Kitepower Ground
Station

|.P. Bakker

Bachelor Thesis Applied Mathematics TU Delft







tepower
Ground Station

Modelling the Ground Station of the Kitepower
System

by

| P Bakker

to obtain the degree of the Bachelor of Applied Mathematics
at the Delft University of Technology,
to be defended publicly on Friday July 13, 2018 at 12:00.

Student number: 4481941

Project duration: May 1, 2018 - July 13, 2018

Thesis committee: Dr. J.EB.M. Kraaijevanger, TU Delft, supervisor
Prof. dr. ir. AW. Heemink, TU Delft
Drs. E.M. van Elderen, TU Delft
Ir. P Faggiani Kitepower

An electronic version of this thesis is available at http://repository.tudelft.nl/.

]
TUDelft


http://repository.tudelft.nl/

ii Abstract and Acknowledgement

Abstract

Kitepower is a start up that generates energy using kites. The Kitepower system consists of airborne compo-
nents, and a ground station where a drum is connected to a generator/electrical motor. For generating energy a
so called pumping cycle is performed. In a pumping cycle energy is generated during the traction phase when
the kite pulls the drum, and some of this generated energy gets consumed during the retraction phase when
the kite is reeled in. The net energy is stored in a rechargeable battery pack.

In this thesis a model and a control is derived for the ground station of the Kitepower system, for the pur-
pose of making physically realistic simulations.

The Kitepower system is divided into a kite system and a ground station system. For the kite system already a
proper quasi-steady model exists, but in order to do simple kite simulations and analyses a simplified version
of this kite model is derived in chapter 3. In chapter 4 a ground station model is derived by using basic physical
concepts and in chapter 5 a velocity and a force control are proposed for the ground station model.

The derived ground station model and controls are implemented with Python, and incorporated in the kitepower
software in order to make simulations of a full pumping cycle.

In the result chapter 6 simulations are being done with and without using the ground station model. Both the
proposed velocity and the force control are used for the simulations. The simulations are compared on physi-
cally realistic behavior and validated with experimental data.
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List of Symbols and Abbreviations

Table 1.1: Symbols and Abbreviations

Symbols and Abbreviation | Explanation

Fy tether force

Ut tether reeling velocity

r radius of the drum

J Moment of inertia of the ground station

T4 torque on the drum exerted by the tether

Ty torque on the axis exerted by the power transducer
Tfr torque on the axis caused by friction

) angular velocity of the ground station system

0] angular acceleration of the ground station system
Gy gear Ratio

\'M apparent wind velocity

Yy wind velocity

Vi r radial kite velocity

Vit tangential kite velocity

10) azimut angle kite

0 elevation angle kite

p air density

Cr resulting aerodynamic force constant

QM quasi-steady kite model

QMcomplex quasi-steady kite model proposed by Vlugt et al. (2017)
QMsimple simplified version of QMcomplex

GM ground station model







Introduction

Kitesurfing is popular nowadays. The strong traction generated by the kite makes surfers go super fast in the
water and enables them to make high jumps in the air. Kitesurfing is an exciting experience which makes it
possible to play with the forces of nature. A nice thing about kitesurfing is that the kite is deflatable and fits in
arather small backpack. This makes it easy to travel and to bring the gear wherever in the world.

With kitesurfing the traction generated by the kite is directly converted into fun. But wouldn't it be possible to
convert this traction into consumable energy? This is a question people have been asking themselves for quite
along time already. In the past, kites have been used for tasks such as aerial photography [3], lifting up the first
radio antennae to suitable altitudes for reception of messages [4] and for meteorological observations. But it
was only later that kite constructions were built for generating energy.

Nowadays kites are used for the propulsion of ships. This construction consists of flying a gigantic kite from
the bow of a ship. The traction developed by the kite assists in pulling the merchant vessel through the water
and therefore decreases the consumption of fuel of the ship [9].

Figure 2.1: Ship propulsion by Kite

This application is truly inspiring. However, it would also be interesting if the traction could be converted
into consumable energy, so that it could function as a sustainable and environmental friendly energy resource.
This is the topic the research group from the TU Delft of the former astronaut Wubbo Ockels has been working
on. In 2016 Kitepower was founded as a result of the work from the research group. Kitepower is a leading
start-up that develops an innovative and cost-effective Kitepower system, as an alternatives to existing wind
turbines by using kites to generate electricity. Some advantages of the Kitepower system in comparison to the
traditional wind turbines is that it uses 90% less material, it can harness stronger and more persistent winds at
higher altitudes, and it’s a relativaly lightweight and therefore mobile construction [6]. This reduces the cost of
maintenance and makes it possible to generate electricity in remote locations.

Already in 2007, the first 20kW Kitepower system demonstrated the proof of concept. The 100kW system, which
Kitepower is currently developing, will be one of the first airborne wind energy systems available on the market
[6].
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In the Kitepower system a kite is connected to a (winch)drum on the ground with a tether. This drum is
connected to an electrical motor/generator, which we will refer to as a (power) transducer. This power trans-
ducer can function as a generator or as an electrical motor. During the reel-out phase the kite pulls the tether,
which makes the tether reel out from the drum, and therefore spins the drum around. This phase is also called
the traction phase. In this phase the power transducer is used as a generator and electricity is generated by
converting the rotational movement of the drum. The generated traction is maximized by flying the kite in
fast cross wind eight figure maneuvers and by powering the kite. Powering the kite means increasing its angle
of attack, the angle at which the wind strikes the kite’s surface [1]. The difference between a powered and a
de-powered kite is demonstrated in figure 2.2a, where the red kite represents a powered kite and the blue one
a de-powered kite.

When the maximum tether length is reached, the kite is de-powered by decreasing the angle of attack, and the
tether is reeled in by the drum, using the power transducer as an electrical motor. This reel-in phase is also
called the retraction phase and consumes some of the previously generated energy. Because of the power set-
tings the traction phase generates a lot more energy than the retraction phase consumes, and therefore energy
is generated throughout each cycle. A rechargeable batterypack is used to buffer the energy over the pumping
cycles.

The traction and retraction phase are demonstrated in figure 2.2b. One cycle as described above is called a
pumping cycle [11].

e @

Reel-out (traction) phase: Reel-in (retraction) phase:
energy generation energy consumption

(a) Power Settings

(b) Traction and Retraction phase

Figure 2.2: Powersetting and phases of the kite

In the following sections one can read a more detailed description of the system design and its testflights.
Then the Kitepower system will be split into two interacting systems to finally come to the research question
and methodology.

2.1. System Design

The system conists of airborn hardware, a ground station and control software. The airborne hardware includes
a kite and a Kite Control Unit (KCU), which essentially is a remote-controlled cable manipulator. The kite has
an inflatable leading edge, similar to the kitesurf kites on the beach, and can vary in size.

The drum/generator module is responsible for traction power conversion while constantly monitoring and
adapting the force in the tether. The control software includes two alternating autopilots, one for flying the
figure eight maneuvers during tether reel-out and one for the reel-in phase [1]. The following figure shows all
essential components of the Kitepower system of the earlier 20kW system, which is still representative for the
100kW system, except for the kite size.
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Figure 2.3: System Design

The wind meter is used to measure the reference wind velocity at a fixed altitude close to the ground. From
this reference measurement, the wind velocity at higher altitudes can be predicted.
The quasi-steady behavior of the kite throughout a pumping cycle is well described in the paper Quasi-Steady
Model of a Pumping Kite Power System by Vlugt et al. (2017) [11]. A brief overview of their derived kite model
will be given in chapter 3. Since a detailed description of the kite is beyond the scope of this thesis, we will now
focus on the ground station.
The ground station is a reliable and robust, but still mobile unit. It basically consists of a big drum with two
power transducers on each side. In between the drum and the power transducer a gearbox is constructed with
a fixed gear ratio. The following figure shows a picture of the ground station.

Figure 2.4: Picture of the Ground Station

A spooler distributes the line on one layer over the length of the drum. At the cable exit point in the spooler,
the tether force can be measured. The tether is a strong but lightweight and flexible cable made of the polyethy-
lene high performance fiber Dyneema®(1].

The generator stores energy in a rechargeable battery pack. The main battery is charged by the pumping oper-
ation of the kite. During the reel-in phase power is drawn from the main battery to pull back the kite. The net
energy produced during such a cycle is enough to power all computers of the system and to charge the main
battery. A future step could be to feed the obtained access power into the grid or make it available for an end
user that is not connected to the grid [1].

