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Converting the traction power of kites into electricity can be a low cost solution for wind energy. Reliable
control of both trajectory and tether reeling is crucial. The present study proposes a modelling frame-
work describing the dynamic behaviour of the interconnected system components, suitable for design
and optimization of the control systems. The wing, bridle, airborne control unit and tether are repre-
sented as a particle system using spring-damper elements to describe their mechanical properties. Two
kite models are proposed: a point mass model and a four point model. Reeling of the tether is modelled
by varying the lengths of constituent tether elements. Dynamic behaviour of the ground station is
included. The framework is validated by combining it with the automatic control system used for the
operation of a kite power system demonstrator. The simulation results show that the point mass model
can be adjusted to match the measured behaviour during a pumping cycle. The four point model can
better predict the influence of gravity and inertia on the steering response and remains stable also at low
tether forces. Compared to simple one point models, the proposed framework is more accurate and
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robust while allowing real-time simulations of the complete system.
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1. Introduction

Wind energy is a major source of renewable energy. However,
conventional wind turbines are restricted by physical and eco-
nomic limits. Airborne wind energy has the potential to overcome
some of the limitations, using tethered flying devices to reach al-
titudes of 400—600 m where the wind is stronger and steadier [1].
The fact that airborne wind energy systems do not require towers
reduces the costs per installation significantly.

The focus of this paper is the modelling of airborne wind energy
systems that use the traction power of a tethered inflatable wing in
a pumping cycle, as described in Refs. [2] and [3]. The main com-
ponents of such a single-tether kite power system (KPS) are the
wing, the kite control unit (KCU) suspended below the wing by
means of a bridle system, the tether and the drum-generator
module, which is part of the ground station. It is the objective to
develop a system model that is real-time capable and of sufficient
accuracy for the development and verification of flight path and
ground station controllers.

A dynamic model of a two-line kite is derived in Ref. [4]. Vari-
ations of the angle of attack are not taken into account and the
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simplicity of the model allows for an analytical derivation of a state
space representation based on four dynamic states. Further
expanding on this model, [5] proposed a kite power system model
with three degrees of freedom (DOF), in which the kite is repre-
sented as a point mass at the end of the straight tether of variable
length. Assuming a rigid wing with constant aerodynamic prop-
erties, the steering forces are derived as functions of the roll angle.

A discretisation of the tether as a multibody system has been
proposed by Ref. [6], using a Lagrangian approach to derive the
equations of motion in generalised coordinates. The advantage of
this approach is the direct incorporation of constrains which results
in a compact problem formulation. This model used rigid tether
segments, connected by spherical joints, which is not sufficient for
modelling the tether force and implementing the force control
loop. In addition it is adding and removing point masses during the
simulation to simulate reel-out and reel-in of the tether. According
to our experience this causes artificial discontinuities in the model
which makes it difficult to implement the force control loop. For the
kite it also used a point mass model.

A model that uses a discretised tether with point masses con-
nected by springs was published in Ref. [7]. The aerodynamics of
the kite were modelled using the vortex lattice method, which
means that it is using an advanced kite model. On the other hand it
was not mentioned if the dynamics of the winch were modelled at
all and no details were published on the question how reeling in


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:u.fechner@tudelft.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2015.04.028&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2015.04.028
http://dx.doi.org/10.1016/j.renene.2015.04.028
http://dx.doi.org/10.1016/j.renene.2015.04.028

706 U. Fechner et al. / Renewable Energy 83 (2015) 705—716

Nomenclature

c damping coefficient of tether segment [Ns/m]

Co unit damping coefficient [Ns]

Cs steering coefficient (one point kite model) [—]

d¢ tether diameter [m]

iq relative depower input of kite control unit (0, 1) [—]
is relative steering input of kite control unit (-1, 1) [—]
k spring constant of tether segment [N/m]

ko unit spring constant [N]

Ksp steering-induced drag coefficient [—]

I tether length at beginning of time step i [m]

Mkcu mass of kite control unit [kg]

my mass of kite [kg]

n number of tether segments [—]

Lso initial length of tether segment [m]

Uq relative depower setting of kite control unit (0, 1) [—]
Us relative steering setting of kite control unit (—1,1) [—]
Vo tether reel-out speed [m/s]

Vi, ref horizontal wind velocity at 6 m height [m/s]

z height of kite or tether segment [m]

a vector of accelerations of tether particles [m/s?]

d; drag force vector acting on tether segment i

Fg, Fs vectors of the gravity and steering forces of kite [N]

F., Fp  lift and drag force vectors acting on the kite [N]

P vector of positions of tether particles [m]

A B position vectors of the front and top kite particles [m]

CD position vectors of the right and left kite particles [m]

R vector of the residual of the implicit problem/model

S vector from the tether particle i to the particle i+ 1 [m]

Svi velocity of tether particle i + 1 relative to particle i [m/
s]

\'A vector of apparent air velocity [m/s]

Vi k vector of wind velocity at the height of kite [m/s]

e, e, e, unit vectors of the kite-reference frame

Y state vector of the implicit problem/model

a, 6 angle of attack and elevation angle [rad]

p air density [kg m~3]

and out was modelled. Other authors presented detailed generator
and winch models [5,8], but no or only a very simple model for the
kite and the tether.

