, thus C; = C,, = C,, = 0. The steering for
point mass models is either performed via a side force or a rolled lift vector. From Figure 2.18 it can be
observed that a rolled lift vector can be resolved into components along the x and y axis. In that case
we obtain Cy = sin(¢)C;, and C; = cos(¢)C;. In other cases we have, Cy = Cs and C; = C;. Drag is
always aligned with the x-axis, thus for both cases Cy = Cp.

Different model structures for the non-dimensional aerodynamic coefficients exist. The following mod-
els are a summary of the ones found in Tables 2.1 and 2.2:
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C. =k, (2.14)
Ca) =k, o+ k.,qa (2.15)
Co(@) = koo + k. 4CF () (2.16)
Ci(a) = fi(a) (2.17)
C.(aq, ..., an) = filaq, .., an) (2.18)
k. k.o = Constants
fi(@) = Nonlinear function varying with a state or control variable «.

fi(aq, ..., a,) = Linear dependent function on state or control variables ay, ..., a,,.

In Equation 2.14 the coefficient is constant. Equation 2.15 shows a model where C, is an affine function
of a. Equation 2.16 shows a quadratic function with a dependency on another coefficient C;. In Equa-
tion 2.17 the coefficient depends nonlinearly on a. Examples of nonlinear functions of Equation 2.17
are shown in Figure 2.19. Equation 2.18 shows a function where linear combinations of the control or
state variables contribute to the aerodynamic coefficient.

Alternatively, different aerodynamic coefficients can be chosen for different phases e.g. for reel-out and
reel-in as has been done in [97].

—
=
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—0.2
=20 0 20 40 60 80 100
Angle of attack [°]

Figure 2.19: Values of the non-dimensional aerodynamic coefficients for varying angle of attack a [38].

Alternative Aerodynamic Models In [15] a panel method uses the shape of a three-dimensional
mesh to determine the aerodynamic forces. The control input u prescribes the deformation of the
mesh. The mesh is shown in its original and deformed state in Figures 2.20a and 2.20b.

3
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N
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(a) A 3D depiction of the mesh. (b) A top view of the undeformed and
deformed mesh.

Figure 2.20: A deformable mesh that is used for determining the aerodynamic forces with a panel method [15].

[95] makes use of discrete airfoils (Figure 2.21). Each airfoil has a lift and drag force as well as pitching
torque through the use of the already discussed non-dimensional coefficients.
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Figure 2.21: A rigid body model of a kiteplane [95]

Figure 2.22: A section of the multibody kite airfoil.

[21] uses pre-calculated CFD data to determine the aerodynamic force and torque coefficients. For mul-
tiple cord wise sections (Figure 2.22) the aerodynamic lift, drag and torques are determined through the
coefficients as a function of airfoil camber and angle of attack. The lift forces are then distributed over
the nodes of the airfoil for the modeling of structural deformation. In order to include 3D aerodynamic
effects, vortex-lattice method is used to determine a corrected lift distribution (the Prandtl-lifting line
theory does not hold for an arc-shaped wing).

Parameter Estimation Methods for the Aerodynamic Models Here, different methods will be dis-
cussed that are used for estimating the aerodynamic model coefficients as tabulated in Tables 2.1 and
2.2. First the different methods of obtaining flight data and fitting the coefficients will be discussed. After-
ward a remark is being made on the difficulties encountered in the estimation of the coefficients.

The previous sections showed several definitions for the non-dimensional aerodynamic coefficients.
In the case where nonlinear curves are used in order to look up C;(a) and Cp (@), the curves are pre-
computed. The coefficient values or curves can be based on: 1) Simulation of higher-fidelity models,
and 2) experimental data from measurements.

[45] uses a higher-fidelity model to for the estimation of aerodynamic model parameters. By simulating
reference flight manouevres with a multibody model of a kite and performing linear regression, the
coefficients for the non-dimensional forces and torques are estimated in [45] . The method is identical to
the methods used for aircraft system identification [58]. Another example of the use of a computational
approach for the aerodynamic parameter estimation can be found in [60]. A zero thickness 3D mesh
is used in combination with Vortex-Lattice software to estimate the aerodynamic parameters. Details
are not provided.

In [82] and [96] several methods are discussed for the estimation/ determination of the aerodynamic
parameters/curves through experiments. The most common of these methods are:

* Wind tunnel testing;
* (car) tow testing;

* circular testing;

+ dynamical testing;
« static flight testing.

Wind tunnel tests allow the experiments to be performed in a controlled environment. However, costs
increase with increasing kite size [96]. Making use of scale models is impossible due to material con-
straints.

With (car) tow testing, the kite is towed while forces and positions are being measured. Tow tests
have been performed on multiple occasions [82] [27]. However, this method is plagued by the difficulty
of obtaining accurate data [93]. Furthermore, the apparent wind speed was often not available as a
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measurement, therefore in [82] a remark is made on the importance of the apparent wind speed data
for tow testing.

For circular testing the kite is connected to an arm which rotates around an axis perpendicular to the
horizontal plane. This method is also limited to smaller kites.

Dynamical testing requires the kite to be flown outdoors in specific patterns, e.g. crosswind or specific
turns. There is no limit to the kite size. Disturbances in the wind might influence the results. In [60] flight
data is obtained by physically flying a kite using a specific control algorithm. No details are provided
about the identification techniques used.

A linear least squares method is applied to flight data to estimate the aerodynamical coefficients in
[84]. C.(a), Cp(a) are based on combining data for Cr (a) and the glide ratio (L/D). The glide ratio is
not based on measurements, but based on an analytical relation between the wind speed and the kite’s
tangential speed via v, = %vw, % = . The aerodynamic force coefficient Ci (@) is determined from
the experimentally obtained resultant aerodynamic force F, and then smoothed.

In [36] two experimental sessions were performed in order to provide data for comparison with the
simulated model. During these sessions a kite has been flown in figures of eight through manual
control of the kite. The estimation of model parameters is not discussed.

In [38] two types of maneuvers were performed in order to obtain data for the estimation of model
parameters for a point-model and a 4-point particle model. The data from a parking maneuver is
used for the estimation of aerodynamic and wind field coefficients; turn maneuver data is used for
the estimation of steering sensitivity parameters. The Pearson correlation coefficient is used as a
measure to indicate the correctness of the estimated parameters. The measured power output has
been compared with the output from the simulated models and a two dimensional projection of flight
trajectory is used as a means of comparison of different flights. Parking maneuvres are also performed
in [28].

Various attempts have been made in order to find a relation between the angle of attack (or power
setting) and the aerodynamic coefficients ([84][82][78]). From Figure 2.23 it can be observed that the
spread of measurement data is very large, the fitted polynomial model required manual adjustments to
get realistic simulation results.

In Figure 2.24 the glide ratio is shown with respect to the power ratio, the spread is smaller, however
inconsistencies exist between static and dynamic flight tests. Additionally since the relation between
the power setting and the angle of attack is not deterministic [82], an expression in terms of glide ratio
increases the spread. Finally, Figure 2.25 also shows quite a large spread of the data except for the
relation between the glide ratio and the apparent wind velocity.

10

L/D generation |
L/D transition
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Figure 2.23: Glide ratio and resultant force coefficient versus the angle of attack [84].
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Figure 2.24: Lift and drag coefficients versus power ratio for static (red) and dynamic (green) tests [82].

2.3.1. The Different Types of Tether Models

Similar to the section about kite models, an overview of different tether models will be provided. In [41]
five tether models are identified:

1. Straight-line, approximates the tether as a straight line between the kite and the attachment point;
2. Catenary, includes weight effects leading to a curved tether.

3. Constant velocity, assumes a constant wind velocity at each altitude.

4. Variable velocity, assumes a variable wind velocity at each altitude.

5. Maximum stress, assumes maximal stress at each location in the tether.

The straight tether models are treated separately and all flexible tether models (2-5) are grouped and
treated afterward.

During the traction phase, when the tether tensions is high compared to the aerodynamic drag and
gravity, a straight tether model is accurate enough. However, during launch, landing, retraction and
transition, tether sag cannot be neglected [97], and therefore tether flexibility needs to be taken into
account.

Straight Tether Models The straight tether assumption is justified for the traction phase in [21] .
There it is derived that the drag of the tether only contributes roughly 2% of the tether tension. The
additional tension due to tether mass is said to be even smaller (for a 10m? kite on a tether of 100m
length).

The encountered straight tether models in the literature have been tabulated in Table 2.3. Besides the
type (elastic or inelastic) several other aspects are included. The columns stating: ’Gravitational’, ’Iner-
tial’ and ’Aerodynamical’, consider physical contributions of the tether. The column 'Reeling’ indicates
whether the tether is of a fixed or variable length. The ‘Implementation’ columns contains one of the
two entries: 'Newtonian’, ’Lagrangian’, or 'Analytical’, this says something about the method used for
obtaining the motion from the forces.

Gravity and inertia are, in many cases, handeled quite similarly. The tether mass (m,) is combined
with the kite mass (m;,) and together form the ’effective gravitational mass’ m = m;, + % and the

‘effective inertial mass’ m = my, + % [63]. For Newtonian mechanics this directly affects the total
gravitational and apparent accelerational forces. In Lagrangian mechanics this increases the potential

and kinetic energy, aditionally the generalized gravitational force is altered. [109] does not use the
effective gravitational and inertial mass, but directly includes the tether mass in the kinetic and potential
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Figure 2.25: Relation of lift and lift-to-drag with respect to measured variables[78].

energy terms, the resulting potential and kinetic energy contributions by the tether are identical. For
the gravitational contribution, [36] lumps the full tether mass at the kite. In [68] the full tether mass
is lumped at the kite for the gravitational contribution, for the inertial contribution the tether mass is
projected in the direction of the tether rope.

Analytical models generally ignore tether mass in the inertia terms. Regarding the gravitational contri-
bution of tether mass,[97] presents an alternative method to include the tether mass for straight tether
models. Tether sagging is taken into account. The tether sagging introduces an internal tether tension
which results in a tangential force component at the kite.

Two different types of straight tether models have been encountered, namely the elastic and inelastic
type. When included, elasticity is often combined with damping. The force in the tether depends on its
elongation r — 1, and the error in the radial velocity 7 — ;. The reference radial velocity 7, is zero for
fixed-length tethers. E and A are the materials elasticity and cross-sectional surface are respectively.
The tether constraint force is as follows ([53]):

EA .
F = r—(r —1) + b —1p) (2.19)
0

For Lagrangian dynamics, the tether constraint force is one of the generalized forces. [53] includes the
stored energy of the spring-like tether in the potential energy term of the Lagrangian. Oftentimes it is
omitted due to the negligible effect.

For inelastic tether, a set of coordinates is chosen such that the tether length is either constrained or
directly controlled. In [20] spring-damper bridle elements in combination with a straight inelastic tether
are used.

Tether drag is lumped at the kite (or bridle) by several tether models. The corresponding drag force is
determined by integrating the angular momentum caused by tether drag. In [53] a pessimistic drag is
derived, since the effective wind vector w,, is not perpendicular to the tether. A correction given in [36].
The drag (Fy) as derived in Appendix A, [63] and more clearly in [53], depends on the effective wind
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speed w,, air density p, drag C, and the cross wind area A.:

1
pCpd 2 We
M =f sre,) X —— (s||w,|] ds 2.20
pCpA
= (re,) x —g—[Iwe[w (2.21)
pCpA
Fr = —5—lIwel[w (2.22)

Some kites are controlled by 2 lines [31] [36], so mass and drag are counted double. The drag in
[101] has been calculated differently. There the tether is discretized into n elements. The total drag
consists of the sum of the individual element contributions. Results for different n are shown, and it is
said that the difference between n = 20 and n = 2000 is negligible. This results in two (generalized)
forces:

e e

1 ar] 1 ar]

Qp = —Z EpCdAc,jlevjlﬁ; Qo =— Z EpCdAc,jvjlvjlﬁ (2.23)
j=1 j=1

n, is the number of tether elements, A, ; is the element’s cross wind area, v; is the apparent wind

velocity normal to the cable, r; is the element’s location, ¢ and 6 are generalized coordinates.

Reeling in indicates wether the tether has a fixed or variable (unstrained) length. The way reeling is
implemented depends on the elasticity of the tether. In the inelastic case, the radial coordinate 7 is
manipulated directly. In the elastic case, the tether reference length 7, is controlled.

The tether models in the analytical approach are inelastic by nature. The analytic approach assumes
a force equilibrium at every flight state, the position of the kite is prescribed by the tether length and
orientation. Reeling velocity can be prescribed.
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Table 2.3: An overview of the encountered variations of straight tether models. A hyphen indicates that a certain aspect is ignored
in the tether model. m is the effective gravitational mass. k indicates spring stiffness, ¢ damping.

Source Type Gravity Inertial Aerodynamical Reeling Implementation
[36] Inelastic m - Drag lumped Yes Newtonian
at kite
[311,[76],[32] Inelastic - - - No Newtonian
[63] Inelastic - - - Yes Analytical
[63] Inelastic m - Drag lumped No Newtonian
at kite
[45] Elastic (k+c) - - - No Newtonian
[29],[21] Elastic (k+c) - - - No Newtonian
[95] Elastic (k+c) - - - Yes Lagrangian
[105],[106] Elastic (k) - - - No Lagrangian
[20] Inelastic - - Drag lumped No Newtonian,
at bridle TMT [89]
[28] Inelastic - - - No Analytical
[101] Inelastic Potential Kinetic Discretized No Lagrangian
energy + energy inn = 20
generalized elements to
force calculate the
drag
[109] Inelastic Potential Kinetic Discretized Yes Lagrangian
energy + energy inn = 20
generalized elements to
force calculate the
drag
[52] Inelastic m m Drag lumped No Newtonian
at kite
[68] Elastic (k+c) m Projection Discretized Yes Newtonian
of tether in n ele-
inertial ments to
contribu-  calculate the
tion drag
[971 Inelastic Sagging- - Drag lumped Yes Analytical
induced at kite
force
[511,[50] Inelastic m m Drag lumped Yes Lagrangian
at kite
[21] Inelastic - - - Yes Lagrangian
[84] Inelastic m m Drag lumped Yes Lagrangian
at kite
[53],[84] Elastic (k+c) m m Drag lumped Yes Lagrangian
at kite

Flexible Tether Models Besides tethers models for AWE, research into flexible cables is also per-
formed for underwater, space [102], and civil applications. Here we will focus on the AWE application.
The literature shows the following main approaches for the modeling of a flexible tether: (1) continuum
models and (2) lumped mass models. Both model types are able to capture the flexibility of the tether.
The importance of incorporating tether flexibility will be discussed first, followed by a brief discussion of
continuum models. The lumped mass models are covered more in-depth including some implementa-
tion specifics. Differences in aerodynamic models are highlighted. Tether reeling and tether elasticity
of flexible tethers are discussed in separate paragraphs.
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[14] shows that for an increase of 5% of the catenary curve, the angle at point B changes with 50%
(Figure 2.26, left). What this says is that when a flexible tether assumes the shape of the catenary
curve is and the total length is 5% longer than a straight tether, the angle of the tether force at the kite
changes by 50%. Tether sag also greatly influences the relation between force and distance between
the attachment points of the tether (Figure 2.26, right).

Tethers often made of Dyneema. Due to its high tensile stiffness, compression, transverse shear,
bending and torsional stiffness are often neglected [19] [104] [51]. Commonly used material stiffnesses
can be found in Table C.3. The curve that describes the shape of a free hanging cable without bending
stiffness between two attachment points (including gravity effects) is called the catenary curve. The
catenary curve is often used to validate flexible tether models. The following equation show the catenary
curve where the lowest attachment point is located at x = 0:

2= acosh (2) (2.24)
d: (2.25)
a= .
gpeAe

z = Vertical displacement

w = Horizontal distance between attachment points

x = Horizontal distance from leftmost attachment point
F, = Horizontal tension

g = Gravitational constant

p; = Tether material density

A; = Tether cross sectional area

A

I
Force [N] :
I
I
I

Material
strain

Sagging induced
strain

A » x P Strain [m]

Figure 2.26: Particle tether. Adapted from [30] (left), and [14] (right).

The importance of tether flexibility is further stressed in [86]. There it is shown that a increasing the
number of tether segments, the resulting flight path converges.

This brings us to the different flexible tether models. The flexible tether models vary in implementation.
Newtonian, Lagrangian and Hamiltonian approaches have been encounteres Table 2.4. Continuum
models are formulated via partial differential equations which are typically solved by using an analytical
approach or a finite difference method, but alternative methods exist [103] [102].[41] mentions that

150
NR
= 100 - J
=
0 |
-100 -50 0 50 100
Y (m)

Figure 2.27: Kite flight path convergence with increasing number of elements (N, = 1, 2, 3), adapted from [86]
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for continuum methods in the case where one of the boundary conditions is unknown, trial-and-error
methods must be applied in order to satisfy the boundary conditions. [103] Proposes a flexible tether
model which is based on a quasi-steady assumption of the tether. An iterative multiple shooting method
is applied to find the tether shape (and tension), depending on the prescribed reel-out velocity (or tether
tension) and the cable tip velocity. The most important fact to note is the achieved speedup (1000x)
compared to the other lumped-mass models.

Lumped mass models know a much coarser discretization of the tether in comparison to continuum
models. Lumped mass models represent the tether as a series of discretized (connected) masses.
Lumped mass models describe the cable dynamics through the motion of several or many masses. A
schematic of a lumped mass tether model is shown in Figure 2.29. Figure 2.28 shows the different level
of discretizations. A coarse discretization (with large segment lengths) is used for the lumped mass
approach, whereas much smaller segment lengths are used for the continuum approaches (infinitesimal
of finite difference).

Figure 2.28: Different levels of discretization: A) The real tether, B) a coarse discretization, C) a finer discretization.
Adapted from [30].