In chapter 4 a model for the ground station will be derived. This model takes the tether force of the kite on
the drum as input and calculates the reeling velocity of the tether. The ground station model takes the moment
of inertia of the system into account as well as the friction, and the torque of the (power) transducer. The con-
trollable element of the ground station, is the torque of the transducer. This torque can increase or decrease,
and is controlled by the software. In section 5 controls of the model will be derived.
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2.2, Test flights

The 100 kW Kitepower system is currently being developed. New features get tested every week during test
flights. Test flight are on open fields, such as the Maasvlakte of Rotterdam Harbour or the former military air-
field in Valkenburg, or sometimes in the wind tunnels at the TU Delft.

During test flights, measurement data is obtained for the purpose of improving the equipment and the mod-
els. The system is tested towards its limits, resulting sometimes in spectacular and unexpected situations and
breaking records.

(a) Control Room (b) Test flight kite (c) Safety first

Figure 2.5: Test flight Valkenburg (May 2018)

2.3. Interacting Systems

The Kitepower system can be divided into two interacting systems:
1. the Kite system
2. the Ground Station (GS) system.

The interaction between those systems can graphically be represented as follows:

Position and
power settings

Transducer _
settings
GS Control

Figure 2.6: Interacting Systems

The kite system generates tether force (F;) according to environmental, kite and tether properties. Environ-

mental properties are for example the wind velocity and density at a certain altitude. Kite properties include
the kite mass and aerodynamic lift and drag properties according to its shape and the tether properties consist
of the tether length and mass. The kite system is controlled by the KCU, which steers the kite position and
controls the power settings.
The tether force can be considered as an input for the ground station system, since it generates torque on the
drum. This torque on the drum results in a reeling velocity (v;) of the tether which is determined by the tether
force, the drum properties (e.g. moment of inertia) as well as the friction in the system. It is controlled by
torque settings of the transducer. The reeling velocity is an input for the kite system since it influences the
generated traction. The tether force can be decreased by reeling out faster, or increased by reeling out slower,
or even reeling in.
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2.4. Research Question and methodology

The kite system is already modeled properly by Vlugt et al. (2017) [11], and implemented by Kitepower for the
purpose of making simulations. In chapter 3 this model is described and simplified for analysis purposes. But
for the ground station no model exists yet within Kitepower. For doing simulations, currently the reeling veloc-
ity is fixed to a certain value for each phase in the pumping cycle. There are no physical concepts incorporated
in the ground station model yet. Therefore the research question of this thesis is:

How can we mathematically model and control the Kitepower ground station
in order to make physically realistic simulations?

The objective of this research is to derive a physically realistic ground station model and control, to predict
the real life behavior of the ground station with simplistic computer models. To derive a ground station model,
relevant physical concept are being used and combined. For deriving the control, control theory has been con-
sulted and a simplified version of the kite model is derived to do analysis on the controls.

The derived model and the controls are implemented in Python and incorporated in Kitepowers software in
order to make simulations of a full pumping cycle and to observe the physically realistic behavior of the simu-
lation.

In the following chapters we will first discuss and simplify a quasi-steady kite model, then a physically real-
istic ground station model will be derived and finally two controls are proposed.

In the control chapter some simulations are made using the derived simplified kite model in order to observe
the behavior of the control. In the chapter Results, chapter 6, one can find simulations of a full pumping cycle
using Kitepower’s kite model and the ground station model and controls derived in this thesis.






Model of the Kite System

Vlugt et al. (2017) [11] proposed a quasi-steady model of the kite system in their paper Quasi-Steady Model
of a Pumping Kite Power System. This quasi-steady kite model will in this thesis be referred to as QMcomplex
(Quasi-steady Model complex) and is implemented by Kitepower to predict the real life behavior of the kite
during the pumping cycle. With this model realistic simulations of a full pumping cycle can be made. In the
result chapter 6 simulations are being done using QMcomplex.

In order to make simple simulations of the ground station, and to do some analysis on the controls, a sim-
plified version of the quasi-steady model, QMsimple, will be derived in this chapter. This model is based on
QMcomplex but with some extra assumptions.

3.1. QMcomplex

The kite system simulation is not trivial, due to several reasons. The kite is for example flexible, which makes
it hard to predict its aerodynamic properties. Also, in the pumping kite cycle the kite flies over a large altitude
range, which complicates the environmental properties and affects the kites behavior. This is another reason
why modeling the kite is hard.

Vlugt at al. (2017) made the following assumptions to the kite system:

1. the study is limited to kites with relatively large surface-to-mass ratio, so that the timescale of dynamic
processes is generally very short compared to the timescale of typical maneuvers or complete pumping
cycles. The kite responds therefore more or less instantaneously, which results in flight operations dom-
inated by the balance of aerodynamic, tether and gravitational forces. It can therefore be approximated
as a transition through quasi-steady flight states.

2. the analysis is limited to typical tether lengths, which are much larger than the geometrical dimensions
of the kite, so that inertial forces such as centrifugal forces can be neglected.

3. the tether is assumed to be inelastic and represented by a straight line.
4. the aerodynamic properties of the kite are assumed to be constant throughout each phase.

5. the atmospheric properties are assumed to be constant over time.

With these assumptions the researchers developed two kite models, where in the first model the effect of grav-
ity on the kite and the tether is neglected, and in the second model gravity is taken into account. Both models
perform well when validated with experimental data, although the model with gravity taken into account per-
forms best.

However, to do some easy analyses on the tether force and to make some plots throughout this report, we will
now derive a simpler version of the quasi-steady model (QMsimple), taking the model of Vlugt et al. (2017) as a
guideline.
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3.2. QMsimple

For simplifying reasons the model without taking gravity into account will be taken as inspiration. When de-
riving QMsimple the most important aspects of the first quasi-steady model from Vlugt et al. (2017) will be
highlighted.

To derive QMsimple, the following extra assumptions are made:

1. the wind velocity and the air density are assumed to be constant. This we will denote as follows: v, = v},
and p =p*.

2. the position of the kite is in QMcomplex determined by spherical coordinates (7,0, ¢). In the simplifica-
tion the kite is assumed to be aligned with the wind direction. So in the wind frame, which can be seen in
figure 3.1, the azimut angle (¢p) is considered constant zero. Therefore the tangential component of the
kite velocity (v ;) is also considered 0, so the kite velocity only has a radial component (v, ). Further-
more the elevation angle (6) is assumed to be fixed (0%).

Figure 3.1: Wind frame and decomposition of the kite velocity

Vlugt et al. (2017) describe the apparent wind velocity (v,), the wind velocity relative to the kite, as fol-
lows:
Vg =Vy — V.

and when decomposed in all spherical coordinates the following description appears,

sinf cos¢ 1 0
vg=|cosOcosp| vy — |0 vk, — [cosy| Vi (3.1)
—sing. 0 siny

In this simplified situation the kite velocity (vf) only has a radial component, so
Vg =Vy —Vir.

When plugging in the assumptions (v, = v;};,,¢ = 0,0 = 6%, vy ; = 0) the apparent wind velocity vector can
be described as follows:

sin(@*) - v}, — vir
Vg = cos(0%) - v}, (3.2)
0
And therefore magnitude of the apparent wind velocity squared equals
v2 = (sin(@*) - vl — vy, )% +cos(0*)*- u;‘,z. 3.3)

3. The next assumption is that the tether is a straight line, and the effect of sagging due to distributed grav-
itational loading is not taken into account. This implies that the radial kite velocity is identical with the
reeling velocity which is controlled by the ground station

Vir=Vi=T-w (3.4)
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with r the radius of the drum and w the angular velocity of the drum. And so
v? = (sin(@*) - vl - rw)2+cosz(l9*)-vzj2 (3.5)

From this equation one can see that the angular velocity (w) is the only variable that can influence the
apparent wind velocity. All other variables are fixed.

4. The last assumption for QMsimple is that also the projected surface area of the kite (S), the area the
apparent wind is projected on, is considered to be constant.