Coupling fluid and structural dynamic solvers for wind turbine
applications has been studied by Refs. [9,10], while fluid—structure
interaction methods have been applied to kite aeroelastic behav-
iour by Ref. [11]. These kind of models might be useful for the
design of improved kites, but they are very computational intensive
and currently at least one order of magnitude slower than real-time
[11].

This paper presents a model where the dynamics of all major
system components — the tether, the kite and the generator — are
taken into account, with a focus on a novel discretised tether model
which allows smooth reel-in and reel-out. It is soft real-time
capable and thus suitable for the training of kite pilots and winch
operators, but can also be used for software in the loop testing of
KPS control systems, the development of estimation algorithms and
for the optimization of flight trajectories.

An improved one-point kite model is presented, that allows to
change the angle of attack during simulation time and uses look-up
tables to calculate the lift and drag as function of the angle of attack.
It also takes the increased drag when flying around corners into
account. In addition it uses a correction term to match the influence
of gravity. This model can already be sufficient for optimizing flight
trajectories.

For controller development a four-point kite model is devised,
the most simple point mass model that has rotational inertial in all
axis. This avoids discontinuities in the kite orientation which make
the one-point kite model uncontrollable in curtain flight manoeu-
vres. In addition it is very close to a fully physical model: Many
model parameters like the height and width of the kite and the
height of the bridle can just be measured and do not need to be
identified. Only the steering sensitivity parameters need to be
identified because they depend on the flexibility of the kite which is
not explicitly modelled.

This article will first explain the atmospheric model, then the
tether model and the two kite models and finally the winch model.
Furthermore, the control system is briefly explained. Subsequently
a systematic approach for the model calibration is presented, with
the goal to match the conditions of a real flight as good as possible.

In the results section major parameters like force, speed, power
and flight trajectory as obtained from the point mass model and
the four point model are compared with data, measured using the

Hydra kite of Delft University of Technology. Finally conclusions
are drawn about the performance and accuracy of the described
models and which improvements are still needed.

2. Computational approach

One of the requirements when building the model was, that it
has to be (soft-) real-time capable. On the other hand, the pro-
gramming effort should be limited and it should be easy to adapt
the model to different kite power systems. It was found that high-
level modelling tools like Simulink or Modellica were not capable
to simulate a discretised tether that is reeling in or out in real-
time. Therefore general purpose programming languages are
used that make low-level optimizations of the modelling code
possible.

We are modelling the kite and the tether as a particle system,
using discrete point masses which are connected by spring-damper
elements. This has the advantage of a coherent model structure for
which efficient mathematical methods for solving the stiff equation
system exist [12]. For describing the positions of the particles a
ground fixed reference frame is used, where the x-axis is pointing
east, the y-axis north and the z-axis upwards. The origin is placed at
the ground station.

The state vector of the system was constructed using the states
of the tether particles, the states of the kite particles (only needed
for the four point kite model, because otherwise the last tether
particle also represents the kite) and the scalar states of the winch
(generator). Because no accurate, real-time measurements of the
wind speed at the height of the kite were available, an atmospheric
model, describing the wind profile, was also needed.

2.1. Atmospheric model

To determine the wind speed v,y at the height of the kite and at
the height of each tether segment, the power law [13] and the log
law [ 14, p. 19] are used. Input parameters are the ground wind speed
Vw,ref and the current height z of the kite or tether segment. The
ground wind speed used in this paper was measured at z;ef = 6.0 m.
The power law establishes the relationship between vy, and vy et as

Z o
Uw,exp = Vy ref () (1)

Zref
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Fig. 1. Wind profile according the logarithmic law (dotted), the power law (dashed) and the fitted wind profile (solid), a linear combination of the others. Cross symbols represent

measured values.

with the exponent « as fitting parameter. The logarithmic law,
which according to [14, p. 20] is more accurate than the least-
square power law, can be written in the following form

log(z/z
Vw log = VYw,ref M’ (2)
IOg <Zref/20)

where zris the reference height and zg is the roughness length. For
this paper not only the ground wind speed v,y ref is measured, but
once per flight additionally the wind speed at two more heights, z;
and z. Then, a wind profile is fitted to these three wind speeds. To
make a fit with three (speed, height) pairs possible, Egs. (2) and (1)
are combined in the following way

Vw = Uy Jog + K <vw,10g — vw,exp>. (3)

The fit is done by varying the surface roughness zg and K until v,
according to Eq. (3) matches the measured wind speed at all three
heights. The exponent « is chosen according to

log <Uw,exp (1 )/Vw,ref>

l0g(@) 10 () @

o =

which results in vyexp(z1) = Vw,log(21)-
An average sea-level density of pg = 1.225 kg/m? is assumed, and
the height dependency is calculated according to

p=po €Xp (Hip) (5)

where z is the height and H, = 8.55 km. An example for a fitted
wind profile is shown in Fig. 1, using the parameters from Table 3.