/n?l

tether,;_;

Figure 2.29: Left: a lumped-mass tether model, adapted from [107].
Right: forces acting on the jt* point mass, adapted from [84].

The mass of each lumped-mass is generally equal to the average adjacent tether segment mass, with
exceptions for the first and final mass. The amount of tether segments varies between different publi-
cations and reports (Table C.3), depending on the required accuracy and computational performance.
Generally, the accuracy increases with increasing amount of elements. The model in [21] requires no
more than 10 elements to obtain an cable equilibrium error smaller than 5% (Figure 2.30).

Lumped-mass tether models have been verified on multiple occasions. [104] Compares a lumped mass
model with experimental results and shows good agreement. [84] uses three methods to validate the
implementation of the tether model: 1) A comparison is made with the catenary curve, 2) The effect
of wind shear is evaluated which shows identical results as [107], and 3) An experiment has been
performed where a mass of 10 kg is added to the tether and the linear responses of the real tether and
model are compared.

In [22] a 32m cable has been hung from a building and a large number of experiment has been per-
formed. In these experiments, the tether was exited at the top and the time it took for the wave to
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Figure 2.30: Left: Convergence of endpoint coordinates of numerical experiment [21]. Right: Computational time versus

number of tether segments. Adapted from [86]

propagate to the end of the tether has been measured. The results of the experiment have then been
compared with simulation results and showed good agreement. Additionally the influence of the num-
ber of tether elements of the model convergence is inspected, convergence is shown from around 5
segmentsFigure 2.27, left.

The effect of the number of elements on the computational speed has been investigated for a La-
grangian implementation in Fortran, additionally the effect of parallelization has been investigated (Fig-

ure 2.30, right).

Table 2.4: * most likely. LM = lumped-mass, RB = Rigid Body. k = stiffness, ¢ = damping. This table is constructed through a

query, rows are not combined.

Source Type Gravity Inertial Reeling Implementation
[38] LM (k+c) Y Y Y Newtonian
[68] LM (k+c) Y Y Y Newtonian
[68] LM (k+c) Y Y Y Newtonian
[21] RB Y
[86] LM, inelastic Y Y Y Lagrangian and

Hamiltonian

[30] LM (k) Y Y Y Newtonian
[62] LM( k+c) Y Newtonian
[103] LM, inelastic Y N Y

[22] RB Y Y N MSC ADAMS
[101] LM, inelastic Y Y Y Kane

[81] Continuum (k) Y Y N Newtonian
[41] Continuum Y Y N Analytical
[19] Continuum Y N N Analytical
[57] LM (k) Y

[42] LM (k) Y
[104] LM(k+c) Y Y N

[4] Continuum Y
[107] LM, inelastic Y Y Y Newtonian
[14] LM (k+c) Y Y Y Newtonian
[103] LM (k+c) Y Y Y

[72] LM (k+c) Y Y Y

[13] LM (k+c) Y Y Y Newtonian
[109] LM, inelastic Y Y N

[84] LM (k+c) Y Y Y Newtonian
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Table 2.4 shows an overview of the encountered flexible tethers in literature. It is not the goal to give
a complete overview, the table serves the purpose of listing the different variations that can exist for
flexible tether models. Other information required so much space such that it was deemed neces-
sary to place this into separate tables which can be found in the appendices (Table C.2, Table C.3,
Table C.1).

Finally, several implementation details will be mentioned. Firstly, in [22] [21], elements available of MSC
ADAMS® are used to construct the tether. Two Hooke’s joints are used to couple the elements. It is
said that by using two Hook joints instead of spherical coordinates, the axial vibrations are disregarded
and the whole simulation is sped up. Secondly a simplified 2D model is used in [101]. Lastly, [87]
includes ground reaction forces in the tether model. If any lumped-mass is below the ground level, the
ground reaction force is determined according to a spring-damper relation. Additionally a friction force
is introduced which is linearly dependent on the ground reaction force.

Tether Segment Aerodynamics in Lumped-Mass Tether Models Different methods are used in
order to determine the aerodynamic forces. This section describes some of the encountered methods
as summarized in Table C.2. The aerodynamic models differ mainly on the following points:

» The location for the determination of the apparent wind speed;

» The resolution of the wind field;

» Lumped or distributed aerodynamic load;

+ Orientation of the aerodynamic loads: perpendicular and tangential to the element, or, the appar-
ent wind speed;

* Variable or fixed aerodynamic coefficients;

» The inclusion of friction +/ lift.

The aerodynamic forces are either determined at the location of the lumped mass, or at the seg-
ment locations. In the segment-wise case, the forces are distributed equally over the adjacent lumped
masses.

The wind field can be assumed constant or varying with altitude. Often a reference altitude is de-
termined per segment (or lumped-mass), but also the inter-segment varying wind field can be into
account.

Instead of a point-wise determination of the aerodynamic load on a tether segments, the aerodynamic
forces and torques can be integrated over the segment length taking the local apparent wind speed (and
optionally the wind field) into consideration. The forces and torques are then distributed accordingly
over the adjacent lumped-masses.

Expressions exist for determining the aerodynamic forces with respect to the aerodynamic frame, or
the local tether segment frame. Transformations exist, more about this later on.

Whereas some models determine the aerodynamic load by only a drag component, two and even
three component aerodynamic force. Two components are generally lift and drag, or tangential and
perpendicular drag. A third component is identified as a sideways lift force [104] occurring on cables
with helix-grooves, this is generally disregarded. All tether drag models are based on treating each
tether element as a cylinder.

Three methods can be used to determine the aerodynamic force of which the first method (Equa-
tion 2.26)[48] is the most commonly used and describes the force for each individual aerodynamic
force component. In [104] an alternative method to determine the aerodynamical force on the tether is
proposed, using the Nordell-Meggit equation [79] Equation 2.27 which combines tangential and normal
aerodynamic forces. The angle of attack (n) is used in [33] (Equations 2.28 - 2.31), also to determine
normal and tangential aerodynamic forces. The superscripts 'n’ and 't’ indicate normal and tangential
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components respectively.

1
F' = —pdIC|V'|Vv' (2.26)

2

1 1
F= —Epr[dl(A|v| + B|vt|vt + EpC"dl|v"|v" (2.27)
Fo—Lpcanwp (e 4 g Y 2.28
f*=05-0.1cosn+0.1sinn — 0.4cos2n —0.011sin2n (2.29)
£t =0.01(2.008 — 0.38587 + 1.915952 — 4.16147n3 + 3.5064n* — 1.18729975) (2.30)
1

0<n< 3 (2.31)

= Aerodynamic force
= Individual component, e.g. drag or lift
T = Normal component
= Tangential component
= Density of air
= Diameter
= Length
= Apparent wind speed
,B, C, f = Aerodynamic coefficients
= Angle with respect to the apparent wind flow

*_

*

S x< Tamv

The aerodynamic coefficient in Equation 2.26 can be fixed, or depend on (non)linear function of the
angle of attack and the Reynolds number. The lift-drag and normal-tangential coefficients are related
throught the following transformation [104]:

C,| _|cosn —sinn||C,
[CD] - [sinn cosn HCt] (2.32)

Tether Elasticity in Lumped-Mass Tether Models Tethers often made of Dyneema [5, p. 410] [68]
[45]. The tensile stiffness of tethers is in the order of 50-100 GPa (see Table C.3). Due to its high ten-
sile stiffness, other material properties such as compression, transverse shear, bending and torsional
stiffness are often neglected [19] [104]. Some models exclude tether elasticity (and damping) as well.
Here a look will be taken at the motivations for (not) including tether elasticity and the consequences
of it. Table 2.5 shows a summary of the pro’s and con’s.

[38] states that using inelastic elements is not sufficient for modeling the tether force and implementing
the force control loop. Inelastic tether models do not give information of the internal tether force.

Incorporating tether elasticity [107] (in combination with the Newtonian approach) eliminates the need
for constraint stabilization and the calculation of the derivatives of the constraint equations.

In order to cope with cable slack (zero tension or compression), in [14] the aerodynamic and the spring-
damper forces are set to zero. [57] sets the stiffness for compression 10 times smaller than that for
tension.

In lumped-mass models, the tether shows fast longitudinal waves due to high stiffness of the tether.
The combination of the fast longitudinal waves and the slower transversal waves cause the problem
to be stiff, which requires implicit integrators [86]. For this reason an implict Euler integrator scheme is
used in [62] for the simulation of a lumped-mass tether model.

The fast vibrations have low amplitudes [22]. Assuming the tether to be inelastic removes the fast
longitudinal oscillations. Since the transversal motion of the kite is of much lower frequency, removing
the fast oscillations results in a less stiff numerical problem. Itis said that the reliability is not significantly
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influenced by this assumption [86]. Ignoring the fast longitudinal oscillations allows for larger time steps
[22].

The following equations describe the spring-damper forces acting on the i-th particle [38]:

Fi = FS,i—l + FS,i (233)
Foi = (Klisill = L) + ¢ [ — o (2.34)

’ lIsill - sv,i /) lIsill

S; = Pi+1 — Pi (2.35)
Svi = Vit1 — Vi (2.36)
Vsi = 1/2(Vigq +Vy) (2.37)

F, = The sum of spring-damper forces acting on the i-th particle
F;; = Spring-damper forces

s; = Displacement between adjacent particles i and i + 1

sy, = Relative velocity between particles i and i + 1

vg; = Average segment velocity

k = Stiffness

¢ = Damping

I = Reference segment length

Table 2.5: Pro’s and con'’s of tether elasticity in lumped-mass tether models [107].

Elastic Inelastic

+ Internal tether tension as an explicit function of + Removes high frequency longitudinal oscilla-

the lumped mass positions tions, generally leading to a dramatic reduction
in simulation time

+ Inertial decoupling of EOM resulting in efficient - Requires a complex set of equations (La-

computation state derivatives grtane/Kanes) or an additional set of (stabi-
lized) constraint equations (Newton) (besides the
EOM).

- Small integration steps or the use of stiff solvers
in combination with numerical calculation of the
Jacobians leads to long simulation times

Tether Reeling in Lumped-Mass Models Several methods have been encountered to incorporate
varying tether lengths. These methods are tabulated in Table C.1. Zooming in to the most encountered
flexible tether models, the lumped-mass model, the following methods have been encountered:

» Simultaneous change of length of all tether segments.

» Simultaneous change of the reference length of all tether segments.

+ Control of the length of the element closest to the ground, fixed amount of segments.

» Control of the length of the element closest to the ground, introduction and removal of tether
segments with fixed length.

In models without spring-damper elements, directly varying the individual segment lengths leads to in-
correct velocities [103], therefore the element lengths should be fixed. For models with spring-damper
elements, an alternative method is to change the reference length of the tether segments (see Equa-
tion 2.34). Alternatively, only the length of the first tether segment could changed.

The fourth method will be discussed in detail. This method is shown in Figure 2.31. All elements except
the first element have a constant (reference) length. The length of of the first element is controlled [38] .
When the length of the first element increases past a certain threshold length (k*[,,), a new element gets
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introduced in between the last point mass and the tether source. Conversely, when the length of the
first element is reduce below a (different) threshold length (k**1,,), the first element is removed.

In [72] it is shown (Figure 2.32) that a variable spring stiffness of the final element (the one closest to
the winch), causes a relatively high fluctuation in tether force. The cause of this could not be found,
therefore the spring constant constant has been kept constant.

Reel out

Reel in

(1+k9)I,

Iy = 7 + EE— (2.38)
ly

k=ky— (2.39)
Ls
Lo

c=cop (2.40)

Numerical difficulties arise on the introduction and removal of elements. Shockwaves observed in [30]
when new tether elements were added. Especially when the cable is elastic, it is of great importance
to not introduce unnecessary cable oscillations resulting from the introduction of new elements[107].
Exactly this problem is encountered in [38], resulting in artificial discontinuities hindering force control.
During reeling in and out at each time step, the stiffness and damping of the first element are updated.
For inelastic cables it suffices to place the new mass exactly in line with the existing element.
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Figure 2.32: Internal force in the spring element attached to the winch for a constant and varying spring constant. Adapted
from [72].

Previously, the threshold for reeling in and out was set to be exactly equal to the (fixed) segment refer-
ence lenghts. This caused singularities. [68] Solves the singular length by setting a small initial nonzero
length to the first element &1;. To overcome the zero mass problem (causing large accelerations of the
first element), a larger initial length is chosen §1,,, > §1;. To work around the stiffness calculation singu-
larity, the stiffness coefficient ¢, is determined by §1,,,. §I; and §1,,, are used until the segment length
and mass are large enough to avoid singularities.

A positive aspect of the above mentioned methods is that they are the easiest to implement due to
the constant amount of elements. The downside is the lower physical fidelity. In order to maintain
a constant length state vector (since the simulation tools do not allow for a variable state vector) in
combination with the above mentioned reeling method, in [87] the tether elements are ’fixed’ to the
winch when reeled in.
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2.3.2. Overview of Software Suitable for the Simulation of Kite and Tether Models

Existing kite simulation software will be provided first Table 2.6, after which several multibody dynamics
software tools are tabulated (Table 2.7) that can also be used to implement a kite + tether model .

Table 2.6: An overview of available kite simulation tools. Languages: C++=C++, F=FORTRAN, J=Java, M=Matlab,P=Python.
* = modified by a master student in 2016.

Name/ author Language Implementation Latest release Source
LAKSA/KiteAcrobat M Lagrangian 2018-04 [85]
LAKSA/KiteElastic M Lagrangian 2018-04 [86]
LAKSA/KiteFlex F, M Lagrangian 2018-04 [86]
LAKSA/KiteSurf M Newtonian 2018-04 [86]
FreeKiteSim P Newtonian 2015-05" [38] [57]
AWE-box P Lagrangian 2019-04-26 [83]

KiteSim J Newtonian 2014-02 [62] [72] [30]
S. Rapp M Newtonian 2017-10*" [38]
Kitepower P Newtonian 2018 [-]

LAKSA stands for LAgrangian Kite SimulAtor. It's KiteAcrobat module simulates two-line kites and aims
at kite traction applications. The KiteElastic module allows the user to link several tethered vehicles by
elastic and flexible tethers. KiteFlex is a module for a tethered vehicle for ground and flight generation.
Attached to the ground by an inelastic and flexible tether, implemented as a series of infinitely thin
and stiff rods. Control via a 3-line bridle and/or aerodynamic surface deflections. Reel-in and reel-
out by a control variable, influencing the lenght of all tether elements simultaneously. The KiteSurf
module is set-up around four-line kites. It combines inelastic (two front) and elastic tethers (two back).
Its applications are kite-surf related and/or parameter identification. The tether length is fixed, so no
reel-in or reel-out is possible. The kite is modeled as a rigid-body, located at the end of the tether. The
same aerodynamic kite model is used for all four LAKSA modules. Aerodynamic forces and torques are
calculated through superposition of the individual aerodynamic contributions such as lift, drag, torques,
and the aerodynamic effects of elevator deflections.

FreeKiteSim is a simulation framework written which simulates all system components, i.e. kite, tether
and ground-station. It is built around Newtonian mechanics. Two different solvers can be used:
RADAUS5 [46] and Sundials’s IDA [47]. Both solvers are interfaced through Assimulo [7], which is a
simulation package for solving ordinary differential equations in Python . By default the (stiff) RADAU5S
solver is used in combination with just-in-time compilation in order to allow the simulation to achieve
real-time performance. Tether reel-in and out are performed by updating the length of all tether ele-
ments, and updating the stiffness and damping accordingly. The latest work using FreeKitesim has
been performed in 2016 [57], where a rigid wing is modeled by a particle system. Currently this simu-
lator does not work out-of-the box.

Kitesim is a kite simulator in Java. Work on this simulator started in 2010 [30] and is based on an existing
particle-system library which uses implicit-euler integration [44] for the integration of the Newtonian
mechanics. The kite is implemented as a point mass and the tether is implemented as a set of particles.
In 2011 varying tether length has been added [72] and in 2012 rotational inertia is added to the kite by
using a three-point model of the kite [62]. The ground station dynamics are also taken into account. A
Matlab [67] implementation of kitesim has been made by S. Rapp.

AWE-box is a tool written for solving optimal control problems for multi-kite AWE systems. It uses a
Lagrangian formalism in combination with the CASADI software [9] to solve optimal control problems.
The software has been recently released. CASADI has bindings to solvers such as Sundials’ CVodes
[8][47], and formulates the necessary Jacobian information through algorithmic differentiation (AD).
AWE-box does not make use of these integrators but uses a integration method where physicality and
optimality are solved simultaneously. For this reason AWE-box is not usable for our purpose, since
controls are prescribed.
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Table 2.7: An overview of available multibody dynamics toolboxes. * = particle dynamics toolbox. CLI = command line interface,
IF = input file, F = Fortran, P = Python.

Name Language Latestrelease Open source Source
MSC Adams F, C++ Proprietary [92]
MBDYN CLI, IF 2017-10-15 yes [65]
Project Chrono C++, P 2019-02-22 yes [94]
PhysX C++ 2018-12-20 yes [75]
Flex* C++ 2018-07-20 yes [74]
Open Dynamics Engine C++, P 2019-02-23 yes [91]
Bullet C++, P 2019-02-19 yes [26]
Dart C++, P 2019-02-19 yes [61]

Kitepower makes use of the quasi-steady model for it's simulations. At every time step, the solving
the quasi-steady equilibrium results in a tether force and a set of velocities. Then, Euler integration is
applied to determine the next position from its current position in combination with the found velocities.
The simulation is written in Python and includes the dynamics of the ground station.

Nvidia FleX is a particle based real-time simulation technique [64] developed by NVIDIA. It uses the
semi-implicit Euler method for integration in combination with position-based dynamics [70].

MBDyn is a multibody dynamics simulation software tool. It provides it's software as packages (pre-
compiled), however it's source is public as well. The software allows the user to construct a dynamical
system via an input file, specifying (among other things) dimensions, degrees of freedom and inertias.
Additionally it allows the user to provide integrator settings such as time step and tolerance.