From Vlught et al. (2017) [11] it is known that the tether force can be calculated as

1
F=2pCr VS, (3.6)

where Cp is the constant resulting aerodynamic force coefficient which is the magnitude of the drag
and lift coefficient, Cr, Cr respectively. In the simplified model p = p* and S = S* both constant, so by
defining

1
= —p*CrS*
a=-p"Cr

a > 0 is a constant. This will simplify equation (3.6) to

Fr=av?. (3.7)

When combining all assumptions described above and substituting equation (3.5) for the apparent velocity,
the final shape of the Quasi-Steady Model (QMsimple) arises:

Fy = a((sin(@*) - v}, — ro)? + (cos(0*) - vi)?) (3.8)

This simplified model is a function that is determined only by the angular velocity, with a fixed wind velocity
and elevation angle.

Let § =sin(0*)- v}, and y = a(cos(0*) - v},)?, then > 0 and y > 0 are both constants. When substituting this,
QMsimple can be simplified to

Fr=a(B-rw)+y (3.9)

In the following sections QMsimple will be used to do analyses on the tether force, and to derive a velocity and
force control.
In the simulations of the result chapter 6, the advanced QMcomplex will be used.






Model of the Ground Station

In this chapter a model for the ground station will be derived using physical concepts. In appendix A, the basic
physical concepts relevant for deriving the model are briefly explained. We will first look at all the components
of the ground station and see how these physical concepts are applicable on these components. Finally the
model is derived by combining all physical concepts of the components.

A picture of the Kitepower ground station can be seen in section 2.1. In order to derive a model of the ground
station, the design is abstracted in the following figure.

F,
\ w

\

Gear
box |

sl

Figure 4.1: Ground Station Schematic

An explanation of the symbols can be found in the list of symbols and abbreviations, chapter 1. The ar-

rows of the angular velocity point in the direction which we define to be the positive rotational direction of the
system. During the traction phase the system will rotate in this direction, and so there is a positive angular
velocity. During retraction the rotation is in opposite direction and the angular velocity will then be considered
negative.
This schematic representation is a simplification of the actual ground station. The two motors/generators are
combined in one (power) transducer, the electrical system of the transducer is not shown and also the battery
is dismissed in this drawing. The motivation for this simplification is that the aim is to make a ground station
model that can simulate physically realistic mechanical behavior. Therefore the detailed electrical influences
on the system are beyond the scope of this thesis.

For deriving the model, the following assumptions are made:

1. We assume F; pulls in tangential direction with respect to the rotation motion, and it pulls right from the
drum. This is quite realistic, since the spool in front of the drum measures the applied force F; and takes
the elevation angle into account. This spool also fixes the tether exit point tangential to the rotational
motion of the drum.

2. The mass of the drum, and therefore the moment of inertia (J) is assumed to be constant. We neglect the
fact that the moment of inertia changes due to the mass of the tether when it is reeled on or off, since the

13
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mass of the drum is much greater than that of the lightweight Dyneema®tether.

3. The radius of the drum (r) is assumed to be constant. In fact the radius changes when tether is reeled
on or off the drum, but the spool in front of the ground station distributes the line on one layer over the
length of the drum. Since the tether would only increase the radius of the drum with 1.6 %, this influence
is negligable.

The leading physical concept for the model is the conservation law of angular momentum, equation (A.3):
Jo = Thet 4.1)

where J is the moment of inertia of the system, and 7, is the sum of all torques. In this system torque is
applied by the drum, friction and the transducer. This leads to the following basic model:

Jo=Tg+Tp +7; 4.2)
Where T stands for the torque on the drum side on the system. This will be explained in more detail in section
4.4.
In the upcoming sections these torques and the influence of the gearbox on them will be described and mathe-
matically modeled. According to the assumptions, the radius and mass of the drum are constant, and therefore
also the moment of inertia of the drum is fixed. The rest of the system also has a fixed moment of inertia, and
therefore we consider J to be constant in time.

4.1. The drum

First we focus on the torque of the drum. The following figures show a schematic representation of the drum
and a full body diagram on which all the forces on the drum are depicted.

Fy

(a) Drum schematic (b) Full Body Diagram Drum

Figure 4.2: Drum

On the drum there is an external force applied by the tether force in tangential direction with respect to the
rotational motion. This makes the drum to apply torque in the positive direction. From equation A.1 it follows
that the torque of the drum equals:

Tg=Fr (4.3)

When applying the conservation law of angular momentum only on the drum, the following equation arises.
Jo = Fyr (4.4)

By integrating the angular acceleration, we find the angular velocity for the drum
t
r o s
w = 7th(t)dt. (4.5)
0

To research the behavior of the angular velocity of only the drum, we've plotted the angular velocity of several
tether force profiles. This results in the following plots where in every subplot the upper figure represents the
tether force profile and the lower plot the corresponding velocity profile.
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(c) linearly increasing to constant tether force (d) linearly increasing-decreasing tether force

Figure 4.3: Force profiles with corresponding angular velocity of the drum

It is clear that a constant tether force profile leads to a linear velocity profile (subfigure a), and a linearly in-
creasing tether force profile leads to a quadractically increasing velocity profile (subfigure b), as to be expected
from equation 4.5. A combination of those tether profiles also leads to a combination of these velocity profiles,
as to be seen in subfigures ¢ and d.

Note that in these simulations the tether force is set to a certain profile. This is not very realistic since the tether
force is usually determined by the kite system which is influenced by the external forces, such as the wind
velocity, and the reeling velocity. Changing the reeling velocity also changes the tether force profile.

4.2, Friction

Friction is an unwanted force in the system because it only generates heat and no electricity. The aim is to keep
the friction as small as possible. However, friction occurs in several places in the system. For example, in the
ball bearing of the axis and in the gearbox. Friction can be seen as a damper, and can therefore be modeled as
a torque in the opposite to the angular velocity [10]. If the angular velocity is in positive direction, the friction
torque is in negative direction and vice versa. This is depicted in the following figure:
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w
DRUM Ge& TRANSDUCER

T4

T

Figure 4.4: Friction Schematic

The net friction torque (7 ¢,) is the sum of all the friction torques in the system. From appendix A follows
that the friction is linear with the angular velocity, therefore we model the friction as follows:

Tfr=-bo. (4.6)

where b > 0 is a fixed constant that needs to be determined for the system.

4.3. Transducer

We will now focus on the (power) transducer. A transducer is a device that converts energy from one form to
another (Wikipedia). In the ground station, the (power) transducer can either function as a generator or as an
electrical motor. Both the generator and the electrical motor are rather complicated electrical systems that are
beyond the scope of this thesis. But, in the software of the ground station it is possible to set the torque of the
transducer to a certain value, and to increase and decrease the torque during the operation by acting on the
winding of the machine. Although the transducer is actually advanced, this possibility of setting the torque
with software simplifies the situation.

The torque of the transducer appears in two different ways:

1. Torque due to the generation of energy. The generation of energy causes a resistance to the angular
velocity of the drum. The external force of the transducer torque is in this case the resistive force to this
rotational motion. Note that the magnitude of the generator torque will therefore never be greater than
the drum torque, since it is a resistive torque.

2. Torque generated by the electrical motor. In this situation the external force, is the force applied by the
motor.

We define the positive direction of the transducers torque opposite to the positive direction of the drum torque.
This is due to the fact that during reel-out phase, when the torque of the drum is in positive direction, the
torque of the transducer will be in opposite direction in order to generate energy. Generating energy is the main
objective of the kitepower system, and therefore we define this to be the positive transducer torque direction.
This is depicted in the following figure:

Ty

DRUM ‘i _iai }_

Figure 4.5: Transducer Schematic
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Where GB stands for GearBox. Since the transducer torque is positively defined in the direction opposite to
the drum torque, the transducer torque will be modeled as —7;. When neglecting the gear ratio, which will be
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described in following section, this results in the following net torque of the total system:
Tnet =Td+Tfr—T¢. 4.7)
This leads to the following equation of the conservation of angular momentum (still neglecting gear ratio)
]d):‘rd+rfr—n. (4.8)

The transducer torque is not always in opposite direction to the drum torque. One can see that increasing 7,
contributes to decreasing the angular acceleration, and vice versa. When during reel-out the reeling velocity
should increase (for example to control the tether force during a wind gust), the transducer can contribute in
this acceleration by lowering the resistive generator torque or even applying a torque in the same direction as
the drum torque. In the last case the transducer applies a negative torque, and should switch from generator
to electrical motor.

When going from the reel-out to the reel-in phase the transducer should apply a positive torque greater then
T4 + T, in order to make the angular acceleration negative and the angular velocity to decrease and go to a
negative reel-in velocity. In this situation the transducer should also function as an electrical motor, since the
external force of the transducer should be greater than the external force caused by the rotational motion of
the drum. This can only be achieved by applying an electrical motor torque in positive direction. To be able to
satisfy both electrical motor applications described above, the electrical motor should be able to apply torque
in both directions. Luckily the ground station is advanced enough!