MSC Adams, MBDYN, Project Chrono, Nvidia Physx, Bullet, Dart, ODE are are all multibody dynamics
engines. Some more sophisticated than others, even with finite element tools included. Of all the
simulation tools tabulated in Table 2.7, MSC Adams is the only proprietary (non-free) software.
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2.4. Thesis Goal and Approach
2.41. Goal

The goal of the master thesis is as follows:

"What are the effects of mass and drag of the kite control unit on the flight behavior of a flexible
airborne wind energy system kite during flight?”

With the additional goal:

”To provide Kitepower with a model and method that allows the use of experimental flight data for
system identification”

2.4.2. Motivation

For many reasons such as system power output estimation, controller design and software testing, the
dynamical behavior of airborne wind energy (AWE) systems such as deployed by Kitepower require
system modeling and simulation. Different approaches exist to model kite flight behavior, ranging from
black-box models such as the turning rate law, to point mass models with rolling lift vectors and models
relying on fluid-structure interactions.

Regarding the steering of leading edge inflatable kites (LEI) kites, the steering is thought to be caused
by a warping induced yaw [84]. It is hypothesized that kite roll caused by the outward motion of the
KCU due to centrifugal forces positively contribute to the steering. Additionally, it has been observed
in experimental flights that added drag induced by an on-board turbine reduces the angle of attack of
the kite. The aerodynamic drag of the KCU might play a role in the hypothesized outward motion as
well.

Oftentimes the mass of the KCU is not taken into account when modeling these AWE systems, whereas
some models include the mass, but ignore aerodynamic drag. Reports exists of models that show
correspondence of the model including KCU mass with experimental flight data, but no reports exist
that explicitly quantify the effects of the mass and drag of the KCU. Therefore the effect of mass and
aerodynamic drag of the KCU on the flight behavior of the kites requires investigation.

2.4.3. Approach

It is assumed that answering the research questions requires performing simulations on computers,
since flight experiments can be expensive and no control exists over the environment. Existing simula-
tion environments cannot be used due to legacy code, limited validity or unsuitable model complexity.
A rigid body kite model with a flexible variable length tether is to be used since this provides the most
realistic flight behavior given the real-time requirement following from the controller integration step. Of
the two suitable rigid body kite models, one is implemented in the simulation environment which is de-
scribed in chapter 3. Additionally a tether and ground station model are implemented in the simulation
environment as well.

After the model implementation, the Kitepower ground station controller and flight controller are inte-
grated. The use of the controllers provided by Kitepower is required to be able to more easily extrapolate
the findings from the simulations to reality. The kite, tether and groundstation models as well as the
groundstation controller are discussed in chapter 4.

For the experiments the goal is to use a model that has been fitted to experimental (real) flight data
in order to provide more validity to any conclusion coming from the research. Since the experimental
flight data required to perform system identification is unavailable the parameters of the two rigid body
kite models have been identified through the use of simulated flight data in chapter 5. This provides
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Kitepower with a method to identify the parameters of the two models with experimental flight data in
the future.

After the system identification several experiments will be be performed where the mass and drag
of the KCU as well as the mass of the kite will be increased independently under two different wind
conditions. Once the experiments have been performed an analysis will be held followed by a discus-
sion of the findings. A description of the experiments and intermediate conclusions can be found in
chapter 6.

Finally, in chapter 6, an overview will be given of the most important conclusions from the experi-
ments and recommendations will be made based on the experiments and other findings during the
research.






Simulation Framework

This chapter provides a top-level description of the implemented simulation framework without going
into the details of the individual component dynamics. First, a selection of a suitable multibody dynamics
engine will be performed. Afterward the software architecture will be discussed.

3.1. Multibody Dynamics Simulation Engine Selection

This section will discuss the selection of a suitable multibody physics engine (as discussed in subsec-
tion 2.3.2), starting with the reason for using such an engine, followed by a list of criteria and finally
listing the reasons for selecting Nvidia PhysX [75].

Several kite simulation packages exist (subsection 2.3.2). Some of them are outdated, use an in-
appropriate kite and tether model or do not meet the requirements below. Therefore it was deemed
necessary to build an AWE kite simulation that does meet the requirements. Furthermore, keeping
in mind limited time, performance and possible continuation of this work, a multibody physics simula-
tion engine will be used that performs all calculations that describe all motions and interactions of the
system components.

In order to be able to use the flight controller provided by Kitepower, the simulation needs to be able
to run as fast or faster than real-time. Whether real-time performance is achievable cannot be known
beforehand, however this requirements serves as a crude filter. Since the author has experience with
Python and C++ this is made a requirement due to the limited available time and the knowledge that
this requirement will very likely not be a limiting factor. Kitepower required the whole project to be open
source, this includes the dynamics engine. In order to be able to simulate a flexible reelable tether
according to the model described in Table 2.3.1, it is required to be able to add and remove elements
during the simulation '. Inbuilt visualization is a plus since this will accelerate error identification and
debugging. The above requirements are summarized in the following list:

* Real time capable;

» Language: Python or C++;

» Open source;

+ Addition and removal of elements during simulation.
 *Visualization possible;

Of the multibody dynamics simulation engines listed in Table 2.7 , Nvidia PhysX [75] has been selected
based on the fact that is meets all criteria and that an example [110] has been encountered which
showed the possibility of the addition and removal of elements of a flexible cable. An added benefit
was be that if the real-time performance was below the requirement, hardware acceleration (through
the use of the graphics card) could possibly improve the simulation speed.

"Due to issues encountered during implementation it has been decided not to add or remove elements, but to vary the length of
the first element as discussed in section 4.2

37
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In order to built trust in the physical correctness of the Nvidia PhysX, an experiment has been performed
in Appendix J. In this experiment a compound pendulum is swung with a low amplitude. The measured
frequency shows an error of (0.1007%) from the expected frequency, which is though to be sufficiently
small to trust the physical correctness of the physics simulation engine.

3.2. Description of Total Simulation Framework

The structure of the total simulation framework, including physics simulation, flight path control, visual-
ization and aerodynamics will be laid out in this section. Details of the winch, kite, KCU and tether mod-
els can be found in their respective sections in chapter 4. The software architecture will be explained
using Figure 3.1. Table 3.1 shows several key characteristics of the simulation framework.

Table 3.1: Key characteristics of the simulation framework.

Language C++
Linear solver Temporal Gauss-Seidel
Integration method semi-implicit Euler
Simulation time step 0.001 [s]
Data output and visualization frequency 20 [Hz]

O

Serialized data Control _software Serialized data
« Flight controls
* Winch controls
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Figure 3.1: Software architecture for the total simulation framework. Blocks show functionalities, lines are directional and
indicate information flows. Text above or next to lines show what information is transported. The symbols @, ® and O indicate
the different execution frequencies.

The uppermost block consists of software provided by Kitepower. It consists of a suite of software that
together determines the control commands for the kite and groundstation. Their software sends and
receives serialized data over socket connections. The serialization and deserialization blocks take care
of the packing, unpacking, sending and receiving of messages. Google protocol buffers [1] are used
for the serialization of messages and ZeroMQ [2] is used for the socket connections. All blocks except
the Kitepower software block is compiled to one executable.

The unpacked reeling velocity setpoint and force limits are sent to the winch motor controller. The winch
motor controller translates the setpoints to motor torques, depending on the current tether force and
reelout speed. The motor torques are then applied in the dynamical winch model which in combination
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with the winch dynamics and the tether force results in a reelout speed. The reelout speed is in turn
returned to the dynamics simulation block.

The steering and depower setpoints are used in combination with the wind, kite velocity and kite orien-
tation to determine the aerodynamic forces. The state of the kite which is retrieved from the dynamic
simulation block. Tether aerodynamics are not influenced by any control signal and depend only on the
tether element velocities and the wind.

The dynamic simulation block takes the external aerodynamic forces for the kite, KCU and tether. Addi-
tionally it receives the reelout speed from the winch dynamics block. It calculates the resulting positions,
orientations and velocities of the kite, KCU and tether elements at the next timestep, including the tether
force. The required information is then forwarded to the visualization and serialization blocks.

Real time implementation The different blocks in Figure 3.1 have different execution frequencies.
The different levels are indicated by the symbols @, ® and O. The software provided by Kitepower
(O) sends control signals at a rate of 20 [Hz]. The serialization, deserialization and visualization also
operate at 20 [Hz] (®). The Kitepower software is a separate process, therefore synchronization cannot
be guaranteed (and therefore they are assigned different symbols). Finally all other processes (@) run
at 1000 [Hz]. The way in which real-time performance and synchronization is ensured is by performing
the following sequence at a rate of 20 [HZz]:

50x @
I
1 x Pause

The duration of the pause is determined by the difference between the total simulated time and the
total process run time.






Description of the Implemented AWE
System Component Models

In this chapter the details of the used component models will be discussed, starting with the kite models
including a aerodynamic verification of the implementation and model adjustments for system identifi-
cation. After the kite models, the tether, groundstation and KCU models will be discussed.

4.1. Kite Model

Four types of rigid body models have been identified in literature: Ruppert’s, Knappskog’s, Williams’
and Breukels’. A side-by-side comparison can be found in Table G.1. A fifth rigid body model can be
derived from Fechner’s four point model. This section briefly discusses the rigid body model structure,
followed by the specifics for Ruppert's and Fechner’'s model. Kite model parameters can be found in
Table F.1.

The kite rigid body linear and angular accelerations are functions of the aerodynamic, tether and grav-
itational forces and torques. Two sets of equations can be constructed, one for the linear and one for
the angular accelerations (Equation 4.1). Subscripts = (global/inertial) and = (local/kite) indicate the
frame of a vector. An overview of all subscript, superscript and other notations amongst several frame
definitions can be found in Appendix F.

mlx; = F¢ + FS + FY
Jk(bk+wkak‘wk :Tg
.. v o T (4.1)
Xg = [xGJYG'ZG]
. .. T
Wy = [pkak:rk]
Here x is the position vector consisting of the x, y and z coordinates in the global frame. The angular
velocity vector w consists of the individual angular velocity components p, g and r in the kite frame. F
and T represent forces and torques respectively.

The translational inertia matrix is obtained by multiplying the kite mass (m) with an identity matrix (I).
The mass of the kite is a known quantity, it can be measured with minimal means. The inertia tensor
(J) has been determined through 3D drawings and material properties of the kite in Appendix H and is
shown in Equation 4.2:

8479 0.00 0.66
Je=1000 1323 0.00 (4.2)
066 0.00 83.01
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In Equation 4.1 the tether force (F%) and gravitational force (F7) are assumed to be known. This as-
sumption is valid, since in practice these can be determined or derived with relative ease and accuracy.
In order to solve for the linear and angular accelerations (X, @), a model is required for the aerodynamic
forces (F¢) and torques (T¢).

Unlike Ruppert’s and Knappskog’s aerodynamic models, Williams’ and Breukels’ models’ steering input
depend on the displacement of the bridle attachment points on the tips of the kite. This steering method
is very different from the steering method used by Kitepower, therefore these two aerodynamic models
are not suitable.

Ruppert’'s and Knappskog’'s models show many similarities. In terms of the aerodynamic parameters
C,, Cp and Cs, Ruppert's model is more flexible. Due to the similarities and added flexibility, only
Rupperts model will be considered of the two. Fechner’s four point particle model can be cast into a
rigid body representation. In the following sections, Ruppert’s and Fechner’s aerodynamic models will
be discussed in more detail.

4.1.1. Ruppert’s Kite Model

In this section a variation of Ruppert’'s model will be discussed. It is identical to Ruppert’'s model, but
without the gravity induced torque (since no parameter estimate is given in Ruppert’s report). For this
model (Equation 4.3), the aerodynamic force is the sum of the aerodynamic lift, drag and side force
components. The total aerodynamic torque is the sum of the individual components around the kite’s
local axes.

F¢ = F&" + FoP + FSS

T = Te" + T + Tp” “3)
With:
F&' = 0.5pv2A,.Ci ek FEP = 0.5pv2A,,.CE" e? F& = 0.5pv2A;,Ca" ed
T™ = 0.50va Ak, Ci" bei. T = 0.5pvaA.Cy" ce;, T? = 0.5pv2Ay C27 be?

Note that in the literature often the superscripts (or subscripts) I, m and n are used for the torques
around the x, y and z-axes respectively. In this report x, y, and z will be used, resulting in a more
consistent notation throughout this report. Figure 4.1 shows the definition of the kite axes. The above
forces and torques depend on the following nondimensional aerodynamic coefficients:

A
" = 6@ ca" = Cp(@) G = san(B) 7 =Cs(1B) (4.4)
D
xT y.T 2T br
Ck' =0 Ck =0 Ck' = 2,5563 + Cz,Bﬁ + Cz_rm (45)
a

Forces and torques in the aerodynamic and local kite frame can be converted to the global frame
through a transformation of coordinates (Appendix F). A, . is the projected surface area of the kite
on the local xy plane, where 't’ stands for top. A;, is the projected surface area of the kite on the
local xz plane and ’s’ stands for side. For this model the side force coefficient is identical to the lift
force coefficient (Cs(x) = C,(x)). The aerodynamic coefficients depend on the angle of attack («) and
sideslip angle (8) which are defined in Appendix D. C;(«) is shown on the left in Figure 4.2, whereas
Cp(B) is shown on the right. The coefficient of the yaw torque consists of three components of which
the coefficients are listed in Table 4.1.

The kite model has two control inputs: steer (6;) and depower (5;). The steering input provided by
Kitepower lies in the range [-100,100] and is scaled linearly such that §; € [-1,1]. The depower lies in
the range [0, 57%*] and is scaled to a depower offset a; such that 0 < §; < 6T - g™ < a; < 4%,
Where a™™ and aT** are the minimal and maximal pitch offset caused by the depower. Values for
smax qmin gnd ¢M** can be found in Table F.1. For nominal flight, 40 < 6,4 < 45. The pitch is reflected
in the angle of attack used for the calculation of the aerodynamic coefficients such that « = a* — a4,
where a* is the angle of attack determined in the kite frame. The depower-pitch parameters have been
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Figure 4.1: Definition of the kite frame left). Negative kite pitch with respect to the kite frame (right).

Table 4.1: C, 5, is different from the one in [84] to allow for steering in low wind conditions. C, 3 and C,, are identical to [84].

Coefficient Value [] Description
Cys, 0.080 Steering sensitivity
Cup 0.091 Sideslip restorative torque
Cor -0.018 Yaw rate damping

tuned manually. The identification of the relation between depower and the effect on the aerodynamic
coefficients is part of the recommendations. Figure 4.1 shows the definition of the kite frame and
kite depower pitch offset. The angle of attack and sideslip generally take on the following values:
5° < a < 25°, —15° < B < 15° (Figure 5.4).
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Figure 4.2: Lift (left) and drag (right) curve.

Where Ruppert’s model is chosen for its more advanced and flexible aerodynamic model, this model
now need to be simplified in order to later be able identify the aerodynamic lift, drag and side force
coefficient curves during system identification. Therefore a parametrization is required such that the
parameters can be identified through linear regression. This parametrization will be used in chapter 5.
For the simulation of the kite, the curves from Figure 4.2 will be used for the aerodynamic coefficients.
The equations below show Ruppert’s reparametrized aerodynamic model.

Cg = Cgo + Cgla + ngaz + Cg3a3

Cg = Cg’() + Cglla + Cg’2a2 + Cg‘30(3

A
cf = 2. (san(B)Cy + CEaf + san(B)CEaf” + CLap) 0
by

br
=S+ CEpHCy o
a
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4.1.2. Fechner’s Kite Model

In this section the results for the derivation of Fechner’s model in a rigid body model description are
discussed. The complete derivation can be found in Appendix K. The model consists of five points
(Figure 4.3) with a predetermined mass distribution. A lift and drag force acts on three of these points
(0, 1 and 2). The connection between the particles is rigid, therefore the kite behaves like a rigid body.
The rigid body model is derived via the underlying principle that the total aerodynamic force is the sum
of the individual contributions of the forces at the sides and top, and the total aerodynamic torque is
the sum of the cross products of these forces with their respective position with respect to the center
of mass.

The three points with a lift and drag force appear as six column vectors in Equation 4.7 (and six rows
in C). The B, C and D subscripts in the angle of attack «, stand for locations 0, 1 and 2 respectively
(Figure 4.3).

Figure 4.3: 5 point kite model [38]. Aerodynamic forces act on points 0, 1 and 2.

a
Fg = EP [Voo Vo1 Voz Vo3 Vou Vos]'c

1
Tg=§,0[V06 Vo7 Vog Voo Vig vll]’c

C.(ag, 6p)
Cr(ac, 6p) “-7)
_ C.(ap,6s,6p)
Cp(ag, bs,6p)
CD (aC' 65! 6D)
Cp(ap,ds,6p)

The vectors vy, through v;; take on the shapes as shown in Equation 4.8. In the example below, v?
is a squared velocity vector, A is an area, e is a unit direction vector, r is a vector that describes the
position of the applied force with respect to the center of mass of the kite.

— 2
Voo—os = VgAeg (4.8)
Voe-11 = I'g X Vpo—-os

The three position vectors r, r} and r2 are fixed, however they need to be determined beforehand
based on the location of the center of mass. Therefore the location of center of mass needs to be
identified. The width (distance between points 1 and 2) and height (shortest distance between point
0 and the line connecting points 1 and 2) of the kite are fixed. In [38] a mass distribution has been
proposed, however this mass distribution results in an inertia tensor that does not correspond to the
one determined in Appendix H. The mass distribution and relative positions of points 0,1 and 2 have
been determined through solving a set of equations in Appendix L. The results are shown below in
Equation 4.9.
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rp = [-0.9107 0.0000 —2.4626]
re = [-0.6564 41150 0.6571]" (4.9)
rp = [-0.6564 —4.1150 0.6571]

The vector elements of C in Equation 4.8 map a resultant angle of attack a to a nondimensional aerody-
namic coefficient. Each resultant angle of attack is constructed from the local angle of attack (a,), the
steering input (&) and the depower input (§,). The same lift and drag curves are used for this model
as Figure 4.2. The relation between the resultant angle of attack (a), local angle of attack, depower
and steering input is partly nonlinear and made the model structure unsuitable for system identifica-
tion through linear regression. Therefore an alternative aerodynamic model structure for this model is
proposed, where each aerodynamic coefficients depends up to the second order on the local angle of
attack, depower and steering input (Equation 4.10).

CE(ap, 8p) = C5* + Cytap + C3tak + C5*8p + C1163
CB(ap,6p) = COF + C2ap + CYfad + €316y + CPH 63
CE(ac, 8s,8p) = Co° + Ciac + Cy a2 + C5°8s + Cy° 82 + CE°6p
CS(ac, 8s,8p) = C&° + C2ac + CD5ak + €376, + CY°82 + €2° 6,
CP (ap, 85, 8p) = C§° + Cap + C3¥ak — C5° 8¢ + Cy° 8% + CE° 6
CB(ap,8s,86p) = C&° + CX%ap + C2°ak — C3°6, + €62 + C2° 65

(4.10)

4.1.3. Aerodynamic Model Verification

In this section two experiments have been performed in order to check the correct implementation of
the aerodynamic lift and drag force. In the first experiment the lift-over-drag ratio is varied while the
angle of attack is kept constant. In the second experiment the depower pitch (a,) is slowly increased
in order to test a wide range of angles of attack. For both experiments, the resulting elevation angle
is compared with the expected elevation angle. The wind profile in the simulation environment is flat,
meaning that the wind speed is the same at every altitude.

In the first experiment a point mass kite is rigidly attached to a straight tether. The kite has no angle of
attack, €, /Cp is fixed. For each C,/Cp, the kite is given 30 seconds to settle. The expected elevation
angle is determined through Equation 4.11. The results are shown in Figure 4.4 on the left.

B = atanz FZ/Z F,

z E. = 0.5pCv2A

z E, = 0.5pC4v2A —mg (4.11)
CD = (Cl/Cd)z +1

¢ =lc,—c3

¢ =1

In the second experiment the kite is again rigidly attached to a straight tether. The orientation of the kite
now does contribute to the angle of attack, therefore influencing the lift and drag coefficients. Through-
out the experiment, the depower pitch a, is slowly increased in 30 second intervals to allow the kite to
settle. The results for experiment 2 are shown Figure 4.4 on the right. The expected elevation angle is
determined recursively as follows:
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Figure 4.4: Left: Resulting elevation angle for several fixed L/D values from experiment 1. Right: results for experiment 2.

Assume the initial elevation angle: B[k = 0] = 90

Determine the corresponding angle of attack: g[k] — a[k]

Lookup the corresponding aerodynamic coefficients C; (a[k]), Cp (a[k])
Determine the expected aerodynamic forces: F;, Fj.

Evaluate the expected elevation angle: F, F, = [k + 1].

o g M w N =

If B[k] — B[k — 1] < € : stop, else: return to step 2.

4.1.4. Model Alterations for System Identification

Several model alterations are discussed in this section which enable the system identification at a later
stage. The model alterations are based on the assumption that the KCU is rigidly connected to the
center of mass of the kite. This assumption is based on the observation that during flight, the bridle is
always under tension and therefore the location of the KCU is constrained to the kite which has already
been assumed to be rigid. Figure 4.5 shows how the kite, KCU and tether are connected.

/_\
Ckite
Sn
- €n = €kcu
S . €n—1
2 -

Figure 4.5: Schematic of the connections between the system components, including kite and KCU.

Equation 4.12 shows the updated equation for the kite forces and torques acting on the kite (based on
Equation 4.1). F~ is now measured through the constraint that connects the kite to the KCU, which is
located at the origin of the KCU. In addition to the tether forces it also measures the forces resulting
from the KCU accelerations acting on the kite. Two additional torque terms are incorporated: TZ which
is the constraint torque, and r x F% which is the torque resulting from the tether force F; which is not
aligned with the center of mass of the kite. r is the vector pointing from the center of mass of the kite
towards the KCU and is defined as a unit vector along the local z-axis of the kite, multiplied with the
bridle length r = r,eX (Figure L.1).



4.2. Tether Model 47

mIx = F¢ + F; + FJ

412
Jk(l.)k+kaJk‘wk=Tg+T(t;+eré ( )

4.2. Tether Model

This section describes the tether model that has been implemented in the simulation framework. First,
a global description will be given of the tether model. Secondly, the aerodynamics of the tether ele-
ments will be discussed, followed by an explanation of the reeling implementation. Finally the dynamic
implementation will be covered.

The tether consists of a series of interconnected rigid bodies. The distances between the bodies are
fixed and the connection between the bodies is flexible through the use of a joint where all rotational
axes are free to move. Reeling is performed through the control of a distance constraint between the
first tether element and the origin. The last tether element is the one attached to the KCU.

The masses of each tether element are defined as follows (Equation 4.13):

pls, +1/2plg . forn=1
me =1 plg, forl <n < nygy (4.13)
1/2pls, forn = nyux

Here [ is the length of the nt" tether segment and p, the linear density of the tether (Table F.2). Since
all tether elements are implemented as rigid bodies, an inertia tensor needs to be associated with
each element. Since in a lumped-mass tether model the rotational inertia of each element is zero, a
rotational inertia for each element is set to be small (but nonzero). The inertia of each element is equal
to the inertia of a uniform sphere with a diameter of d = 0.1 [m] with a mass equal to the element’s
mass.

A distinction is made between tether segments and elements. A tether element is a rigid body el-
ement, whereas a tether segment is the connection between the tether elements. The numbering
of the elements and segments is such that the first tether segment connects the first tether element
to the groundstation and the second tether segment connects the tether elements one and two (Fig-
ure 4.6).

s Sz Le—
1 - en
€1 €z

Figure 4.6: Numbering of tether elements (e,) and segments (s,.).

The aerodynamic drag of the first segment is determined differently than for the other elements. The
drag of the first segment (s;) is applied directly to the first element (e;). The drag of the first element
(Equation 4.14) is based on the analytical result of Equation 2.22 and by using the perpendicular ap-
parent velocity instead.

Fas, = 1/8pldCp|lvzlIva

L_
Va = Vg1~ Vg1 €1

€tn = Pt1 — Pto
Peo = [0,0,0]"

(4.14)

v} is the apparent velocity perpendicular to the nt* tether segment, perpendicular to the first tether
segment. p,, is the position of the nth tether element. e; , is the unit vector pointing from element e,
to e,,_;. The tether drag coefficient is € = 0.96 [38].
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For the following tether segments (s,~;) we have the following expression [103]:

Va,n = (Va,n—lva,n)/z (415)
Fd,sn = 1/2pldC[t)||‘7¢Ji,n||‘7¢Ji,n (4.16)

This force gets distributed over the neighboring tether elements, resulting in the following expression
for the force per tether element:

Fd,Sn + O'SFd‘5n+1 forn=1
Fd,en = O'SFd,Sn + O'SFd,Sn+1 fOI' 1<n< MNmax (417)
0.5F;s,,, forn = npgy

The parameters used for this tether model can be found in Table F.2. In subsection 2.3.1 it was found
that no more than 10 elements are required to capture the tether shape within a 5% error and no more
than 20 elements are required to accurately model the tether drag, therefore the tether will consist of
20 segments.

Initially the goal was to implement a reeling method with a variable amount of tether elements as de-
scribed. The implementation was troublesome and therefore an alternative reeling method has been
employed. In this reeling method, the length and the change in length over time of the first segment
(s1) are used as constraints. The constraint force is determined by Nvidia Physx, the constraint stiff-
ness and damping are parameters that can be used to tune the constraint behavior. The stiffness is
k = 1e'° [Nm~1] and the damping is £ = 1e® [Nsm~!]. Since no tether elements can be removed or
added, the minimal length of the first segment is as least the required length that is reeled in and out
each cycle.

The connections between the individual tether elements and the KCU are ensured through the use of
a minimal coordinate Lagrangian description. The connection of the first element to the ground-station
as well as the connection between the kite and KCU use a Newtonian constraint, this makes it possible
to query the constraint force.

The static behavior of the tether model has been verified in section 1.1 by comparing the tether with
the catenary curve. The maximum positional error found was 0.11%. The drag of the tether has been
verified in section |.2.

4.3. KCU Model

This section shortly describes the model employed for the simulation of the KCU. The KCU model
consists of two components, namely a dynamic and an aerodynamic model.

The KCU is modeled as a point mass, therefore it carries no rotational inertia. The KCU dynamics are
incorporated in the tether model by the addition of the mass of the KCU to the mass of the last tether
element such that m,,, = 1/2pl; + mgcy in Equation 4.13. The mass of the KCU, among other
parameters, is tabulated in Table F.3.

The KCU aerodynamic model only knows drag, no lift or side forces are applied. The drag of the KCU
is independent of the angle of attack and sideslip and is defined as follows:

Fp ke = 1/2pV(21CDAKCU‘A’a (4.18)

The drag coefficient (Cp) has been based on a value often found for cubes (1.05) facing the flow with
a flat face. The frontal surface area has been determined through the use of technical drawings, with
the assumption that the onboard turbine blades simply add to the total surface area.
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4.4. Groundstation Model

In this section the groundstation model and controller will be discussed. A groundstation model was
required since during simulation it was found that the direct application of the reeling velocities led
to large tether force peaks. The groundstation model (Equation 4.19) and controller are based on
[17]. The groundstation controller uses velocity setpoints provided by Kitepower. The groundstation
dynamics model the drum radial acceleration (@ [rad/s?]) as a function of the total applied torque (T,
[Nm]) and the drum’s moment of inertia (/). The total applied torque is the sum of the tether force (F;
[N]) times the drum radius (r) minus a friction coefficient (c,,) times the radial velocity (w [rad/s]) minus
the gearbox ration (k) times the motor torque (T;,, [Nm]) as shown in Equation 4.19.

w=Tg/]

4.19
T,=F -r—cy - w—k-T, ( )

The drum inertia and radius are considered constant even though in reality mass is added and removed
to the outside of the drum during reeling operations while also small changes in radius occur.

Table 4.2: Parameters of the tether model.

Parameters Value Unit
r 0.43 m
] 200 Nm-s?-rad?!
k 9.99 -
Cw 200 Nm-s-rad™!
kg 0.005 Nm - rad
ky 90 Nm-s-rad™!

Depending on whether the tether force is within limits, a velocity (+¥) or force (xF) controller is used. The
controller is given in discrete time, hence the square bracket notation '[k]" and '[k+1], which indicate a
parameter value at the current time step and next time step respectively. The groundstation model is
implemented in discrete time with the assumption of very small time steps.

The controller normally operates in velocity control mode and provides a motor torque to the drum
Tx [k + 1] depending on its current torque T, [k] and a gain velocity gain k,, multiplied with the time
step dt and the error in radial velocity §,,. If the tether force is outside the tether force limits, the force
controller torque T#, [k + 1] will be applied to the drum. This torque depends on its current torque TZ [k]
and a gain F multiplied by a force delta § (and not with the time stap). The force delta is the difference
between the tether force and the reference force. The reference force is either the upper or the lower
force limit, depending on whether the tether force is over the maximum force, or under the minimum
force. The force limits (Fpin, Fnax) @s well as the reference reeling velocity (v,.5) are generated by
groundstation controller provided by Kitepower. Generally speaking v,.; = —1 [m/s] for reel out and
vrer = 3 [m/s]forreelin, F,;, = 1000 [N] and F,,, = 9000 [N] are generally fixed for the whole duration
of the flight.

Thik +1] if Fr < Epn, OFif F;, > F,
T k + 1 — m min» t max 4‘20
ml | {T,‘,’,L [k+1] else (4.20)
Op = W = Vres /T (4.21)
Tmlk + 1] = T [k] + ky 6, dt (4.22)
Fr — Ef,min |f Ft < Fmin (423)
Ef,max If P}f > Fmax

8 =E —F, (4.24)
TE [k + 1] = Tu[k] + kpor (4.25)






System ldentification

In this chapter, the parameters from the two kite models described in chapter 4 will be identified from
simulated flight data generated by using the simulation framework. Here, the method will be described
that is part of the thesis sub-goal, which is repeated below:

”To provide Kitepower with a model and method to use experimental flight data for system
identification”

The system identification of both models provides means to compare the identified models and deter-
mine which model has a best match, this has never been done before for these kite models. Firstly the
equations for the system identification step will be presented, followed by it's results.

The altered kite model equations (Equation 4.12) in combination with the aerodynamic models of Rup-
pert (Equations 4.3, and 4.6) and Fechner (Equations 4.7, and 4.10) allow for parameter identification
through least squares regression (Equation 5.1).

# = [Mg]”" (kg — 2 — F — KY) o1
0% = [M2] ™ (Judoy + @y X Jy - @y — T& — TS — 1 x F)

For the definition of 8¢ and MZ the reader is kindly referred to the Equations M.5 and M.4 for Ruppert’s
model, and to Equations K.34 and K.57 for Fechner’s model.

Method The flight data has been generated by performing flights in the simulation environment with
Rupperts model. Figure 5.1 shows the employment of the two different models. Ruppert’'s model has
been implemented in the simulation environment and is used for generating flight data. The parameters
for both Ruppert’s and Fechners model are identified in by system identification.

51
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Figure 5.1: Venn diagram of the application of the two kite model types.

Five minutes of flight data is used for the system identification. Considering a logging rate of 1000
Hz, this results in 300.000 data points that can be used for system identification. These points are
randomly split in 10 equal groups. One of the groups is kept apart for determining the estimation
errors, and 19 of these are used for parameter estimation. The parameters are then identified 19 times
such that the mean and variance of each parameter estimate can be determined. This procedure has
been performed for both kite models and the results are presented in Figure 5.2 and Figure 5.3. The
tabulated parameters in addition to statistical data can be found in Appendix N, this is also where the
errors between the estimated and true aerodynamic coefficient curves are shown. Figure 5.4 shows
the true and estimated curves for the aerodynamic coefficients.

Results The error curve in Figure N.1 shows a trend and suggests that the errors of the aerodynamic
force coefficients can be reduced by adding a fourth order to the parametrization. Adding a fourth order
greatly increased the variance of the parameter estimates, therefore the parametrization is limited to
the third order. The errors in the estimated aerodynamicforce coefficients curves are small (< 1%).
With the assumption that the underlying kite model is identical to Ruppert’'s model, it can be concluded
that the aerodynamic force coefficients for Ruppert’'s model can be correctly estimated by using data
from power generation cycles. The correctness of the estimated parameters cannot be guaranteed
for system states that lie outside the flight envelope for normal power cycles. Figure 5.2 shows the
identified coefficients for the aerodynamic torque in compared with the actual (known) coefficients.
The figure shows that by approximation the estimated errors are correct, however it is expected that
the parameters can be perfectly estimated since the system has no noise. The cause of these errors can
be introduced by rounding errors in the logged data, but since the rounding error is generally random,
this is not a likely cause. Another cause can be an implementation error in the simulation environment
which is most likely. A third cause could be an error in the system identification procedure, which
seems also unlikely since the aerodynamic force coefficient curves have been estimated through the
same procedure with a high accuracy, but it is plausible still. Given the variances of the estimated
parameters it seems unlikely that generating additional flight data will improve the estimates.

A similar procedure has been performed for Fechner’s modified model. The dataset is split in four sets
where for each subset the parameters have been identified. A smaller number of subsets is chosen to
reduce the variance of the estimated parameters.

Since the underlying model is that of Ruppert the variances of the parameter estimates are expected to
be smaller for Ruppert’'s model than Fechners model. For the same reason the parameters of Fechner’s
model cannot be compared with a ground truth as has been done for the aerodynamic coefficients of
Ruppert’s model.

Figure 5.3 shows that the parameter values and variances of Fechners model. Parameters corre-
sponding to the depower (Cé't, Ck*t) are low with a low variance. Furthermore it can be observed that
the depower does affect the lift and drag of the top more than the sides.

The identified steering coefficients (C5°, C5°, €3, C5° are all identified to be zero with low parameter
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Figure 5.2: Estimated parameters and standard errors for the identified parameters of Ruppert’'s model. For the meaning of the
parameters the reader is referred to subsection 4.1.1.

variance. Since the steering §; € [0, 1] these values are expected to be visibly nonzero.

A high parameter variance means low certainty, the parameter might be redundant and possibly fits to
noise. Additionally a low parameter value with low variance, means the parameter value certainty is
high, however it's contribution is low, therefore the parameter can be considered to be dropped. Before
dropping a parameter from the model, one needs to take a look at the effective contribution in the
resulting aerodynamic coefficient, e.g. by multiplying the depower parameters by the average depower
value.
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Figure 5.3: Estimated parameters and standard errors for the identified parameters of Fechner’s model. For the meaning of the
parameters the reader is referred to subsection 4.1.2.
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Figure 5.4: Estimated aerodynamic coefficient (solid line), true aerodynamic coefficient (dashed), instantaneous estimate (red
dot) and 2 bound of the aerodynamic coefficients identified for Ruppert’s kite model for varying a« and . From top left, top
right to bottom: Lift force, drag force, side force coefficient. The 2¢ bound is not visible due its narrowness compared to the

linewidth and size of the plotted dots.



Investigation of the Effect of the Mass
and Drag of the KCU

The previous chapters all contain preliminary work that was required in order to be able to perform ex-
periments in a simulation environment. This chapter will first restate the goal of the experiments. Then
the four different experiments will be explained that inspect different values for the mass and drag of the
KCU for two different wind speeds. In order to facilitate the comparison of flight data between experi-
ments, the average cycle needs to be determined for each experiment. This cycle averaging method
will be explained followed by a comparison between the averaged cycles of the experiments.