For further research it would be interesting to investigate the transducer torque in more detail. For now we
just assume that we can set the torque, but in fact the transducer torque is generated by a more complex elec-
trical system.

4.4. The gearbox

In this subsection the focus will be on the systems behavior due to the gearbox.

Ty, Wy
' Ty, Wy

DRUM —# Gear Box (G,) Q TRANSDUCER

Figure 4.6: GearBox Schematic

In figure 4.6, 71, w; represent the torque and angular velocity on the drum side of the gearbox, and 75, w, the
torque and angular velocity on the transducer side of the gearbox. In the current ground station the gear ratio
(G,) is fixed. In this ratio the gear connected to the transducer is considered to be the driver gear, and the drum
gear the driven gear. From the physical concepts, equation A.8 now follows for the angular velocity:

wy = erl- (4.9)
For the torque the following holds according to equation A.10

1
Ty = G, T]. (4.10)
Since the variable of interest is the reeling velocity of the tether, we're interested in the angular velocity and
net torque on drum side of the gear box. This net torque is influenced by the drum, the friction and by the
transducer torque. Let 74, Tf, and 7, be the drum, the friction and the transducers torque on the drum side
respectively.
In section 4.2 we defined 7 ¢, as the sum of all friction torques in the system. To calculate the friction torque on
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the drum side of the system, the friction torque on the transducer side should be multiplied with the gear ratio.
This results in the following model of the frictions torque on the drum side:

Trr=—bwg 4.11)

where b is the fixed constant, with the correct magnitude when measured on the drum side.

The set transducer torque also needs to be multiplied with the gear ratio in order to get the transducer torque
on the drum side of the system. And therefore

f[ = —Gth. (4.12)
Now alle the torques on the drum side required to derive the ground station model, are known.
4.5. Full model of ground station

In the previous section, all separate components of the ground station are modeled which led to the following
conclusions:

i, = Fr 4.13)
S (4.14)
f; = —Gth. (4.15)

(4.16)

We saw that the net torque is the sum of all torques, and therefore the net torque can be modeled as:
Tnet = Ft7 —bw —G,T;. (4.17)

For the reel-out phase, we find the following full body diagram.

Figure 4.7: Full Body Diagram during reel-out phase

The final step is to derive the full model of the ground station. When substituting equation(4.17) in the
equation of the law of conservation of the angular momentum the full model arises.

Jo =Fir—bw—G,1y. (4.18)

This is the final model will be used to make physically realistic simulations of the ground station.



Controlling the ground station

During a pumping cycle it is sometimes desirable to control the reeling velocity or the tether force. Control on
the reeling velocity is needed so that the power load can be controlled. Controlling the tether force is necessary
in order to prevent the system from breaking. For example, in a strong wind gust, a lot of force is generated in
the kite that causes a lot of tension in both the tether and the kite. Reeling out faster will decrease this force,
which in turn will reduce the tension. This is why a velocity control and a force control is needed for the ground
station throughout a pumping cycle.

The reeling velocity can be controlled at the ground station by acting on the transducer torque. Changing the
reeling velocity also affects the tether force generated by the kite. This means that at the ground station, both
the velocity and the tether force can be controlled by changing the settings of the transducer torque.

In order to emphasize that the transducer torque settings are the control objective, we will refer to the trans-
ducer torque as u from now on in the equations.

GrTi=u,
which changes the ground station model to
Jw = F;r — bw — u. (5.1)

When we want to apply control we can either use an open-loop technique or a closed-loop technique. In an
open-loop control the system is controlled in a pre-described manner, according to a desired reference value
[10]. According to this reference value, a control can be derived, causing the desired output to the system by
the process. The open-loop configuration is given in the figure below.

reference u(t) output
> Control > Process

Figure 5.1: open-loop control

In an open-loop control, the actual state of the system has no influence on the control value. In a closed-
loop control however, the control value is determined by the error (e) of the reference value and the measured
output. In every feedback loop, the measured output is used as feedback. This is shown in the following figure

reference o oe®) [ ) output
> Y »  Control > Process
N

Feedback: measured output

Figure 5.2: closed-loop (feedback) control

19
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Let r(t) be the reference value and y(¢) the measured output, then the error is defined as follows:
e(t)=y()—r(1). (5.2)

We will first derive an open-loop control for the ground station by making use of QMsimple. Then, closed-loop
controls will be derived using a more intuitive approach.

A disadvantage of the open-loop control is that the latter is derived from a simplified kite model (QMsim-
ple) and therefore doesn’t respond correctly in the advanced situation. The closed-loop control, however,
does because of the feedback that it receives. Therefore only the closed-loop controls are implemented in
the Kitepower system and used in the results section.

5.1. Open-loop control, using QMsimple
In this section an open-loop control will be derived using QMsimple.
Remember that for QMsimple holds:
Fr=a(f-rw)?+y, (5.3)

with a, f and y constants. If we plug this equation into the ground station model, the following differential
equation arises:

Jio=r(a(f-rw)?+y)-bo—u. (5.4)

Before the control is derived, we will first prove that, under certain conditions, the model has two station-
ary points (w] and w}) when the transducer torque is set to a fixed value. After this, we will show that only one
of those stationary points is stable. This implies that a fixed transducer torque together with taking the right
reference and initial values, will make the angular velocity converge to a stationary value.

Once this is proven, we will determine the value of the control that is needed, so that the angular velocity or
force converges to a desired reference value. This will result in an open-loop velocity and force control of which
the convergence will be discussed.

We will now show that for a fixed transducer torque, the ground station model has two stationary points (w]
and w;). Therefore we define:
p(w) = r(a(p-rw)?*+y) - bo, (5.5)

here p(w) is a second order polynomial. Since both r, @ > 0, the second order term is greater then zero and p(w)
is a parabola with a minimum.

Let u = u* be a fixed transducer torque. Then, for the stationary points in the ground station model the follow-
ing equation must hold:

r(a(B-rw)*+y)—bow = u*, (5.6)

and so
pw)=u". (5.7

Figure 5.3 shows sketches of the three possible combinations of p(w) and u*.
The arrows on the u* axis in the sketches represent the phase line of @. If ® > 0, @ increases and the arrows will
point to the right, and vice versa.

p(w) p()

w," W,

u* (.l)1*=(.l)2‘

(a) No stationary points (b) One stationary point (c) Two stationary points

Figure 5.3: Possible situations for stationary points

1. In the situation in figure 5.3a, u* < p(w) for all w € R. From the ground station model it now follows that
® >0 for all w € R and no stationary point exists.
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2. In the situation in figure 5.3b, u* = p(w) for only one w € R. This means that there is only one stationary
point, w] = w3 . From the phase line however, it is clear that this point is not stable.

3. In the situation in figure 5.3c, u* = p(w) for two w € R, meaning there are two stationary points w] and
w;. It can be seen from the phase line that only the lowest stationary point, w7, is stable.

If we now calculate the stationary points of the ground station model, one finds that:

o= 2aBr? +b+\/4aBbr? +4ard3(u* —ry) + b2

i 573 (5.8)
From the square root in the equation, it follows that a stationary point (€ R) exists if and only if
4apbr® +4ardw* —ry)+b*=0. (5.9)
This gives the following condition for u*:
. —(dabpr?+b?)
z—F+7rY. 5.10
“ 4ard Y (6.10)
From the analogy used in the sketches in figure 5.3, it follows that the only stable stationary point is
2apr?+b—\/4aBbr® +4ar’(u* —ry) + b?
o = afr VAaapbr? +4ard(u* —ry) ’ 5.11)
2ard
under the condition that
yr > AP L) (5.12)
4ard ¥ '

From this it can be concluded that when the transducer torque (u*) is fixed to a suitable value, w will con-
verge to a stationary point, if for the initial value holds that:

w(0) € (—o0,w3). (5.13)

Knowing that the angular veloctiy will converge if the transducer torque is fixed, yields the possibility to derive
a closed loop velocity and force control by setting the transducer torque such that the velocity converges to a
desired value.