For the readers’ convenience, the research question will be repeated:

"What are the effects of mass and drag of the kite control unit on the flight behavior of a flexible
airborne wind energy system kite during flight?”

Additionally, in the motivation of this research (subsection 2.4.2) the following hypotheses have been
proposed:

+ Kite roll caused by the outward motion of the KCU due to centrifugal forces positively contributes
to the steering.

+ Additionally, it has been observed in experimental flights that added drag induced by an on-board
turbine reduces the angle of attack of the kite.

» The aerodynamic drag of the KCU might play a role in the hypothesized outward motion as well.

6.1. Experiment Description and Cycle Flight Data Averaging

Two experiments have been performed at two different wind speeds. Each experiments consists of a
number of simulated flights. Each flight lasts at least 20 minutes (1200 seconds). An overview of the
experiment and the experiment parameters is provided in Table P.1. The system behavior of a traction-
based AWE system is cyclical, therefore one flight consists of several cycles. The flight data from the
experiments is averaged over the cycles and the average cycles are then compared.

During each simulated flight, several cycles have been flown. For most flights, the flight paths show no
more convergence after three cycles, therefore the first three cycles of each flight are discarded and
the remainder are used for analysis. The flight data is split in cycles such that the average cycle can be
determined. The flight data is then subsampled to a period of 100 ms through period averaging. This
method provides information about the standard deviations of any measured paramter at each point
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in time. Figure 6.1 shows the results of this procedure. The topright figure also shows a distinction
between the traction and retraction phase, where the traction phase is often called the power production
phase. It can be observed that the mean flight path (and power) show a gap between start and end,
this is an effect of the above described procedure since one can only average over the duration of the
shortest recorded cycle such that cycles with a larger duration are truncated.

When comparing signals it is important to take the variance into consideration. The selection of the
point of alignment (in the cycle averaging procedure) has an influence on the variance of the signals.
The variance during the traction phase will be larger when the cycles are aligned at the start of the
retraction phase. This causes the traction phase to follow after the retraction phase and any delays
that occurred during the retraction phase will leak into the traction phase as well, therefore increasing
the variance.
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Figure 6.1: Top left: Mechanical power over time for one complete flight. Top right: Average mechanical power per cycle for the
same flight with 20 in red. Bottom left: recorded flight path. Bottom right: average cycle flight path with 2¢ bounds in red.

6.2. Results for Increasing KCU Drag Experiments

The experiments discussed in this section show the effects of increasing the KCU drag for a wind speed
of v,, = 6 [m/s] and v,, = 10 [m/s] respectively. Conclusions will be drawn per wind velocity. The mass
of the KCU is mg .y = 8 [kg] for both experiments.

Firstly, it can be observed that the average cycle power remains the same when increasing the drag of
the KCU from 0 to 1.5 (Figure 6.2, Figure 6.3). A closer look shows that in both phases (traction) and
retraction the power also shows no significant variations even though the drag ratio does increase to a
maximum 5% (Figure 6.5). The retraction phase shows quite a large variance, the cause of this lies in
the flight paths which for a low wind condition show less convergence (and thus larger variance) than
the high wind condition, as can be seen in Figure 6.6 which shows the YZ coordinates of kite for the
two different wind conditions. It is expected that the angle of attack during retraction shows a decrease
with increasing KCU drag. Figure 6.4 shows the angle of attack during retraction (0-20s), except for
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the shift in time, the magnitude of angle of attack is not significantly different for different values for the
drag of the KCU.

An important remark needs to be made regarding Figure 6.2. Since the duration of the traction phase
and retraction phase are different, the average cycle power is not simply the mean of the two. For this
reason, changes in traction power have more influence in the average cycle power than changes in the
retraction power.
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0.0 0.5 1.0 1.5
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Figure 6.2: Average cycle power for increasing Cp xcy at v, = 6 [m/s]. Green (top): average traction power; Black (center):
average cycle power; Red (bottom): average traction power.
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Figure 6.3: Average cycle power for increasing Cp kcy at v, = 6 [m/s].
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Figure 6.4: Average angle of attack Cp xcy at v, = 6 [m/s]. The shaded region indicates the 2¢ bounds.
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Figure 6.5: Average drag ratio of the drag forces of the KCU and Kite for increasing Cp ¢y at v, = 6 [m/s]. The shaded region
indicates the 2¢ bounds.

300- 300r
275- 275-
250- 250-
—225- — 225
E E 225
~ 200 N 200-
175- 175

150-
150-

125-
125-

50 100

Figure 6.6: YZ position of the kite for identical KCU mass and drag for v,, = 6 [m/s] (left) and v,, = 10 [m/s] (right).

The same experiment at a wind speed v,, = 10 [m/s] shows us that a decrease in the average total
cycle power (= 7%, 250 [W]) can be observed (Figure 6.7), for Cp xcy = 0 to Cp xcy = 1.5. Figure 6.8
shows that this is caused by a reduction of generated power during the traction phase, since the power
in the retraction phase does not change (much). Figure 6.9 confirms this since it clearly shows a
lower instantaneous power during the traction phase (>30s), where during the retraction phase no big
differences can be observed.

Looking further into the cause of this decrease in generated power, Figure 6.11 shows a decrease in
the apparent wind velocity with an increase in tether force as result (Figure 6.12). Since the reeling
velocity in Figure 6.29 does not show such changes in magnitude and the flight paths during traction
are very similar (Figure 6.10), it can be concluded that the reduction in power is definitely caused by
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the increased KCU drag which leads to lower kite velocities during the traction phase and thus a lower
power output.

Additionally it is interesting to see (Figure 6.14), that the drag ratio of the KCU drag over the kite drag
is around 3% for a C, of 1.0 which shows that with the small surface of the KCU, quite a large drag
force contribution is caused due to the large value of the drag coefficient Cp.

Finally, Figure 6.15 shows a change in angle of attack of <0.5° for traction and retraction, with an
increase for both traction and retraction. It was thought that the angle would decrease during retraction,
but the reverse is shown. Considering that the apparent wind speed during retraction is lower, this is
thought to be the cause of the increase in angle of attack. The reasoning behind this is as follows:
a reduced velocity of the kite leads to an increase in angle of attack (in retraction) due to a lower
contribution of the kite speed to the apparent wind speed.

So, concluding for this experiment the reduction in average cycle power (= 7%) can be attributed to a
reduction in power production due to a reduction velocity as a direct result from the increase in KCU
drag from 0 to 1.5 Additionally, no decrease in angle of attack has been observed during retraction, the
opposite effect has been observed however quite small (<0.5°).
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Figure 6.7: Average total cycle power for increasing Cp kcy at v, = 10 [m/s].
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Figure 6.8: Average cycle power for increasing Cp ¢y at v, = 10 [m/s]. Green (top): average traction power; Black (center):
average cycle power; Red (bottom): average traction power.
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6.3. Results for Increasing KCU Mass

6.3.1. Results for Increasing KCU Mass at v,, = 6 [m/s]

The experiment showed that the average cycle power is increasing with increasing mass, this is counter
intuitive since one expects the power to decrease with increasing KCU (and kite) mass due to a reduc-
tion in effective lift available for power production.

This experiment consists of two parts, one for increasing KCU mass and one for increasing kite mass
(as a reference):

« mgcy € [0,2,4,6,8,10,12, 14, 16,18, 20, 22, 26] [kg], Mkire = 10.5 [Kg].
* Myire € [2.5,4.5,6.5,8.5,10.5,12.5,14.5, 16.5, 18.5] [kg], mxcy = 8 [kg].

Figure 6.16 shows that for an increasing KCU mass, the average total cycle power output is increasing
(with a 150% maximum). Not only does the required power during retraction decrease, the power
generated during power production is improved.

Following these observations, the question can be asked whether this increase in power can be at-
tributed to the placement of the mass at the KCU, or that an increase of the kite mass will show a
similar effect. Figure 6.17 provides an answer to this question and shows that with an increasing kite
mass, the average cycle power is increased as well.

In the same figure (Figure 6.17) can be seen that when the kite mass is varied instead of the KCU mass,
the power starts at roughly zero [kW]. One reason for this low cycle power could be the unrealistic ratio
between the kite mass and KCU mass where the kite is 2.5 [kg] and the KCU is 8 [kg].

Figure 6.18 shows a comparison between the two experiments. The results for an increasing KCU
mass is shown in black and the results for an increasing kite mass in red (which is slightly offset to the
right in order to prevent overlap). The figure shows two things: 1) For an increasing mass the average
cycle power increases, and 2) For the same total weight of kite and KCU, if the kite mass is lower than
that of the KCU, the cycle power is lower.

The figure also shows a green and red region. For the experiment where the kite’s mass is increased,
strange retraction behavior started to occur for a kite mass of 18.5 [kg] and a total mass of 26.5 [kg]. The
kite could not remain airborne for a total mass of 28.5 [kg] or higher. Therefore this region (m;,¢q; = 26.5
[kq]) is considered incomparable. In the case where the kite mass is constant and the KCU mass was
increased, the kite crashed at a total weight of 40.5 [kg]. This difference in total mass that leads to a
crash can be explained by the observed behavior that the KCU mass causes the lift vector to be pointed
more upward when the kite is on the side of the wind window, therefore increasing the ability to remain
airborne.
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Figure 6.16: Average cycle power for increasing mgy at v, = 6 [m/s]. The horizontal axis shows the total mass
(mgcy + myite). Green (top): average traction power; Black (center): average cycle power; Red (bottom): average traction

power.
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Figure 6.18: Average cycle power for increasing myy (black) and my;:. (red) at v, = 6 [m/s]. The horizontal axis shows the
total mass (mgcy + Myite)-

For a selection of kite masses my;;, € [2.5,4.5,6.5,8.5,10.5,12.5] [kg] (with fixed KCU mass mgqy = 8
[kal), a further look is taken into the cause of the power increase. Figure 6.19 shows that for an
increasing kite mass, the tether force increases during traction (>35 s) and is reduced during the first
part of the retraction phase (< 20 s). During these phases the reeling velocity shows only small changes
during the beginning of the retraction phase and almost no change in magnitude during the traction
phase. Therefore the increase in tether force during traction is the main cause of the power increase
which is a direct result of the increase in the apparent wind speed (Figure 6.21). The increased apparent
wind speed can only be increased by an increase in the kite speed since the wind speed is constant.
The increased kite velocity during traction is thought to be caused by one (or both) of the following
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two things: 1) During the downward turns the velocity of the kite is higher due to the increased mass
with a resulting increase in gravitational force leading to a higher downward velocity; 2) A lower overall
altitude of the kite (and thus elevation angle) ( Figure 6.22 ) resulting in a higher apparent wind speed
projected on the kite’s local xz-plane. The increase in kite speed will be further inspected after the
next set of experiments, since for the higher wind speed the kite trajectories show more convergence
therefore easing the analysis.

7000 —— Myite = 2.5 [kg]
rrrrrr Myte = 4.5 [kg]
6000 Miire = 6.5 [kg]
Miite = 8.5 [k

= 50001 /! Kite [kg]
= A Miite = 10.5 [kg]
Saoo0 i N Myite = 12.5 [kg]
g A s sl o —
5 3000 7
< i TN . - ,
3
¥ 20001 ‘.. | N SN,

10001 “""*“'“"“l‘};wéﬁr’\vw/

0
0 20 40 60 80 100

Time [s]

Figure 6.19: Average tether force for increasing my;;, and fixed KCU mass mg¢y = 8 and wind speed v,, = 6 [m/s]. The
shaded region indicates the 2¢ bounds.
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Figure 6.22: Average z-position of the kite (—z =altitude) for increasing my;;, and fixed KCU mass mg .y = 8 and wind speed
v, = 6 [m/s]. The shaded region indicates the 2¢ bounds.

The hypothesis that the KCU swings outward with increasing mass and therefore possibly contributing
to an aerodynamic lift force pointing inward to the turn will now be discussed. The outward KCU swing
behavior is shown in Figure 6.24. A simplified projection of the kite and tether on the yz plane shows the
difference between non-outward swing and outward swing. In the case of outward swing, the y-position
of the KCU is expected get closer to the kite or 'overtake’ the kite in the y-position during turns.

Figure 6.23 shows the difference in the y-position between the kite and KCU. For an outward swing to be
observed, the difference in y-position between the KCU and the kite is expected to be reduced to zero
or even change sign at the outer sides of the turn, which does not occur. In the figure, the turns occur
during the minima and maxima in y-position, so at approximately 42, 58, 70 and 90 seconds. Outward
swing is expected to be larger when the tether tension is lower as a result of a lower wind speed resulting
in more tether slack. However, due to the path variance, it is hard to draw any conclusions regarding
the outward swing behavior of the KCU for the windspeed of v, = 6 [m/s].
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Figure 6.23: Difference between KCU and kite y-coordinate for increasing mp ¢y at vy, = 6 [m/s]. The shaded region
indicates the 20 bounds.
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Figure 6.24: An exaggerated visualization of the expected outward swing behavior of the KCU. A projection of the kite and
tether on the yz-plane is shown. The encompassing circle shows the reachable space projected on the yz plane. The KCU is
represented by the lower blocked circle, whereas the kite’s center of mass is represented by the upper blocked circle.

6.3.2. Results for Increasing KCU Mass at v,, = 10 [m/s]

This experiment has been split into two experiments as has been done in the previous section. This
time the mass of the kite and KCU are as follows:

« mgcy € [0,2,4,6,8,10,12, 14,16, 18, 20, 22, 26, 30, 34, 38, 42] [Kg], Myice = 10.5 [kgl;
* Myite € [2.5,4.5,6.5,8.5,10.5,12.5,14.5,16.5,18.5, 20.5, 24.5, 28.5,32.5] [kg], mxcy = 8 [kg]

Figure 6.25 shows that, for a wind speed of 10 [m/s], an increase in mass leads to an increase in the
produced power (by 40 - 100 %). It also shows that the system power output will be higher when the
kite mass is larger then the mass of the KCU. The green region in the figure indicates the region where
the results will be compared since for this region the kite did not crash or show any strange deviations
in the flight path. The kite was unable to stay airborne for a total weight of 42.5 [kg] with a kite mass of
myite = 34.5 [kg]. When the mass of the KCU is varied and the total mass is increased beyond 52.5
[kg] the simulation is required to stop due to a very large peak force in the retraction phase which the
numerical solver is unable to deal with, resulting in a crash of the kite.

The flight paths show low variance (Figure 6.26) which enables further investigation into the cause of
the increased power output. The data for an increasing kite mass will be used for this analysis since this
shows the most promising gains in power and it is expected that the underlying cause of the increase
in cycle power is identical.

Figure 6.27 shows that the average power of the retraction phase varies very little and therefore the
increase in cycle power can be attributed to an increase of power during the traction phase. Figure 6.28
shows that during the traction phase (>25 [s]), the tether force is increasing with increasing kite mass.
What can also be observed is that the tether force is limited to the tether force limit set by the ground
station controller. It is at the times the tether force limit is reached that the reeling velocity is increased,
which can be observed in Figure 6.29. For the cases where the tether force does not reach the force
limit, no big differences can be observed in the reeling velocity. So the increase in power is caused by
the increase in tether force in combination with an increase in reeling speed where the tether force hits
the force limits.
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Figure 6.25: Average cycle power for increasing mycy (black) and my;. (red) at v,, = 10 [m/s]. The horizontal axis shows the
total mass (mgcy + Myite)-

As discussed in the previous section, the increase in tether force is a result of an increase in the
apparent wind velocity which is a result from an increase in kite velocity. Inspection of Figure 6.31
shows that the velocity in the z-direction of the kite (in the global frame) shows changes in the velocity
of both the upward movement of the kite as well as the downward movement of the kite (negative z
is the upward). In the downward movement, the acceleration seems quite constant and it does not
look like velocity saturation occurs before the velocity sharply declines again. The speed at which
saturation is expected is when the vertical lift and drag components of the kite are in equilibrium with
the gravitational force acting on the kite’s mass. For an increasing kite mass this will result in a higher
saturation speed. Since saturation of the downward vertical speed cannot be observed in Figure 6.31,
the cause of the increase in kite velocity must be the result of a lower altitude leading to differently
oriented aerodynamic forces and therefore a higher velocity and tether force. The increase in the kite’s
velocity in the y-direction (perpendicular to the wind) also shows an increase in absolute kite speed,
which confirms this conclusion since the velocity in the y-direction is much less dependent on the kite’s
mass since the gravitational component does not directly influence the acceleration (and therefore
the velocity) in the y-direction. Figure 6.32 very clearly shows the effect of an increasing mass on
the altitude of the kite during traction. A reduction in altitude corresponds to a reduction in elevation
angle.
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Figure 6.26: Average cycle path for increasing my;;, at v,, = 10 [m/s]. The shaded region indicates the 2¢ bounds.
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Figure 6.27: Average cycle power for increasing my;;. at v,, = 10 [m/s]. The horizontal axis shows the total mass
(mgcy + myite). Green (top): average traction power; Black (center): average cycle power; Red (bottom): average traction
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Figure 6.28: Average tether force for increasing my;;. at v, = 10 [m/s]. The shaded region indicates the 2o bounds.
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Figure 6.30: Average kite velocity in y direction for increasing my;;. at v,, = 10 [m/s]. The shaded region indicates the 2o
bounds.
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Figure 6.31: Average kite velocity in z direction for increasing my;¢, at v,, = 10 [m/s]. The shaded region indicates the 2o
bounds.
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Figure 6.32: Average kite position in z direction for increasing my;;. at v,, = 10 [m/s]. The shaded region indicates the 2o
bounds.