5.1.1. Open-loop velocity Control

Suppose we want the angular velocity to converge to a certain reference velocity w
Then setting

vref

u’"l = ra(B-ro’"H? +y) - b, (5.14)
makes the value of w converges to the stationary point (w*), such that
ra(B-ro*)?-bo* -ra(B-ro’)? - bo'" = 0. (5.15)

This equation holds if and only if
w* =",

From this, it follows that setting the transducer torque to this value will cause the following desired conver-
gence:

lim (1) = 0"/

t—oo

This equation only holds under the conditions that (0) € (co,w;) and:

WVl < 2afr?+b

5.16
2ard .10

Under these conditions, the open loop velocity control, such that w converges to w"” ef  is defined as follows:

u: — T((X(ﬁ— r(x)yref)2+)/) _ bwvref i (5.17)
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5.1.2. Open-loop force control

Suppose we want F; to converge to a certain reference force (Ffref ). In that case, we actually want w to converge
to a certain reference velocity (w/"¢/) such that

raB-rofrhH? +y) = Ffref, (5.18)

Since this is a quadratic equation, the equations has two solutions:

(5.19)

Fref 1 FFref_r},
W, —(ﬁi T )

As r(a(f - rofref 2+ Y) is again a parabola with a minimum, it follows, using the same analogy from the
sketches in figure 5.3, that the only possible stable stationary velocity is equal to:

Fref_l _ FFref_rY
Wil = r(ﬁ V" ) (5.20)

ef

. . F . .
Since we want Fr,.r to converge to a steady state, we pick w; ") as the desired angular velocity value.

From here on, the deriviation is analogous to the velocity control. Setting the transducer torque to the fol-
lowing value:

Fref

Frely2 L y) - bo! (5.21)

up=r@pf-ro

will make the velocity converge to the desired value, when the conditions for w?"¢/ are taken into account as
well.

5.1.3. Convergence of the open-loop control
In this section we will look at the convergence speed when w =~ w?"¢f. In this situation we can make use of a
linearization. Let w""¢/ be the desired angular velocity and let
u, =r(ap- rovmeH? +7) - bw'ef
be the control. For
Jo=r(@B-rw)?+y)-bw-u, (5.22)

it follows that ,

Jo=—-@rlaf+b) (-0’ +rPaw?-w'). (5.23)

When it is assumed that w = w?"¢f, w? can be linearly approximated by only looking at the first order term of
the Taylor expansion:
w? = 20 - 0" e el (5.24)

Plugging this linearization into equation 5.23, it follows that:
Ji=-@2rlaf+b-rlaw’ ) (w-w'"). (5.25)
Let z be the difference: w — w?"¢f, then z = @. This leads to the following differential equation
]z':—(2r2aﬁ+b—r3aw”ref)z (5.26)
Solving this differential equation analytically gives the following result:
2= e J@rtapb-rav Nt @) (5.27)

vref

From this result it is clear that lim z = 0 and therefore that indeed lim w = w , when

t—oo t—oo
2apr®+b
wvref< ﬁ )

a3 (5.28)

The convergence speed is determined by the fixed values r, &, 8, b and 0”"®/ and cannot be influenced by the
actual state of the system.

This open-loop control is derived from the simplified model, QMsimple. Further research is needed to extend
this control to a open-loop control that is useful for the Kitepower system.
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5.2. Closed-loop (feedback) control

In this section we will propose closed-loop (feedback) controls by making use of an intuitive approach. The
controls defined in this section will be applicable for the Kitepower system, since the feedback will force the
control to act until it reaches the desired reference value.

In closed-loop control theory it is most common to look at a PID control, where the B, I, and D stand for Pro-
portional, Integral, Derivative respectively [7][10]. In a PID control the value of the control is determined by
the error (e) between the reference value of the control variable and the measured output. If we define u"¢/ as
a reference control value, for example the open-loop control value we've derived in the previous section, the
overall control function of a PID control can be mathematically expressed as

t
u(t) —u"* = 1e(0) + )L,-f e(Hdi+Ag dg(tt), (5.29)
0

where 1,,A; and A, are constants for the proportional, integral and derivative term respectively. To create a
smooth feedback control all three terms in the control function play a role. However, it is also possible to only
use a proportional control, an integral control or other combinations.

The open-loop control derived in the previous section could be converted to a feedback control by adding a
proportional component for example. This would result in the following control

u(t) - u" = Aye(o). (5.30)

A big advantage of a feedback control over a closed-loop control is that the convergence speed can be influ-
enced by changing the values of A.

However, for the derivation of a control for the advanced Kitepower system, the actual value of u” ef is un-
known, since the open-loop feedback control derived in previous section was based on QMsimple and not on
QMcomplex. In order to avoid this problem, integral controls are being used to control the ground station. The
integral control is defined as follows:

t
u(t)—uref:)Life(f)df. (5.31)
0

When taking the derivative on both sides with respect to the time, we find that:
u' (1) = Ae(r). (5.32)

The derivative shows that ©%/ is not needed for the integral control. Therefore, integral controls are useful
as they are capable of controlling the ground station model without knowing the value of "¢/, In a closed
loop control, the control value is updated after every feedback cycle. Let uy and uy,, be the control values in
feedback loop k and k + 1 respectively, and h = fx;1 — ti the size of the time step, then discretizing the integral
control (equation (5.32)), using explicit Forward Euler, will lead to the following updating formula:

Upr1 = U+ h-Ajeg. (5.33)

In section 6.1 the explicit Forward Euler method will be briefly explained.

5.2.1. Integral velocity control

We will now derive a closed-loop integral velocity control by analyzing the desired behavior of the control.
The aim of the velocity control is to let the (angular) velocity converge to a certain reference value (w”®/). When
controlling the angular velocity, the latter should increase if w < ™/, decrease when w > 0"/ or maintain a
constant velocity when w = w™®/. All three situations will be discussed by making use of the ground station
model.

1. Let’s first discuss the situation where w < w"¢/ and the objective is to increase w. In order to increase ,
we must have that: @ > 0. This implies that:

Jo=F;r-bw—-u>0,

since J > 0. The equation above holds if # small enough, so it makes sense if u is decreased.
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2. In the situation where w > 0"/ and the objective is to decrease w, the following equation must hold:
® < 0. This implies that
Jow=F;r—bw—-u<0.
The inequality above can be achieved by increasing u.

3. Finally, when w = 0"®/, the objective is to maintain . Therefore the following equation must hold: & = 0.
This implies that
Jow=F;r—bw—-u=0.
To achieve this, u should be equal to
Ftr - bw.

For the velocity control, the error is equal to w — w”®/ and the desired velocity control described above can be
obtained using the following integral velocity control rule:

U1 = Ug + R Ay —0™) (5.34)

where 1, > 0 is a constant that can be set by the control.

It can be seen that this control rule indeed follows the desired behavior; when w < "¢/ then u decreases and
vice versa. When w = 0"/, u remains constant. However, & might not be zero (for example when u # F;r — bw).
In that case the angular velocity will still change and situation 1 or 2 will occur again in the next feedback cy-
cle, which causes the control to respond. Because of this phenomenon, the control might oscillate towards its
desired velocity. The gain 1, will determine the strength of the control. A larger value of A, makes the control
react quicker compared to a smaller A,,. This is depicted in the following plots.

Velocity Control, A =0.05 Velocity Control, A =0.5 Velocity Control, A =5

w & 0 o
o
5

Angular Velocity (rad/s)

Angular Velocity (rad/s)
Angular Velocity (rad/s)

°
°
°

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Timel(s) Time(s) Timel(s)

Figure 5.4: Effect of A using velocity control

In these plots QMsimple is used to calculate the force and the objective of the control is to converge to
w"®f = 6. It is clear from these plots that A, influences the convergence speed of the control, which was not
possible with the open-loop control. One can see that the control for 1, = 0.05 is the slowest converging con-
trol, but it oscillates and overshoots less compared to the larger values for 1,. The higher the 1, value, the
quicker the control reacts, but at the same time it is also more unstable.

5.2.2. Integral force control

The objective of a force control is to let the tether force converge to a certain reference force (Ftr ef ). When
we look at QMsimple (F; = a((sin(0*) - v}, — rw)? + (cos(8*) - v},)?)), the tether force is determined by the wind
velocity (vy,), the elevation angle () and the reeling velocity (rw). The wind velocity and elevation angle are
external forces that cannot be controlled by the ground station. The reeling velocity, however, can be controlled
by fixing the transducer torque (u), just as in the case when we derived the velocity control.