As a side note, generally the addition of the KCU mass leads to oscillations in the system states, e.g.
roll and pitch rate, angle of attack, sideslip and reeling velocity.

This concludes this inspection of the cause of the power increase in the power production phase. Now,
continuing with the research question, a look will be taken at the outward swing of the KCU. Figure 6.33
and Figure 6.34 show the difference in y-position between the kite and KCU as described before. In
Figure 6.33, it can be seen that for increasing KCU masses, fluctuations at the turns start appearing.
The turns can be identified by the minima and maxima of the saw-tooth-like plot. For a regular KCU
mass of mgcy = 8 [kg] in combination with a kite mass of my;;, = 10.5 [kg], this fluctuation has a
magnitude smaller than 10 [cm] (Figure 6.34). Given the bridle length l;,;4;. = 8 [m] and a small angle
approximation, this corresponds to a fluctuation around the local x axis (roll) of = 4.5°.
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Finally, when comparing the angle of attack for both scenarios (Figure 6.36 and Figure 6.35), the fol-
lowing observations can be made:

» Retraction: For an increasing KCU mass, the angle of attack increases. For an increasing kite
mass, the angle of attack decreases.

» Traction: For an increasing KCU mass, the angle of attack has the same maxima, but lower
minima. For an increasing kite mass, the angle of attack has lower maxima and minima.

+ Traction: For an increasing KCU mass, oscillations start to appear in the angle of attack, this is
most likely the cause of the KCU temporarily overtaking the kite during the downward motion.

No conclusions can be drawn with respect to the effect of the KCU weight on the angle of attack. The
angle of attack depends on the speed of the kite, which has been shown to vary between the different
experiments. Additionally, the kite path is not constant which also affects the angle of attack. Possibly
the angle of attack is not the right measure to investigate and the orientation of the kite with respect to

a fixed wind frame or with respect to a plane defined tangential to the dome of the wind window are
better measures.
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Micy = 6.0 [kg]
—== My = 8.0 [kg]
Micy = 10.0 [kg]
2 Miey = 12.0 [kg]
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Micu = 26.0 [kg] - N
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————— My = 38.0 [kg]
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Figure 6.33: Average difference in y position between the kite and KCU for increasing mgy at v,, = 10 [m/s]. The shaded
region indicates the 20 bounds.
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Figure 6.34: Average difference in y position between the kite and KCU for mg .y, = 8 [kg] and my;, = 10.5 [kg] at v, = 10
[m/s]. The shaded region indicates the 2¢ bounds.
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Figure 6.35: Average angle of attack for increasing mg¢y at v, = 10 [m/s]. The shaded region indicates the 2o bounds.
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Figure 6.36: Average angle of attack for increasing my at v, = 10 [m/s]. The shadedkite region indicates the 2o bounds.






Conclusions and Recommendations

This is the final chapter of this thesis. In the first section, the main findings from the experiments will
be summarized. In the second and final section several recommendations will be provided for further
research and for Kitepower.

7.1. Conclusions

The findings from the experiments are summarized in Table 7.1 in order to provide a structured overview.
The findings are then condensed further below the table after finishing off with a final remark regarding
the modeling assumptions and the validity of the outcome.
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Table 7.1: Summary of the observations found in the experiments.
Action Observation for v, = 6 [m/s] Observation for v, = 10 [m/s]
Increasin
KCU d?'ag » No significant change in cycle power. « 7 % decrease in cycle power caused
from0Oto15 ° Angle of attack does not significantly by lower traction kitespeed.
' change. + KCUdragis between 1.5% and 5% of
KCU drag is between 1.5 and 5 per- the kite drag, for (0.5 < Cp gxcy < 1.5.
cent of the kite drag, for Cp xcy = 0.5 * Angle of attack increases by < 0.5°,
and Cp xcy = 1.5 respectively. likely caused by a reduction in kite
speed.
Increasin
KCU masgs * Increase in cycle power production < Increase in cycle power by 40% for

by >150% for KCU mass increasing
from O through 26 [kq].

Increase in cycle power production
by >150% for kite mass increasing
from 2.5 through 18.5 [kg].

The increase in average cycle power
has two possible causes: 1. In-
creased velocity in turns, 2. Overall
elevation angle of flight path is lower.
No conclusion regarding KCU swing
and and kite angle of attack due to
too large path variance.

Average cycle power is larger for
Myite = Micy-

Overall the above table can be further condensed:

a KCU mass increasing from 0 to 42
(kgl.

Increase in cycle power by 100% for
a kite mass increasing from 2.5 to
32.5 [kq].

The increase in power is caused by
an reduced elevation angle.

KCU swing observed of = 4.5° for
mycy = 8 [Kgl, myice = 10.5 [kg].
Changes in angle of attack observed,
but cause is unclear due to changed
flight path and kite speed.

Average cycle power is larger for
Mgite = Micy-

* A 7% decrease in overall cycle power is observed for a KCU drag of Cp xcy = 1.5.

* Increasing the mass of the KCU or kite has resulted a flight path with a lower altitude (and elevation
angle) during traction. This lower flight path generates significantly more energy (> 40%).

» An outward swing has been observed with a magnitude of = 4.5°, therefore the effect on kite
steering will be small.

» The average cycle power is larger for my;;. = ngcy.

Note on the results The results of the experiments rely heavily on the behavior of the flight controller
and ground station controller. Furthermore, the kite is assumed to be rigid, which in reality is not the
case. The wind field is assumed to be flat where in reality the wind speed is increasing with altitude.
The kite model has not been matched with experimental data but parameters have been used that
are found in other research. Also, the quantities depend very much on the kite size, therefore for a
bigger kite size the effect of e.g. KCU drag is expected to be smaller. Finally, the deformation of the
kite and the effects on the aerodynamic forces are not taken into consideration due to the rigid body
assumption. All of the above are possible sources for modeling inaccuracies and may influence the
conclusion.
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7.2. Recommendations

This section provides points of action that can be distilled from the conclusions in the previous section
and general findings during the research.

The following topics can be considered as follow-up topics for further research:

* Investigate the effect of increasing kite and KCU mass in a scenario where the effect of elevation
angle does not influence the results.

» Currently it is assumed in the kite model that the depower angle adds directly to the angle of
attack. It is suggested that to inspect the inclusion of the depower (control input) as linear terms
(similar to the angle of attack and sideslip) in the aerodynamic model for the forces and the torque
of Ruppert’s model by using experimental data.

» Compare the the Ruppert’'s and Fechner’s models (with the modifications described in this report
and the above point) through the use of experimental data.

+ At the time of writing, the author is unaware of any research regarding the optimal altitude for
traction-based AWE systems considering varying wind field, tether drag, elevation angle and
system component dynamics. It is suggested to perform research in this direction if this has not
already been done.

From a more practical point of view, the following recommendations can be made for Kitepower:

» Support the research suggested above by the placement of the sensor that measures the angle
of attack, sideslip and apparent wind speed at a location that is suitable for system identification.

« Instead of using the reference reeling velocity (v, ) provided by the winch controller to determine
the motor torque as in section 4.4, instead use the motor torque which is also provided by the
winch controller.

 Following the above point, itis interesting to investigate into reducing the power required by retrac-
tion since the ground station controller has a large influence on the cost of retraction, especially
at the start of the retraction phase.

» During the retraction phase it seems beneficial to steer the kite to the side of the wind window
(Appendix O), it is suggested to inspect this to possibly find a less energy consuming retraction
path.

» Implement a non-flat wind field instead of the flat wind field that is currently used, since this is
expected to have a significant effect on tether force (and power output).

In conclusion The question: 'What are the effects of mass and drag of the kite control unit on the flight
behavior of a flexible airborne wind energy system kite during flight?’ does not know a straightforward
answer. KCU swing has been observed but is small. The drag of the KCU leads to a measurable
decrease in cycle power and the average cycle power will be larger if the kite mass is similar or larger
than the mass of the KCU. An increasing mass of kite and KCU will lead to an increase in average
cycle power under the assumption of a flat wind profile. To more accurately determine the effects of
increasing KCU and kite mass, the effect of increasing power due to a lower elevation angle needs to
be eliminated.

In order to obtain these results a simulation framework has been built in which Kitepower’s flight and
groundstation controls have been integrated. Fechner’s kite model has been cast into a rigid body
description and Ruppert’'s aerodynamic model is now linear in the parameters. The method with which
to identify both Fechner’s and Rupperts model parameters with experimental flight data has been laid
out. Future research to improve the aerodynamic accuracy of the rigid body kite model should start
with gathering experimental flight data and matching Ruppert’'s and Fechners models, followed by a
comparison.






Integration of the Tether Drag over a
Straight Tether

This appendix is motivated by the definition of drag in [63, equation 43]. In the respective paper it is
posed that the tether drag ’is calculated by integrating the incremental torque created by the tether drag
over the length of the tether’. However no derivation has been given.

Tether element drag depends on the apparent wind speed which consists of two elements: 1) the
sweeping motion of the kite, and 2) the wind speed. Since the wind speed (and direction) is assumed
to be constant along the tether, the direction of the drag at different locations along the tether is not equal
to that of the drag of the kite. The reason for this is that the velocity of the sweeping motion is linearly
reduced when moving radially from the kite towards the ground station over the tether. The wind velocity
remains the same, thus the total apparent velocity does not reduce linearly when moving towards the
anchor point. An assumption will be made in the following analysis, and the correspondence of the
results will show that in [63] the wind speed is not correctly considered in the calculation of the tether
drag. The assumption is as follows: the apparent wind speed reduces linearly with the radial position
on the tether.

Considering a straight tether, the drag experienced by the tether at location x by the aerodynamic load
is:

Dr(x) = 1/2p(2r)(va(x))*Cpr (A1)
Vg (x) = (x/R)Va (A.2)
Here:

p = Density of the air

v,(x) = The locally experienced apparent wind speed
vax = The apparent wind speed experienced by the kite
Cpr = The drag coefficient for the tether

X = The position on the tether

R = The tether length

The torque produced by the aerodynamic load, around the anchor point is:

R
Mpr =f D(x)xdx (A.3)
0
R
Mor = [ prCos e R)vg v (A4)
0
R
Mpz = 1/4prCpr(x*/R*)VZ ] (A.5)
MD,T = 1/4prCD‘TR2Ug‘k (AG)
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78 A. Integration of the Tether Drag over a Straight Tether

The corresponding force at the location of the kite is then determined by dividing by the tether length:

DT = MD,T/R (A7)
DT = 1/4-pT'RU§'kCD’T (A8)

In the paper the following result is obtained (here the assumption is made that the apparent wind speed
of the kite is used for ,):

Drioya = 1/2pCprRyT/0v] (A.9)

Equating A.8 and A.9 gives, and using A = 2rR:

Dr = 1/8pAvi,Cpr (A.10)
1/8pAv2,Cpr = 1/2pCprR\T/0v2, (A11)
1/4A = R\T/o (A.12)
A=4R\T/o (A.13)

A is assumed to be equal to the tether reference area. Mr. Loyd states that the tether reference area
is equal to 4R\/A_, where A; = T/o. This corresponds with A.13. Due to the correspondence of the
results, it is most likely that Mr. Loyd considered a linear relation between the apparent wind speed
and the location of the tether.



Wind Field Parameters for the Power
Law and Logarithmic Wind Profile Law

Table B.1: Friction coefficient for a variety of landscapes. Adopted from [18], [66].

Landscape type Friction coefficient, a
Lakes, ocean and smooth hard ground  0.10
Grasslands (ground level) 0.15
Tall crops, hedges and shrubs 0.20
Heavily forested land 0.25
Small town with some trees and shrubs 0.30
City areas with high rise buildings 0.40

Table B.2: Roughness classes and lengths. Adopted from [18], [66].

Roughness class Description Roughness length, z, (m)

0 Water surface 0.0002

1 Open areas dotted with a hand- 0.03
ful of windbreaks

2 Farmland dotted with some 0.1
windbreaks more than 1km
apart

3 Urban districts and farmland with 0.4
many windbreaks

4 Densely populated urban or for- 1.6
est areas
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Aerodynamic Models, Reeling Methods

C.1. Reeling Methods for Flexible Tethers

and Parameters for Flexible Tethers

Table C.1: An overview of the encountered reeling methods for flexible tether models. An empty entry with a ’based on’

reference indicates that it is identical to it's reference. * Most likely

Source Reeling Reeling implementation Based on
[38] Y Control of initial tether element length. fixed number of particles [42]
[68] Y Only change length of first element
[68] Y Only change length of first element
[21] [22]
[86] Y Change tether lengths simultaneously
[30] Y Add new tether element at start with initially zero or very small

length
[62] [72]
[103] Y Two methods: 1. Direct control of the reel-out speed. 2) Direct

control of tether tension.
[22] N Fixed length
[101] Y Cable length adjusts by changing the length of the first element.
[81] N Fixed length (laddermill)
[41] N Fixed length
[19] N Fixed length
[57] [38]
[42] [43]
[104] N Fixed-length
(4]
[107] Y Change rest length of first element. Split when threshold length

is reached. Variable state vector
[14] Y [107]
[103] Y [107]
[72] Y [30]
[13] Y [1077]
[109] N [107]
[84] Y [107]
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C.2. Aerodynamic Models for Flexible Tethers

Table C.2: An overview of the encountered aerodynamic models for flexible tethers. An empty entry with a 'based on’ reference
indicates that it is identical to it's reference. All units are directly taken over from the source papers.

Source Aerodynamical model Based on

[38] average segment drag of neighboring segments. [42]
[68] F, integrated over segment length (assuming varying wind field). Forces are
distributed over the nodes according to the distribution moment.Cp, = 1.2
[68] F, integrated over segment length (assuming varying wind field). Forces are
distributed over the nodes according to the distribution moment.Cp, = 1.2
[21] [22]
[86] F| drag determined at particle location. D, =1
[30] F, halfway the tether segment. Drag depends on angle of attack. possibly in
line with apparent wind velocity (not normal to tether segment) C, = 1.056
[62] F, at particle location, Cp = 1.1 [72]
[103]  F,, through taking the perpendicular component of the apparent wind speed of
the point mass on the element from the point mass to the next point mass.
[22] Fix +F , +F;, Cp =1065 Cp = 0.0017 [48] Aerodynamic force applied to
center of elements
[101] F, + F, fixed C; and C;. Calculated at center of element and distributed over

masses.

[81]

[41] F, +F, Cp, =055Cp; =0.01

[19] yes

[57] [38]
[42] [43]

[104] F, + F, (cross-flow principle), determined at element’s center. Varying Cn and
Ct depending on Reynolds number.
[4]
[107]  F, + K. Average tether element velocity and fixed Cp. Averaged over 2 tether
elements and lumped at node. Cp = 1.2

[14] F, at lumped mass location, C, = 1.22 [107]
[103] [107]
[72] [30]

[13] Cp =122 [107]*
[109] Cp, =12 [107]

[84] F| + F,. Apparent wind speed at point mass [107]
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C.3. Parameters for Flexible Tethers

Table C.3: An overview of the encountered parameters for flexible tether models. Empty entires either inherited the parameters
from the 'based on’ reference, or no parameters could be found.

Source Stiffness Damping Diameter Density Segments Based on
[38] ko = 614600 co = 473 Ns 4mm 0.013kg/m [42]
[68] E =100 GPa, k = 2

500 Ns/m?
[68] E =100 GPa, k = 28
500 Ns/m?
[21] [22]
[86] 2mm 970 kg/m3 1,..,50
[30] E=53GPa 4mm 700 kg/m?3 300
[62] E = 48910 GPa, ¢, =473 Ns [72]
k = 6.1462 x 10°
N/m
[103] EA =490.874 N ¢ =500N/s 2.5mm 0.004761 kg/m 30
[22] 50
[101]
[81]
[41]
[19]
[57] [38]
[42] [43]
[104]
[4]
[107] 1mm 1000kg/m3 15
[14] E = 55GPa co = 30000 Ns 4mm 960 kg/m3 25 [107]
[103] EA =490.874 N ¢ =500N/s 2.5mm  0.004761 kg/m [107]
[72] [30]
[13] E =55 GPa co = 30000 Ns 4mm 960 kg/m3 [1077*
[109] 5mm 19.63kg/km 40 [107]
[84] E = 55 GPa, k, = co =473 Ns 4mm [107]

6.1462 x 10° N






Definition of the Aerodynamic Angles

The determination of the angle of attack («) and sideslip (8) angles is described here. All vectors are
in the world frame (*;). Figure D.1 shows how the angles are defined.

Figure D.1: Definition of the aerodynamic angles a (angle of attack) and g (sideslip).

The aerodynamic angles can be calculated through the orientation of the kite, the velocity of the kite
and the windvelocity. The aerodynamic velocity (v3") (not to be confused with the apparent wind speed
v)) is defined as follows:

Vi = vk — v (D.1)

Calculation of the angle of attack that is valid for all four quadrants and protected against division by
zero:

_ { atan2(n,d), where n=v% -eZ*, d=va .e%* if|vZ| %0 (D.2)

0 ifvaTl =0

Calculation of the sideslip angle that is valid for —90° < g < 90° and protected against division by
Zero:

B={ atan2(n,d), where n=v%" -el*, d=|vi%|, V&2

0 i vaTl =0

vaTAZ — yar _yar oYK if v, || # 0

(D.3)
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Vector Definitions and Transformations

Notation For any vector, the subscript indicates the frame of the vector. The following subscripts are
used:

* Global frame: *¢
+ Kite frame:
* Aerodynamic frame: *,

Vector subscripts are used as identifiers. Additionally, the can indicate the original frame of a vec-
tor, once a vector has been transformed from one frame to another. The following superscripts are
used:

* X, Y, z, directional indicators

* L, D, S: directional indicators (Lift, Drag, Side)

« +2% Vector originally expressed in the global frame

« «2'¥ Vector originally expressed in the kite frame

« *' Vector originally expressed in the aerodynamic frame

Base vectors have unit length and perpendicular to one another. We have the following base vec-
tors:

+ Global (inertial) frame: eX, e, e%

« Local (kite) frame: ef, ey, e

+ Aerodynamic frame: e5, e2, e}
Coordinate transformations are performed by premultiplication by a transformation matrix. The follow-
ing shows a transformation from the kite frame to the global frame:
*¢ = ¢ Tr*k (E.1)
(E.2)

As an example of the use of the superscripts the kite base vectors expressed in the global frame are
as follows:

g = ;Trex (E3)
g = gTiey (E4)
er = ;Trel (E.5)

Furthermore a shorthand notation for a normalized vector is introduced:
X

Xl (E.6)

X =
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The dot notation for a quantity derived with respect to time is used:

Cd

X = EX (E?)
d2

k= (E.8)

Frame definitions Each frame is spanned by three base vectors.

The kite frame base vectors are e}, e}, e%, where the x-direction points forward, the z-direction down-

ward and consequently the y-direction points to the right side of the kite.

The global frame base vectors are e}, e}, e%. A location on the surface of the earth is assumed where
the x-direction points north, the y-direction points east and the z-direction points to the center of the
earth (perpendicularly down to the surface).

The aerodynamic base vectors expressed in the global frame are:

ek =02 x el" (E.9)
el = 92 (E.10)

el x eP (E.11)

€;



Model Parameters

Table F.1: Kite model parameters

Parameter Value Description Source
Kite type V3B Kite type indicator Kitepower
my 10.5 [kq] Kite mass [84]

Apt 18.18 [m?] Projected area of the kite on the xy-plane [84]

Ags 2.38 [m?] Projected area of the kite on the xz-plane [84]

lp 8.08 [m] Bridle length Figure L.1
o}l 45 Maximum depower input

amin -60 Minimum depower angle

a*** 5 Maximum depower angle

hy 3.13 [m] Kite height Figure L.1
Wy 8.23 [m] Kite width Figure L.1
T %00 125 ooo| Kite inertia tensor Appendix H

0.66 0.00 83.01

Table F.2: Tether model parameters

Parameter Value Description Source
ch 0.96 [-] Tether drag coefficient [38]
Nmax 20 [-] Amount of tether segments

l 5 [m] Tether segment length

d 0.004 [m] Tether diameter [84]

o 0.013 [kg/m]  Tether weight per unit length [42]

Table F.3: KCU model parameters

Parameter Value Description Source
mbcy 8.4 [ka] Mass [77]
Cpxcu 1] Drag coefficient

Agcu 0.08 [m?] Frontal surface area
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Rigid Body Models

Table G.1: An overview of the different definition of the aerodynamic coefficients for the aerodynamic models of rigid-body kite
models.

Ruppert Knappskog Williams Breukels
ckF | o Cymax sin (cjs@a) Cry + CLg@ +
CLg (0.5(8L +8R) — 8ac) +
wyC
CLq 2[Vpe]l
c2F | cp@ kaC? + Cam Cpy + Cpga + Cp,a* +
Cpg (0.5(8, +8R) - Sac) +
wyC
CDq 2[vpe)|
caf | agg/a Ag /A
a k,s/Ak,pCs(B) ks/Akp<pB
JF . XF
Ci Cpcosa—Cpsina CXO"'CX,Z““'CXX%
F P rh
o Crgh + Crs(OrR-8L) + | Crph + CyrpB + Cypgpg +
wzb _wxb_ FpaL %baR
Y1 2oper]l * Y 2ol Cry, —F= +Cryp —F
zF ; qc *pa
Cy Cpcosa+ Cpsina CZO+CZaa+CZq Va +Czy <
x,T wxb b *pal
cx Clo + Cigh + Cipgpey + | Cigh + Chogyg *+ iy —H= +
wzb XpaR
Cp 5222 1 ¢, (8g -6 2l
Ir Zoq) + Cls (BR = 81) _ Ciap %
y.T wyc qc ¥ba
Ck Cmo + Cmg@ + Cmq o) + | Cmo+Cma@+Cmg P +Cimy —2
Cmg (05(8L, +8R) — Sac)
z,T br wxb _ rb
Ck Cz550s + CzpB + Czr Val * —CksBs + k,5c51 - Cng + CnBﬁ + Cny Tyfe“ + Ch = Cnlgﬁ + Cnp e t
9.V j 1, w2 b b3 B3
2hFd. ckaBp/ (5 PairwibA wz _ bal baR
Crg Gk . kdPb (2 airWe ) Cny Torg] +Cng (8p ~61) Cnyy, R +Cnyp 2
" PAgblval
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Determination of the Inertia Tensor

The method for obtaining an estimate of the inertia tensor will be described here. The method uses
3D drawings of the kite, known values for material weight and a measurement of the kite weight. The
kite consists of a leading edge, several struts and the canopy (Figure H.1) which in turn are made of
materials tabulated in Table H.1.

Leading edge

Figure H.1: Kite components. Leading edge: continuous tube from left tip to right at the front of the kite. Canopy: canvas
placed connected to the leading edge and covering the struts. Struts: Tubes placed along the longitudinal axis of the kite,
connected in the front to the leading edge.

Table H.1: Kite components, materials and material weights. The leading edge and the struts consist of two types of materials.

Weight [kg/m?] Canopy Leading edge Struts

Ripstop 0.05 X
Dacron 0.16 X X
TPU 0.12 X X

The total surface area per component has been determined with the aid of Rhino CAD software [12]
(Table H.1). The component weights can be determined from the material weights combined with the
component surface areas. since the component weights did not add up to the total kite weight, a
correction factor of 2.21 has been applied. The results are shown in Table H.2.

Table H.2: Component surface area and weight.

Area Weight [kg] Corrected weight [kg]

Canopy 255 1.276 2.82
Leadingedge 5.5 1.544 3.41
Struts 7.7 2.156 4.77
Total 4.98 11.00
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94 H. Determination of the Inertia Tensor

The second moment of inertia ([kgm?]) of each component around its own center of mass equals the
area moment of inertia [m*] multiplied by the corrected specific material weight [kg/m?]. The area
moments of inertia have also been determined with the aid of Rhino CAD software [12] and are shown
in Table H.3 alongside the resulting component moments of inertia.

Table H.3: Area moments and second moments of inertia per component around the component center of mass.

A Im*] Ay [m*] Ag, [m*] L kgm?®] I,y [kgm?] L, [kgm?]

Canopy 191.14 27.06 187.43 21.13 2.99 20.72
Leading edge  33.94 1.78 32.37 21.01 1.10 20.03
Struts 68.33 9.93 64.03 42.29 6.15 39.63
Sum - - - 84.43 10.24 80.63

To obtain the total inertia tensor, the inertia’s of the individual components will be combined using the
parallel axis theorem, using (Equation H.1) and knowledge of the locations of the component center of
masses with respect to the total center of mass (Table H.4). The added inertias due to the displaced
component centers of mass can be found in Table H.5. The resulting total inertia tensors is shown in
Equation H.2.

Ixx = m(dy? + dz?)
Iyy = m(dx? + dz?)
1zz = m(dx? + dy?)
Ixy = m(dx - dy)
Ixz =m(dx - dz)
lyz =m(dy - dz)

(H.1)

Table H.4: Component distances to kite center of mass.

x[m] y[m] z[m]

Canopy -0.34 0.00 -0.12
Leadingedge 0.73 0.00 -0.19
Struts -0.32 0.00 -0.20

Table H.5: Additional inertia’s due to distance of components with respect to the total center of mass.

L [kgm?®] Ly, [kgm?] I, [kgm?] Iy, [kgm?] Ly, [kgm?] I, [kgm?]

Canopy 0.04 0.36 0.32 0.00 0.11 0.00
Leading edge 0.12 1.93 1.81 0.00 -0.46 0.00
Struts 0.20 0.70 0.50 0.00 -0.31 0.00
Total 0.36 2.99 2.63 0.00 -0.66 0.00

Le —Ly —Lg| [8479 000 0.66
y=|-Ly, L, —L,|=|000 1323 0.00 (H.2)

N S 0.66 0.00 83.01



Tether Model Verification

I.1. Static Catenary Curve

In this section a simulated tether is attached to the origin and a horizontal force is applied to the free end
of the tether. It is expected that tether elements lie on the catenary curve (Equation 1.2). The results
are visualized in Figure 1.1. Additionally, the error in vertical displacement of the final element together
with error statistics are provided.

The tether is initialized vertically. Due to the force the tether will start to move. In order to minimize the
effects of tether dynamics on the results, a convergence criterion has been specified and velocity damp-
ing in the form of aerodynamic drag is applied to each element to improve convergence speed.

The convergence criterion dictates that the sum of the absolute position changes (Equation 1.1) per
time step of each element must be smaller than a given threshold €. Experiment specific parameters
can be found in Table I.1.

i=n
1/2
5= (Calk = 1] = xi[kD? + Oxlk — 1] = 3 [kD?) (1)
i=1
k = Time step [-]
ng = Number of tether segments [-]
i = Tether element index [-]

x;[k] = Element number i, position in x direction at timestep k [m]
v;[k] = Element number i, position in y direction at timestep k [m]
6 = Sum of absolute position changes [m]

€ = Threshold [m]

Table 1.1: Experiment parameters for the catenary tether verification.

Parameter Value Unit

dt 0.0083 [s]

€ 57> [m]
N 40 [-]

I, 20 [m]
Dt 2.0 [kg/m]
g 9.81 [ms™?]
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Figure I1.1: Comparison between the analytical catenary curve and the measured positions of the tether elements.

In order to compare the results with the catenary curve, a horizontal and vertical transformation has
been applied. This leads to the following modified catenary equation

X—x x
y=acosh< m)—acosh(—m)
a a

_ K
a=w (1.2)

(3

a = Catenary coefficient [ms™*]

x = Position in the x direction [m]

X, = X position of last tether element [m]

F. = Applied tether force in the x-direction [N]
g = Gravitational acceleration

w = Tether unit length element weight

m, = Tether segment mass [kg]

[y = Tether segment length [m]

The curve formed by the locations of the tether elements corresponds to that of the analytical catenary
curve as can be seen in Figure 1.1. Table 1.2 show the absolute and percentage-wise errors in vertical
displacement. Part of the error can be attributed to the remaining movement of the elements. The
percentage-wise error is determined with respect to the expected vertical displacement corresponding
to the analytical catenary curve. It can be observed that the error found in this experiment is maximally
0.11%. The standard deviation indicates that the results show no big fluctuations between different
input forces.
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Table 1.2: List of vertical displacement errors for different horizontally applied forces. The vertical displacement error is absolute.
The percentage is determine with respect to the true vertical displacement determined via the analytical catenary curve.

Force [N] Vertical displacement error [m] Vertical displacement error [%]

50 0.019 0.110
100 0.009 0.058
200 0.003 0.022
300 0.001 0.012
400 0.001 0.008
500 0.000 0.004
600 0.000 0.002
700 0.000 0.003
800 0.000 0.002
900 0.000 0.000

Table 1.3: Statistics for Table 1.2. This table shows the mean absolute error, maximal absolute error and the standard deviation
of the errors.

Statistic Absolute error [m]  Absolute error [%]

mean 0.003 0.022
max 0.019 0.110
std 0.006 0.035

|.2. Aerodynamic Drag

The goal of this section is to explain the method used for the verification of the aerodynamic drag in
the tether model. For this experiment the tether is divided up into 63 tether segments which are rigidly
connected such that the tether is one straight rod. The tether is constrained at one and and the other
end is free. The tether is initialized horizontally and then released in order to swing freely.

For an increasing amount of tether segments, the tether drag is evaluated for each segment according
to Equation 4.16. The total torque caused by the aerodynamic drag is determined by the multiplication
of the drag force per segment multiplied by its distance to the attachment point. The total torque is then
compared with the theoretical torques which is determined analytically through the integration of the
drag over the length of the tether and is shown in Equation 4.14.

During this procedure the forces are not applied to the tether and the inertia of the tether remains
constant. Therefore the swinging behavior of the tether is not influenced by changing the evaluation of
the drag over the tether.

This experiment is performed for an increasing number of groups and thus an increasing number of
segments, since the number of segments is a logical consequence of the group size. The group size is
the amount of tether segments that are considered to be one. For example, a group size of one means
that all segments act as individual segments, resulting in the maximum number of segments. A group
size of two means that two segments together form a group, resulting in half the amount of segments.
A group size of 63 means that all segments act as one group and thus the total number of segments
is one. Groups are formed from the end of the tether towards the attachment, the remaining segments
that form an incomplete group form a final group. As a final example, a group size of 50 results in two
groups: one of 50 segments and one of the remaining 13 segments.

Figure 1.2 shows that for an increasing amount of segments, the solution converges to the analytical
solution.
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Figure 1.2: Left: Error in integral torque between the analytical solution and the segmented drag evaluation. Right:
Instantaneous drag induced torque over time for an increasing number of segments. Here the lowest light blue curve
represents the drag induced torque when one element is used for the evaluation of the torque and the topmost (red) curve is
the analytical solution. The number of segments increases with the color changing from light blue to red.



Dynamic Engine Verification

In order to built trust in the physical correctness of the Nvidia PhysX, an experiment has been performed.
In this experiment a compound pendulum is swung with a low amplitude. The smaller the starting angle,
the closer the results should be to the natural frequency. If the frequency is near the expected frequency,
this provides trust in the physical correctness of the physics engine.

The natural frequency of a compound pendulum, using a small angle approximation can be determined
via Equation J.1. The compound pendulum exists of one mass which is displaced from the center of
rotation. The total inertia of a compound pendulum around the axis of rotation can be determined
through the parallel axis theorem (Equation J.2).

w= [|—=) [rad/s] (J.1)
Iy
I, = I; + ml? (J.2)

Here I; is the moment of inertia of the sphere around its local axis of rotation, m is the mass of the
sphere and [ is the distance of the sphere to the point of rotation.

The compound pendulum is given an impulse at initialization, resulting in a small maximum angle
(Bmax)- From the time response the peak locations are located and the average period length is deter-
mined. The frequency is derived from the average period length.

The measured frequency is 0.4970 [Hz], whereas the expected frequency: 0.4965 [Hz] corresponding
to a percentage wise error of 0.1007%, which is though to be sufficiently small to trust the physical
correctness of the physics simulation engine.

Table J.1: Pendulum experiment parameters.

Parameter Value Unit

g 9.810 [ms2]
m 1.000  [kg]

l 1.000  [m]
Ig 0.004 [kgm?]
dt 0.005 [s]
O 0.032 [rad]
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Rigid Body Model Description of
Fechner’s Kite Model

The rigid body description of Fechner’s 5P model is derived in this appendix. Knowledge of Fechners
model is assumed.

Aerodynamic forces Starting with the forces, the forces shown below are a direct copy from the
model paper with the exception of k;, which has been removed since it is a redundant variable and
its effects can be incorporated in the lift and drag coefficients .In the equations below it is important to
mind the different order of the multiplication (cross product) for points C and D.

B 1 X 2 X e’é'y
Ff = 5 p(Vih) A, (ag) (K1)
[IVa,z % ec; Il
1 x ek
Ff = —p(vii,%)ZAscL(ac)“—G (K-2)
2 IVa.c % eg”ll
1 ek’ xv
Fp = Ep(v 5)?AsC(ap) —e (K3)
|| X Vg pl|
Va,
Va,
a,D

Aerodynamic torques The aerodynamic torques can be determined through the cross product of
the location of the respective points and the aerodynamic force:

T=rxF (K.7)
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102 K. Rigid Body Model Description of Fechner’s Kite Model

TS =1, X F{ (K.9)

TP =1, x FP (K.10)

TS =rg xF5 (K.11)

TS = r. X F§ (K.12)

TS =r, X F) (K.13)

The center of gravity is chosen as the origin. For the total aerodynamic torque (TZ) we have :

T3=ZT=TE+T§+TE+T§+T5+TDD (K.14)

(K.15)

Local apparent wind velocities The results of the previously described forces and torques depend
on the local apparent wind velocities. The local apparent wind velocities at points B, C and D are equal
to the velocity of the kite center P, superimposed with the rotational rates multiplied with the distances
of the points. Instead of using P, as origin (as in the paper), the center of gravity will function as origin.
This leads to the following expressions for the apparent wind velocities of points B, C and D: Motion of
a body:

Vp =Vt @XTg (K.16)

v, is velocity of body center. v, is velocity of point on body. This gives the following apparent wind
velocities:

Vap =Vy —Vp— W XTp (K.17)
Voo =V — Vo —@ XTI¢ (K.18)
Vap =Vy — Vo — @ XTp (K.19)

Beware: 1,1 and rp are defined differently than in Fechner’s paper and have been determined in
Appendix L.

Local angles of attack The aerodynamic coefficients in the above described forces and torques
depend on the local angle of attack. The definition of the local angle of attack has been simplified. The
steering influences and angle offsets are incorporated elsewhere in the aerodynamic model. The local
aerodynamic angles are shown in Equation K.20. Figure K.1 can be used as a reference.

Vae = ~Va

— Xz kz _xz k,x
ap = arctan,(Vge 5 " €5 ,Vae " €
_ Xy Ky XY | kx (K.20)
ac = arctan, (_Vae,C "€6 7 Vaec " €g

_ xy ky _xy kx
ap = arctan, (Vg p - € »Vaep * €
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Figure K.1: Definition of the angles of attack in points A, B and C.