It is clear from QMsimple that increasing the angular velocity (w) decreases the tether force. So when the force
is too strong, due to for example a gust, a solution to reduce the tether force would be to increase the reeling
velocity. On the other hand, one can see that decreasing rw implies that the tether force is increased. This
means that when the tether force is too low, the reeling velocity should decrease as well.

In the force control the error is defined as: F; — Ftr °/In order to get the desired behavior of the control the
following integral control rule is proposed:

Uy = g — h-Ap(F — F,T) (5.35)
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where Ar > 0 is a constant that can be set by the control. It can be seen that this rule indeed follows the desired
behavior; when F; > F, tr ef , the transducer torque decreases and vice versa.

Again Ar determines the reaction speed of the control. This can be seen in the following plots for several A
changes. The tether force is calculated by QMsimple and the reference force F, */~1500.

Force Control, A=0.05 Force Control, A=0.5 Force Control, A=1.5

0 20 40 60 80 100 0 20 40 60 80 100

Time(s) Time(s) Time(s)

Figure 5.5: Effect of A using force control

From the figures above it can be seen that also for the force control we have that the higher the value of A
is, the quicker the control reacts with a higher overshoot and due to the fast reaction the oscillation behavior
occurs. A lower Ar results in a slower control, but converges almost as quick without oscillating.

These oscillations in both the velocity and force control are not ideal when one wants to generate energy.

Adding a Proportional and a Derivative component to the PID controller would most likely improve the control.
This would a good topic for further research.






Results and Validation

In previous chapters a simplified version of the kite model, a ground station model and a control is derived. In
these chapters QMsimple is being used for simulations of the ground station model and its controls.

In this chapter simulations of the ground station model will be performed for a full pumping cycle, using QM-
complex, the quasi-steady kite model described in Vlugt et al. (2017).

For the implementation the models are discretized, calculating the new states for every time step. Let wg, (F7)k,
(uy)k, (up) i be the angular velocity, the tether force and the velocity and force control value at time step k re-
spectively, and w1 be the angular velocity at the next time step k + 1, then the implementation cycles are
depicted in the flow diagrams in figure 6.1. The velocity and the force control both need different inputs, re-
sulting in different flow diagrams.

aM (Fok
" =T o .
Velocity Force
Control [ (u,), Control  [(ug),
(a) Implementation with velocity control (b) Implementation with force control

Figure 6.1: Implementation flow diagrams

In the implementation cycle the following steps are taken:

1. According to the reeling velocity (wy) the tether force (F;) gets calculated by the Quasi-steady kite Model
(QMcomplex).

2. From the velocity or the tether force, the generator torque (u,)x or (ur); will be determined by the ve-
locity or force control respectively.

3. From (Fp) and (u,) or (up)j the ground station model (GM) calculates the reeling velocity for the next
time step (Wg+1)-

We will now briefly discuss the discretization of the ground station model. Then experimental data will be

shown and simulations will be performed of a full pumping cycle, using QMcomplex.

6.1. Discretization of the ground station model

For the discretization of the ground station model the (explicit) Forward Euler method is being used. This
method will be briefly outlined in this section.
Remember, the ground station model is the following:

d)z%(rFt—bw—u). (6.1)

27
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Let ;. be the k*" time value. We define the timestep h = ti,; — f%.
From the definition of a derivative it is known that

. . o+ h) —-ow()
w=lim —.

6.2
h—0 h 6-2)

For a small timestep i we approximate the differential equation of the basic model with the following difference
equation:
. Wi+l — Wk

o= — (6.3)

In the (explicit) Forward Euler method all the values that are used to calculate the approximation at the new
time value are already known. When applying the approximation of the derivative to the ground station model,
while only using values of the previous time value, the following equation arises

w —-w 1
% = S (Fo)ie = boog = ). (6.4)

Let @ be the numerical version of w it follows from previous equation that
. _ h
Of+1 Zwk+7(r(Ft)k_bwk_uk)- (6.5)

This discretization will be used in the implementation to update the angular velocity for every timestep when
using the ground station model.

6.2. Results: experimental data and simulations of a full pumping cycle

In this section simulations are performed of a full pumping cycle using QMcomplex, the quasi-steady kite
model as proposed by Vlugt et al. (2017) [11]. In order to be able to discuss the physically realistic behavior
of the simulations, we will first look at experimental data of one pumping cycle. Then a simulation will be per-
formed without using the derived ground station model, but instead using basic velocity settings. This method
was being used to make simulations before.

Then a simulation will be made using the ground station model and the (closed-loop) velocity control, and
finally a simulation will be made using the derived ground station model and the (closed-loop) force control.
All simulations will be compared on physically realistic behavior, using the current model with the basic set-
tings as a baseline situation.

In the plots the pumping cycle will start with the retraction phase, then a transition phase, and finally the
traction phase. The transition phase is needed to steer the kite in the correct position to start the traction.
In the traction phase the path is modeled and therefore simulated as a straight line, as to be seen in figure
6.2, although in real life the kite will make figure eight maneuvers. However, in the experimental data these
movements will be visible, since they cause a fluctuation in tether force, velocity and apparent wind velocity.

250 T T T T T
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Figure 6.2: Pumping Cycle path
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During the retraction phase and the first part of the transition phase, the kite is reeled-in, and during the
second part of the transition phase and in the traction phase, the kite is reeled-out.

The retraction phase starts at the maximum tether length and continues until it reaches a set reference length.
Then the cycle starts the transition phase, which is divided in two parts; in the first part the kite still reels-in,
but it will slow down. Once the reeling velocity is zero, the second part of the transition phase starts and the
kite will reel-out due to new kite settings. When a certain set elevation angle is reached, the transition phase
stops and the traction phase starts. This phase continues until the tether length reaches its maximum.

From the experimental data and from the simulations, the following plots are produced:

1. The reeling velocity of the tether (m/s) over time. For positive values the kite is reeled-out, for negative
values the kite is reeled-in.

2. The tether length (m) over time. The length represents the length of the tether in the air, so not on the
drum. Since the simulation starts with the retraction phase, the tether length is at its maximum when the
simulation starts. When the drum switches from reel-in to reel-out the tether length reaches its minimum
for that cycle.

3. The tether force (kgf or N) over time. In different phases throughout the pumping cycle different power
settings are being used, resulting in different forces. During the retraction phase the kite is de-powered,
resulting in lower traction forces, and during the traction phase the kite is powered. In real life, the kite
makes figure eight maneuvers during the traction phase for increasing the tether force. This increase in
traction force is taken into account in the kite settings, but that path is not simulated. Also, the instability
in the tether force, due to this trajectory in the traction phase, is not taken into account. However, in the
experimental data the fluctuations in tether force during the traction phase can be observed.

4. The apparent wind velocity (m/s) over time. The apparent wind velocity is the flow velocity relative to
the kite, which can be influenced by power settings, reeling velocity and steering maneuvers.

5. The path of the kite determined in in X-Z coordinates (comparable to the path in figure 6.2). In these
plots the ground station is located in the origin and the axes represent the deviation of the kite from the
ground station in the x and z direction in meters. Here z is the vertical direction, and x is the horizontal
aligned with the wind direction.

In the experimental data, no plot will be available of the path. And in the simulations, no plot will be available
of the apparent wind velocity.

All plots consist of 3 sections, divided by a cyan dashed line, representing the three phases:
1. retraction phase
2. transition phase

3. traction phase

TetherLength

length (m)

—— velocity control

o 50 100 150 200 250 300 350 400
time (s)

Figure 6.3: Three Phases
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6.2.1. Experimental data
Since we will focus on physically realistic behavior of the simulations we will first discuss one pumping cycle of
experimental data. The following plots show the experimental data of one pumping cycle of a test flight.
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Figure 6.4: Experimental data

When looking at the retraction phase (1), one can see in subfigure 6.4a that the reeling velocity is quite sta-
ble throughout this phase. A small peak is caused by an increase of the apparent wind velocity. This reeling
velocity results in a linearly decreasing trend in the tether length during the retraction phase as to be seen in
subfigure 6.4b. Subfigure 6.4d shows that the apparent wind also has a decreasing trend. This is caused by the
de-powered settings of the kite during the retraction phase, by decreasing the angle of attack with the wind.
De-powering results in a lower apparent wind velocity, but reeling-in the kite generates some. Because of the
decrease in apparent wind, also the tether force has a decreasing trend in the retraction phase, subfigure 6.4c.

In the transition phase (2) one can observe a quick increase in the reeling velocity. In the beginning of the
transition phase the reeling speed is still negative, and therefore the tether length still decreases. The apparent
wind velocity, and therefore the tether force drops, probably caused by the high acceleration of the reeling ve-
locity.

In the second part of the transition phase the reeling velocity is positive and the tether length increases. The
kite gets powered and starts its first traction maneuver, creating an increase in the apparent wind velocity and
in the tether force.

During the traction phase (3) the kite makes fast cross wind maneuvers. This results in a quick change in
tether force and in apparent wind velocity. Although the force varies quickly, one can observe a constant over-
all trend in the tether force during this phase. Due to the quick changes in the tether force, the torque on the
drum varies a lot, resulting in a dynamic reeling velocity profile. Therefore also the linear increasing trend of
the tether length is a bit more unstable.
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We will now look at the simulations of a pumping cycle, and see how they compare to the experimental data on
physically realistic behavior. For the simulation no plots will be shown of the apparent wind velocity. Instead
plots of the kite path will be shown.

6.2.2. Simulation without ground station model
In the first simulation a pumping cycle is performed without using the ground station model. The simple
settings that are now applied to the simulation are the following:

* afixed reeling velocity of -7 m/s during the retraction phase,
¢ afixed reeling velocity of 1 m/s during the transition and traction phase.

These settings result in the following plots:
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Figure 6.5: Simulation of a full pumping cycle, using basic settings

The simple settings of the reeling velocity are plotted in the first subfigure 6.5a. It is clear from this plot that
these settings are not physically realistic, since the acceleration between reel-in and reel-out is infinite. This
implies that, for example, no moment of inertia of the system is taken into account.

The tether length can be observed in subplot 6.5b. According to the fixed reel-in and reel-out velocity, the tether
length decreases and increases linearly respectively. The sudden switch between the angular velocity during
reel-in and reel-out, causes a sharp, non smooth, turn around in the tether length. When comparing this to the
tether length of the experimental data one can see that this turn around should be more smooth.

In subplot 6.5c the tether force can be observed. One can see that during the reel-in phase the tether force has a
decreasing trend, just like the experimental data. In the transition phase, the sudden switch in angular velocity
causes a high peak in the tether force. This is not desirable, and also not physically realistic when comparing
it to the experimental data. During the traction phase the tether force converges to a steady state, which is
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physically realistic.
The last subfigure, subfigure 6.5d, shows the simulated path of the kite. Sharp transitions between the phases
can be observed, comparable to figure 6.2.

The most striking differences in this simulation, in comparison to the experimental data, is this sudden change
in reeling velocity. This causes an unrealistic tether length profile and a high peak in the tether force. A better
ground station model hopefully improves these aspects of the simulation.

6.2.3. Simulation using the ground station model and velocity control

In the following simulations the ground station model and the derived controls are incorporated in the Kitepower
software and connected to QMcomplex. One simulation is performed using the (closed-loop) velocity control,
and one simulation using the (closed-loop) force control, as proposed in chapter 5. The A values of both the
velocity and force control are found by trial and error.

In the following simulation, using the (closed-loop) velocity control, the reference reeling velocity is set to

-7 m/s during the retraction phase and 1 m/s during the traction phase. In the transition phase the reeling
velocity will have a reference velocity 0 in the first part, and when it reaches this velocity the kite will change
power settings and the new reference velocity is 1m/s.
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Figure 6.6: Simulation full pumping using the ground station model, for (closed-loop) velocity control

In previous plots can be observed that during the retraction phase (1) the reeling velocity decreases quickly,
overshoots the reference velocity a little, which is then compensated by the control. This results in a tether
length which has a clear linear decreasing trend in the retraction phase from the moment the reeling veloc-



6.2. Results: experimental data and simulations of a full pumping cycle 33

ity approaches its reference (negative) value. When the reeling velocity decreases in the retraction phase, the
tether force increases, probably caused by an increase of apparent wind velocity when reeling-in fast. Once the
reeling velocity stabilizes, the tether force shows a decreasing trend.

In the transition phase (2) the reeling velocity increases fast, but not with an infinite acceleration like in pre-
vious simulation with the basic settings. The first part of the transition phase is defined untill the moment
the reeling velocity is 0 m/s. In this first part the tether length still decreases due to negative reeling velocity.
Also the tether force decreases (except from a small peak), as a result of the increasing reeling velocity. In the
second part of the transition phase the kite settings change, resulting in a quick increase in tether force. The
tether force peaks but not as much as in the previous simulation with the basic settings. The increase in tether
force also increases the reeling velocity quickly, making it overshoot the reference velocity. In the path of this
simulation one can see the effect of the reel-in and reel-out part during the transition phase, making it a more
smooth path compared to previous simulation.

During the traction phase (3) however, the control responds quickly, and the reeling velocity converges to its
reference value. Also the tether force converges to a steady state and the tether length to a linear increasing
trend.

The overall profiles of the reeling velocity, tether length and tether force of this simulation show similarities to
the profiles of the experimental data. Improvements of this simulation in comparison to the simulation with
basic settings are the following:

¢ The acceleration during the transition is not infinite. This causes a reel-in and reel-out phase during the
transition phase, resulting in a smooth turn around between the retraction and the transition phase.

¢ The peak in tether force during the second part of the transition phase is lower.

6.2.4. Simulation using the ground station model and force control

Figure 6.7 shows a simulation of a full pumping cycle, using the ground station model and the (closed-loop)
force control. The reference tether force is set to 1500 N during the retraction phase and to 9500 N during the
second part of the transition phase and the traction phase. During the first part of the transition phase the
velocity control is applied, setting the reference velocity to 0 m/s.

When looking at the tether force in subfigure 6.7c, one can see that the force control is indeed effective. During
both the traction and the retraction phase the tether force converges to the reference value after some oscilla-
tions.

In the retraction phase (1) a decreasing trend in the reeling velocity can be observed in subfigure 6.7a. This is
triggered by the force control. However, this decreasing velocity profile doesn’'t correspond well to the experi-
mental data.

In the first part of the transition phase (2) the reeling velocity increases quickly causing a drop in the tether
force. Once the reeling velocity is 0 m/s the kite changes settings and the force control makes the tether force
increase quickly to the desired reference force. The tether force overshoots the reference force, but this time
only a little peak is caused. In order to achieve high acceleration in the tether force, the reeling velocity gives a
boost by turning in opposite direction.

In the traction phase (3) the tether force converges towards the reference force and also the reeling velocity
converges to a steady state.

The path of this simulation has a smooth turn around point when going from retraction phase to transition
phase.
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Figure 6.7: Simulation full pumping using the ground station model, for (closed-loop) force control

Although this simulation shows less similarities to the experimental data in comparison to the simulations
using the velocity control, the behavior of the ground station can still be considered more physically realistic
then the simulation with the basic settings. Mainly the finite acceleration of the reeling velocity during the
transition phase is a big improvement. Also the low peak in the tether force, due to the force control, is more
realistic. When an even smoother force control would be used, the tether force peak could die out even more.
During an experiment the tether force is controlled, only when the force peaks too much. Probably the condi-
tions during this experiment were not so extreme, and therefore it wasn't necessary to control the force. This
could explain why the similarities between last simulation and the experimental data are not so big. Compar-
ing the force control simulation to an extreme experiment, with strong wind gusts for example, might result in
more similarities.

6.2.5. Comparing simulations

In figure 6.8 all three simulations are plotted. The first simulation, with the basic settings, is used as a baseline
situation to see the improvements of the simulations using the ground station model.

When comparing all three simulations to the experimental data, the following improvement of the simulations
using the ground station model can be observed in comparison to the simulation with the basic settings:

1. The acceleration of the reeling velocity during the transition phase finite in stead of infinite. Resulting
in a smooth turn around point in the tether length and in the path between the traction and transition
phase.

2. The peak in the tether force during the second phase of the transition phase is lower and can be con-
trolled by the force control.
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Figure 6.8: Comparing simulations of full pumping, using basic settings and the ground station model with velocity and force control

For this experiment, the simulations using the velocity control shows more similarities to the experimental
data then the simulations with force control. This might be caused by the weather conditions of the experi-
ment. Both the (closed-loop) velocity and force control trigger the desired behavior of the ground station in
accordance to the reference values, although the controls could be more refined and better tuned. Probably a
combination between the velocity and the force control would come closer to reality, since this combination is
also incorporated in the real life ground station during experiments.