Total aerodynamic model

a
Fg 1 Voo Vo1 Vo2
a
Tg 2" [Voe Vo7 Vos
With:
ky
Voo = (VxZB)ZA—Va'B =%
a,
Va5 % €” |
eg‘zxva‘D

Xy N2
Vo = (Vgp)As—7———
llec” X vapll
Va,c
*Nvacll
k,
rg X (Vg p X eq”)

kK,
IVa,p X ecy”

Vog = (Va,C)ZA

Voe = (Vﬁ;)ZA

k,z
Ip X (e7” X Vgp)
XY N2 D G a,D
Vos = (Vg,p)“As

K,
lleg” X Vapll
Ire X Va,C

V10 = (Va,C)ZAs ”v C”
a,

Vo3
Voo

Cr(ag, 6p)

Cr(ac, 6p)
Voa  Vos || CL(ap, b5, 8p)
vio Vi1||Cp(ag, 85, 6p)

Cp(ac,8s,6p)
Cp(ap,bs,6p)

k,z

Ve X ey

_ Xy a,C G

Vo1 = (Va,C)ZASm
a,C G

Va,B
V03 = (Va,B)ZA”V B”
a,
Va,p
v05 = (Va,D)ZAs ”v ”
a,D

re X (Vgc X e’é'z)

— (Y
Vo7 = (Va,c)ZAs

k,
IVa,c x eg”ll
l‘B X Va‘B

V09 = (Va,B)ZA ”V B”

a,

l'D X Va‘D
vll = (Va,D)ZAs ”V D”
a,

X,
Vay

(K.21)

(K.22)

(K.23)

(K.24)

(K.25)

(K.26)

(K.27)

Reparametrized lift-drag equations for points C and D §¢ = —6&2, depower contribution does not change

sign, contribution to points C and D is equal.

CP (ap,8p) = Cg* + Cr'tap + C3taf + C3°6p + 563

Ch(ap, 6p) = Co* + CPfap + € af + €3 6p + €163
CE(ac, 85, 8p) = Co° + Ciac + Cy*aZ + Cy°8s + Cy° 62 + CL°6p
C5(ac, 8s,6p) = C&*° + C2%ag + CD5a + €26, + CY°62 + c2° 6,
CP(ap, 85, 6p) = C&° + Ciap + C3°ak — C° 8¢ + C1° 8% + CE° 6,
CB(ap, 85, 8p) = C&° + C2%ap + C25ak — C3°6, + €62 + C2°65)

K.28)
K.29)
K.30)
K.31)
K.32)

(
(
(
(
(
(K.33)

Aerodynamic parameters for point C and D identical. 5 parameters for lift n point A, 5 for Drag 6
parameters for lift in point and 6 for drag. Same parameters for point D. Total 5*2 + 6*2 = 22 parameters.

Parameter vector:

_ L,t L,t L,t L,t L,t L,s L,s L,s L,s L,s L,s
0= ¢ ¢t c3f octoct o cyt ot ¢yt Cy Ce

D,t D,t D,t D,t D,t D,s D,s D,s D,s D,s D,s
oy e e o S o G o S o S L - e -

(K.34)
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Qoo = Voo

QAp1 = ApVoo

Qo2 = abzzvoo

ag3 = 8pVoo

Aog = 51%V00

Qps = Vo1 + Vo2

Qpe = AcVo1 + ApVo2
ag; = agvor + af vy,
agg = 8sVp1 — BsVo
Qg9 = 85Vo1 + 65V,
a0 = 8pVo1 + 6pVo2
a1 = Vo3

Q12 = ApVp3

a3 = azzaVoa

a4 = OpVo3

a5 = 51%V03

Q16 = Vo4 T Vo5

a17 = QcVos + ApVos
a1g = agVos + afVos
ay19 = 85V — BsVos
Ao = 85Vo4 + 8&Vos
az;1 = 8pVos + 6pVos

Fo|_
Té|

2

Qoo
azz

= a2 = Vpg
= az3 = ApVopg

)
Q24 = ApVpe

azs = 6pVoe
_ _ 82
= az6 = 0pVoe

= a7 = Vg7 t Vog

(g = QcVo7 + ApVog
= Gy9 = aéVy; + AfVog
= azg = 6sVo7 — G5Vog
= a3y = 85Vo7 + 85Vog
= a3y = 6pVo7 + SpVog

az3z = Voo

Q34 = ApVoo

= dzs = a§v09

= aze = OpVoo

= az; = 85 Voo

=dazg = Vot Vi1
=azg = acVyo + apVyg
= G40 = AVio + afVig
= a41 = GsVy9 — O5V11
= a4 = 85Vip + 85V

= a43 = 0pVvy9 + 6pViy

az1 0
QA3

(K.57)



Center of Mass Location in Fechner’s
Rigid Body Kite Model

The goal here is to find the relative positions of points B, C and D (rg, r; and rp) with respect to the
center of mass.

The position of the center of mass depends on the mass distribution over points A, B, C and D. The
mass distribution should result in the same inertia tensor of for the kite, therefore the proposed mass
distribution in [38] is invalid.

Originally, the y and z-position of point A (point 3 in Figure 4.3) are fixed. This leaves us with 7 un-
knowns. These are the x and z position of the center of mass, the masses of all points (4) and the x
position of point 3.

The resulting inertia tensors must be identical. Since the inertia tensor is symmetric, this results in a set
of four unique equations. Furthermore we know that m. = my, and m;, = my + mg + m¢ + my. Finally,
the location of the center of mass depends linearly on the locations of the other points: p, = myup, +
mgpp +mepc +mppp Which leads to two more equations (only for the x and z coordinate, since the kite
is assumed symmetric), resulting in a total of 8 equations and an over-constrained problem. Therefore
and an additional free parameter is needed. Since the kite mass, height and width (Figure L.1) are
properties that can be easily determined and have a direct physical meaning, these parameters remain
fixed. For this reason z, is chosen to be a free parameter, resulting in the following set of unknowns to
be solved for:

X0,Zo, My, Mg, M, Mp, X4, Zy (L1)
The positions of the points B, C and D with respect to the center of mass are as follows:

rp = [-0.9107 0.0000 —2.4626]
r = [-0.6564 41150 0.6571] (L.2)
rp = [-0.6564 —4.1150 0.6571]
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By =313 [m]
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Figure L.1: Kite dimensions.



Rupperts Model Equations

This section describes how the matrix form of Rupperts’ aerodynamic kite model is derived. From
Equation 4.3 we can derive the following expression for the aerodynamic force and torque:

F4 = 0.5pv2A;, (Ciek + CDel + C3ed (M.1)
TE = 0.5pv2 4, CE™b (CLTel” (M.2)
Recall from Equation 4.6 that we have the following expressions for the aerodynamic coefficients:
Cg = Cg'o + Cglla + ngdz + Cg‘3a3

“2 (sgn(B)Chy + C£18 + san(B)CE, 8% + Cs°) (M.3)

¢ = s
Ay

br
8
C2T = ¢ s,+CEp+CE o
a

From the above equations (Equation M.2 and Equation M.3) we can derive the following system of
equations in matrix form:

FS=M; -0
cmor (M.4)
T¢ = Mr - 07
Where:
M = 0.5p|IValI?Arp [€5 eka eka? ela® el ela ela? ela®+
AkS S AkS S AkS S p2 AkS S p3
= sgn : = sgn —
Ay gn(B)eg Ak,peG Ay gn(B)ezB Ak,peGB
0 —[C"‘ ce, c%, c%, %, C%, c%, c%, cf, cf, cf, cf ]T
F=|CLo Cr1 Cr» Crz Cpo Cpy1 Cpp Cpz Cgo Cg1 Cso Cs3 (M.5)
5 br
Mr = 0.5p||vg||“Ak,cb [6s B
(\Al

9T=[C§S ct C;]T
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Additional System ldentification Results

The tables in this appendix (N.1) show the statistics of the identified parameters for both kite mod-
els. The errors between the estimated and true aerodynamic coefficient curves are shown in Fig-
ure N.1.

Table N.1: Statistics of the parameters identified for Ruppert’'s model (left) and the modified model of Fechner (right).

Parameter ul-] o [] Parameter ul-] o []
ck 0.195 0.001 cht -0.956 2.659
Ct 1.154  0.011 ckt -5.164 0.704
C% 8.344  0.052 cLt 14.843 1.460
C% -14.426 0.081 Cé’t 0.160 0.129
Cy 0.100 0.001 cht 0003 0.002
Ct -0.001 0.007 cLs 0016 0.013
c? 0.847 0.035 s ' '
c? 0.070 0.054 & 0.1920.108
cs 0.000 0.000 G 0698 0.234
cs -1.085 0.000 G 0.001 0.00f
cs -8.672  0.000 Cy -0.0000.000
cs 14.938  0.001 Cs* 0.001  0.000
Cno 0.075 0.002 ot 6.955 7.017
Cpn1 0.077 0.001 ct 0.823 0.725
Cpa -0.016  0.001 cot -2.503 1.463
ct -0.306 0.334
ct 0.003 0.004
cy”® -1.775 0.047
cys -1.316  0.016
cy’® -8.082 0.252
cYs 0.004 0.000
cos 0.000 0.000
cos 0.031 0.001
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Figure N.1: Errors between the estimated and true curve for the lift, drag and side force coefficient. 1 out of 50 data points are
shown.



Flight Path Suggestion for Kitepower

From the following figures it seems to be beneficial to use the side of the wind window for the retraction
phase.

— m =0 [kg]
100001 m =1 kgl
m = 2 [kq]
P—e m = 14 [kg] |
0 m = 15 [kg]
g W m = 16 [kg]
5 ¥ -—— m =17 [kg]
2 —10000+V
&
i
-200001 |/
—30000
0 20 40 60 80 100
Time [s]
—— m =0 [kg]
''''' m =1 [kg]
6000 m = 2 [kg]
m = 14 [kg]
Z 4000 m = 15 [kg]
g m = 16 [kg]
L P m =17 [kg]
= \ n
o 2000 i A B
£ / Al fn pi ) -
£ el
0
—2000
0 20 40 60 80 100
Time [s]
=0 [kgl
=11[kg]
=2 [kq]
=14 [kg]
g =15 [kg]
N =16 [kg]
L 200 m =17 [kg]
o —
p=]
'g 175
a

150

=
N
3]

—200 -100 0 100 200
Position y [m]

Figure O.1: Top to bottom: average cycle power, tether force and yz flight path for increasing KCU mass.
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Table P.1: Table with experiment parameters, filenames and duration.

Filename vy [Mis]  mgcey [kQl  Myice [kl Cpokcu [ Cpetner [1  Duration [s]
mkcu_00_mkite_10.5_w_6_2019-09-04_11:29:12 6 0 10.5 0 0.96 1318.75
mkcu_02_mkite_10.5_w_6_2019-09-04_11:51:44 6 2 10.5 0 0.96 1320.35
mkcu_04_mkite_10.5_w_6_2019-09-04_12:14:28 6 4 10.5 0 0.96 1272.5
mkcu_06_mkite_10.5_w_6_2019-09-04_12:36:37 6 6 10.5 0 0.96 1300.0
mkcu_08_mkite_10.5_w_6_2019-09-04_13:02:52 6 8 10.5 0 0.96 1439.6
mkcu_8_mkite_10.5_w_6_2019-09-03_11:54:54 6 8 10.5 0 0.96 1284.85
mkcu_8 mkite_10.5_CD_0_w_6_2019-09-06_15:56:54 6 8 10.5 0 0.96 1269.0
mkcu_8 mkite_12.5 w_6_2019-09-03 12:17:13 6 8 125 0 0.96 1282.1
mkcu_8 mkite_18.5 w_6_2019-09-03_13:37:33 6 8 18.5 0 0.96 1316.9
mkcu_8_mkite_8.5_w_6_2019-09-03_11:33:28 6 8 8.5 0 0.96 1261.7
mkcu_8 mkite_14.5 w_6_2019-09-03_12:40:03 6 8 14.5 0 0.96 1300.0
mkcu_8_mkite_16.5_w_6_2019-09-03_13:06:52 6 8 16.5 0 0.96 1278.9
mkcu_8_mkite_2.5_w_6_2019-09-05_17:05:06 6 8 25 0 0.96 1268.9
mkcu_8_mkite_4.5_w_6_2019-09-03_10:40:35 6 8 4.5 0 0.96 1311.85
mkcu_8_mkite_6.5_w_6_2019-09-03_11:11:16 6 8 6.5 0 0.96 1284.25
mkcu_8 mkite_10.5_CD_0.5_w_6_2019-09-06_11:41:26 6 8 10.5 0.5 0.96 1270.0
mkcu_8_mkite_10.5_CD_1_w_6_2019-09-06_12:10:14 6 8 10.5 1 0.96 1273.45
mkcu_8 mkite_10.5_CD_1.5_w_6_2019-09-06_12:31:39 6 8 10.5 1.5 0.96 1260.3
mkcu_10_mkite_10.5_w_6_2019-09-04_13:27:48 6 10 10.5 0 0.96 1265.41
mkcu_12_mkite_10.5_w_6_2019-09-04_13:59:51 6 12 10.5 0 0.96 1261.25
mkcu_14_mkite_10.5_w_6_2019-09-04_14:21:44 6 14 10.5 0 0.96 1300.0
mkcu_16_mkite_10.5_w_6_2019-09-04_14:45:19 6 16 10.5 0 0.96 1362.95
mkcu_18_mkite_10.5 w_6_2019-09-06_10:05:54 6 18 10.5 0 0.96 1255.85
mkcu_20_mkite_10.5_w_6_2019-09-06_10:27:01 6 20 10.5 0 0.96 1271.75
mkcu_22_mkite_10.5_w_6_2019-09-06_10:48:31 6 22 10.5 0 0.96 1265.0
mkcu_26_mkite_10.5_w_6_2019-09-06_11:10:40 6 26 10.5 0 0.96 1307.35
mkcu_0_mkite_10.5_w_10_2019-09-03_21:07:49 10 0 10.5 0 0.96 1267.9
mkcu_2_mkite_10.5 w_10_2019-09-03_21:33:48 10 2 10.5 0 0.96 1300.0
mkcu_4_mkite_10.5_w_10_2019-09-03_22:02:24 10 4 10.5 0 0.96 1356.55
mkcu_6_mkite_10.5_w_10_2019-09-03_22:26:01 10 6 10.5 0 0.96 1267.15
mkcu_8_mkite_10.5_w_10_2019-09-03_18:48:03 10 8 10.5 0 0.96 1300.0
mkcu_8 mkite_10.5_w_10_2019-09-04_09:28:32 10 8 10.5 0 0.96 1356.55
mkcu_8_mkite_12.5 w_10_2019-09-03_19:23:51 10 8 125 0 0.96 1300.0
mkcu_8 mkite_10.5_CD_0_w_10_2019-09-06_15:33:24 10 8 10.5 0 0.96 1345.65
mkcu_8_mkite_14.5 w_10_2019-09-03_19:53:10 10 8 14.5 0 0.96 1277.5
mkcu_8_mkite_16.5_w_10_2019-09-03_20:15:23 10 8 16.5 0 0.96 1307.8
mkcu_8_mkite_18.5_w_10_2019-09-03_20:37:51 10 8 18.5 0 0.96 1258.35
mkcu_8 mkite_2.5_w_10_2019-09-05_17:38:58 10 8 25 0 0.96 1275.25
mkcu_8 mkite_20.5 w_10_2019-09-05_18:00:57 10 8 20.5 0 0.96 1292.3
mkcu_8_mkite_24.5 w_10_2019-09-05_18:23:05 10 8 24.5 0 0.96 1373.5
mkcu_8_mkite_28.5_w_10_2019-09-05_18:46:34 10 8 28.5 0 0.96 1318.9
mkcu_8_mkite_32.5_w_10_2019-09-05_19:09:29 10 8 325 0 0.96 1300.0
mkcu_8 mkite_4.5_w_10_2019-09-03_14:32:34 10 8 4.5 0 0.96 1264.95
mkcu_8_mkite 6.5_w_10_2019-09-03_14:54:04 10 8 6.5 0 0.96 1382.05
mkcu_8 mkite_8.5_w_10_2019-09-03_15:25:16 10 8 8.5 0 0.96 1322.15
mkcu_8 mkite_10.5_CD_0.5 w_10_2019-09-06_12:54:02 10 8 10.5 0.5 0.96 1253.55
mkcu_8_mkite_10.5_CD_1_w_10_2019-09-06_13:15:10 10 8 10.5 1 0.96 1295.65
mkcu_8 mkite_10.5_CD_1.5_w_10_2019-09-06_13:37:11 10 8 10.5 1.5 0.96 1391.95
mkcu_10_mkite_10.5_w_10_2019-09-04_09:52:12 10 10 10.5 0 0.96 1366.8
mkcu_12_mkite_10.5_w_10_2019-09-04_10:15:50 10 12 10.5 0 0.96 1290.6
mkcu_14_mkite_10.5_w_10_2019-09-04_10:38:01 10 14 10.5 0 0.96 1279.8
mkcu_16_mkite_10.5_w_10_2019-09-04_11:01:46 10 16 10.5 0 0.96 1300.0
mkcu_18_mkite_10.5_w_10_2019-09-05 21:01:16 10 18 10.5 0 0.96 1311.05
mkcu_20_mkite_10.5_w_10_2019-09-05_21:23:19 10 20 10.5 0 0.96 1280.35
mkcu_22_mkite_10.5_w_10_2019-09-05_21:44:56 10 22 10.5 0 0.96 1278.0
mkcu_26_mkite_10.5_w_10_2019-09-05_22:07:15 10 26 10.5 0 0.96 1300.0
mkcu_30_mkite_10.5_w_10_2019-09-05_22:37:21 10 30 10.5 0 0.96 1347.4
mkcu_34_mkite_10.5_w_10_2019-09-05_23:00:28 10 34 10.5 0 0.96 1263.6
mkcu_38_mkite_10.5_w_10_2019-09-05_23:22:24 10 38 10.5 0 0.96 1280.5
mkcu_42_mkite_10.5_w_10_2019-09-06_09:16:55 10 42 10.5 0 0.96 1265.35
mkcu_46_mkite_10.5_w_10_2019-09-06_09:39:01 10 46 10.5 0 0.96 1266.5
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