Conclusion and Recommendations

The research question of this thesis is the following:

How can we mathematically model and control the Kitepower ground station
in order to make physically realistic simulations?

A ground station model is derived, using physical principles of rotational mechanical systems, and by research-
ing the behavior of all separate components of the ground station.
This led to the following mathematical model for the Kitepower ground station:

]d):rF,—ba)—u (7.1)

where the control u is determined by the transducer torque.

A rather simple but effective model. Refinements could be made in, for example, the transducer torque. It is
now assumed that the transducer torque can be set, while in fact the generator and electrical motor are com-
plex electrical machines. When ’setting’ the torque, actually the integrated software of the generator/electrical
motor makes the adjustments. Incorporating these adjustments in the model might make it more physically
realistic.

Also, the radius and mass of the drum is assumed to be constant, while in real life this is not the case. Due to
reeling-in and reeling-out the tether the radius and mass changes throughout each cycle. The changes are pro-
portionally small, and therefore neglected in this thesis, but taking a time dependent radius and mass might
improve the physical realistic behavior of the mathematical model.

For controlling the ground station during the simulations, the following updating formula of the (closed-loop)

integral controls are proposed:

Ups1 = Urp+h-Ay@—-0"h),
up—h-Ap(Fr - F[%),

Uk+1

where the first formula updates the velocity control and the second control the force control. Both controls sat-
isfy the desired behavior according to a reference value, although they both oscillate to get to the desired state.
For a higher A value the control reacts faster, but also oscillates more.

Making the controls a PID control, by adding a Proportional and a Derivative term, would potentially improve
them. However, a certain reference control value is then needed. In this thesis an open-loop control is derived,
using QMsimple, which might function as a suitable reference control value. By using QMcomplex this refer-
ence (open-loop) control could be improved in further research.

For making physically realistic simulations, a closed-loop (feedback) control is recommended and not an open-
loop control, since the ground station is also controlled using feedback in real life.

37
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The ground station model and the controls are implemented in Python and incorporated in Kitepowers soft-
ware, making it possible to perform simulations of full pumping cycles using QMcomplex. From those simula-
tions it is clear that the ground station model indeed improves the physically realistic behavior of the simula-
tion when comparing it to previous simulations, when using basic settings. Important improvements can be
observed in the acceleration of the reeling velocity during the transition phase. This acceleration is now finite
instead of infinite, meaning that the moment of inertia of the system is taken into account.

Comparing the simulations with the experimental data shows that the simulation using velocity control has
more similarities to the experimental data than the one using force control. This might be caused by the
weather conditions. Probably a combination of both controls would lead to even more physically realistic
simulations.

For the implementation, the explicit Forward Euler method is being used to discretize the ground station
model. An effective method, although other discretization methods, like implicit Euler or Runga Kutta might
result in better approximations. This again could also improve the physically realistic behavior of the simula-
tion.

Although both the ground station model and the control can still be improved in various ways, they are ef-
fective and improve the simulations of physically realistic behavior.
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Relevant Physical Concepts

In this section the physical concepts of rotational mechanical systems, relevant for deriving the ground station
model, are briefly described. We start by defining some general symbols and their units.

Table A.1: General Symbols and Units

Symbol | Quantity Unit symbol | Unit name
m mass kg kilogram
s m
v velocity 5 . meter per second
F force N="E7 Newton
2
w work Joules J=Nm= kgszm
Joules
p power Watt tecond
r radius m meter
0 rotation angle rad radians
: o Radians
) angular velocity 9 W
a angular acceleration | 6 Radians
second
T torque N-m Newton - meter
J moment of inertia kg-m? kilogram meter squared

First rotations [5] will be discussed. Rotations can be described by the rotated angle (6), the angular velocity
(w) and the angular acceleration (a). The rotated angle describes how many radians an object has rotated. The
angular velocity describes how many radians per second an object rotates. Therefore the angular velocity is the
derivative of the rotated angle with respect to time

w=0.

This is analogous to velocity in linear motion (v), where velocity is the time derivative of the place (x), v = x.
The angular acceleration is the time derivative of the angular velocity, it describes the change of the angular
velocity over time

a=w=0

With linear motion the linear acceleration (a) has a similar definition a = 7 = X.

Now the rotation is defined, we're interested in the rotational force. This rotational force is called torque (1),
or moment force, and is determined by the force applied to the rotating object in tangential direction to the
rotating motion (F;4,) and the distance of the point of application to this force to the rotating center (r). [8].
Torque is defined as follows:

T=Fiqn-1, (A.1)

Anti-clockwise torque is considered to be positive, and clockwise torque negative. Negative torque is situated
in the following figure.
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Figure A.1: torque

where in the figure T=7,R=r.

The famous 2”4 law of Newton states that the change of momentum (mv) is proportional to the force ap-
plied (F = %(m v)). For a constant mass it follows that Fj.; = m - a. For external torque the same idea holds,
but then for an angular momentum which is defined as Jw. Here J is the moment of inertia which represents
the resistance of an object to change state in a circular moment. It is comparable to the effect of mass in a linear
motion, and w is analogous to the the velocity v. For the net torque (sum of all torques working on the system),
the principle of Newtons 2”4 law can be applied to angular momentum which results in

d
Ther = — (Jw) (A.2)
dt

This is also known as the conservation law of angular momentum. When no net torque is applied to the system,
the angular momentum remains constant.
When J is constant this conservation law can be simplified to

Tner =Ja=Jw. (A.3)

How is the moment of inertia exactly defined? The moment of inertia depends on the mass of the rotating
object, and how far this mass is placed from its rotating center. Let m; be a mass particle with a distance d; to
the rotating center, then the definition of the moment of inertia is

J=Y md; (A.4)
i
or, when integrating over all mass particles in the whole object (D)

J= f d*dm (A.5)
D

Let us now focus a bit longer on the net torque (7,¢;). Net implies that there are more torques working on
a system. This is possible when there are several external forces working on the system, and one of these exter-
nal forces can be friction. Friction can be seen as a rotational damper and works proportional to the angular
velocity. Based on paper [2], we assume that the resistive torque of friction varies linearly with the speed, and
is always in opposite direction to the reeling velocity. Therefore friction torque (7 ¢,) is defined as follows:

Tpr=—bw (A.6)

The next thing to be discussed in this section is the relation between the angular velocity of the drum and the
reeling velocity of the tether when reeled on or off the drum. The reeling velocity is also called the tangential
velocity (v;) and is determined by the angular velocity of the drum and by the radius of the drum. It is the
distance covered by the circumference in meters per second. The reeling velocity can be calculated from the
angular velocity

Vi =wr (A7)

With r the radius of the drum. Once the angular velocity and the radius of the drum are known, the reeling
velocity is as well.
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The last concept that will be briefly explained is the gearbox. Between the drum and the transducer a gear-
box is situated. The gearbox in the ground station has a fixed gear ratio (G,). A gear ratio is a direct measure
of the ratio of the rotational speeds of two or more interlocking gears [12]. In our case we define the gear con-
nected to the transducer as the driver gear, and the gear connected to the drum as the driven gear. The number
of teeth of the driver gear will be denoted as 7} and of the driven gear with T5. The gear ratio is then defined as
follows:
)
Gr=—

=T
Meaning that when the drum goes around once, the transducer makes G, rounds. Or more general:
w1 = erz (A-S)

with w; and w; being the angular velocity of the driver and the driven gear respectively.

The generated power, which is defined as P = tw, should remain constant if we neglect the effect of friction
on the changing angular velocity. Let Py, 7; and Py, T2 be the power and torque of the driver and the driven gear
respectively, then

P1 = Pz >T1W] =Ta2Ww2 (A.9)
From this equation and equation A.8 now follows that

1
T =—T>2. A.10
1 G, 2 ( )

This section was a brief introduction to rotational motion, torque, angular momentum, moment of inertia,
friction, tangential velocity and the effect of a gearbox. In following table we summarize the most important
aspects.

Table A.2: Summary of the relevant basic physical concepts

Concept Formula
rotation angle 0
rotational velocity w=0
rotational acceleration a=w
torque T = Franr
moment of inertia Jj=Y miall.2
1
conservation of angular momentum | 7,¢; = % (Jw)
friction torque Tfr = —bw
reeling velocity Vi =wr
Gear ratio G, = %
Gear and angular velocity w1 = Grwy
1

Gear and torque
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