2.2. Tether model

The tether is modelled as a fixed number of lumped masses,
connected with n spring damper elements as shown in Fig. 5. To

simulate reel-in and reel-out the initial length of the tether seg-
ments [ is varied according to

ls _ £+ vtﬁo(t — ti)
n n

) (6)

where I;; is the tether length at the beginning of the i-th time step,
Vvt the reel-out velocity, t the simulation time and ¢; the simulation
time at the beginning of the i-th time step.

This length is then used to calculate the spring and damping
constants

k=ko I—O, (7)
S

I
C=C0£7 (8)

center chord 1n€

Fig. 2. Kite reference frame (x, y, z) of the point mass kite model. The physical wing is
included here for the purpose of illustrating the concept of angle of attack and the
assumed alignment with the relative flow.
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Fig. 3. Angle of attack «, apparent air velocity v,, depower angle a4 and «g of the four
point kite model. Steering is accomplished by changing «s. Sideslip is possible.

where [y is the initial length of the tether segments at the beginning
of the simulation. The differential equations of the particle system
are formulated as an implicit problem

F(t,Y, Y) -0, (9)

Y(to) = Yo,

Table 1
Properties of the ground station of Delft University of Technology.

Ground station

Gearbox ratio n [—] 6.2
Drum radius r [m] 0.1615
Inertia I [kg m?] 0.328
Viscous friction coeff. ¢ [Ns] 0.799
Static friction 75 [Nm] 3.18
Rotor resistance R; [mQ] 72.7
Self inductance L [mH] 2.97
Nominal synchronous speed vs, [m/s] 4.09
Nominal voltage E, [V] 231

Y(to) = Yo. (11)

The state vector Y of the particle system is defined as

Y= (p.v), (12)
where p and v comprise the positions and velocities of the particles,
respectively. For solving the problem only the residual R = F(t,Y,Y)
needs to be programmed. The vector R consists of two partitions,
the residual of the position vectors and its derivatives, and the re-
sidual of the velocity vectors and its derivatives,

R = (Rp,Ry). (13)

The first partition can be calculated from Newton's law, a = v.
To calculate the second partition the particle forces must be known.
On each particle are acting the forces of the spring damper element
above and below the particle. In addition, half of the aerodynamic
drag forces of the tether segments above and below of each particle
have to be taken into account.

With f; denoting the tensile force of segment i and d; denoting
the aerodynamic drag force of this segment as calculated in Eq. (21),
the forces acting on the i-th particle can be calculated according to

1
fi=f; 1 +f;+5(d +di_q).

5 (14)

1.2 ;
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Fig. 4. The lift and the drag coefficients as function of the angle of attack.
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Table 2
Properties of the HYDRA kite, bridle, KCU and tether of Delft University of
Technology.

Kite

Projected wing surface area A [m?] 10.18
Mass including sensors my [kg] 6.21
Width wy [m] 5.77
Height hy [m] 2.23
Relative side area Asige/A [%] 30.6
Bridle

Height hy, [m] 49
Bridle line diameter [mm] 25
Kite control unit

Mass mycy [kg] 84
Main tether

Diameter d; [mm)] 4.0
Mass per m [kg/m] 0.013
Unit damping coefficient co [Ns] 473

Unit spring constant ko [N] 614600

Table 3
Identified system parameters.

Fitted parameters

udo [%] 213 depower offset

Zo [m] 2.0e-4 surface roughness
K[-] 1.0 wind profile correction
Qd.max [°] 31.00 max. depower angle
Cdt 0.96 tether drag coefficient
Measured parameters

Umax [%] 42.47 max. depower setting

The first and the last particle have to be treated differently: For
i = 0 the lower spring force has to be replaced with the tether force
as experienced by the ground station, and for the last tether particle
the aerodynamic force of the kite has to be taken into account.
The spring forces are calculated according to Hooke's law

fo— <k(||s,-||fls)+c<ﬁ -sv,,-)>”:ﬁ, (15)

with I, k and c calculated according to Eqs. (6)—(8) and with

Fig. 5. Four point model of the kite defined by points A, B, C and D. Points Py to Pxcy
discretize the tether.

Si =Piv1 — Pi, (16)
Svi = Vit1 — V;. (17)

We use linear springs with a different stiffness for the extension
and compression regimes. The stiffness for compression is much
lower to model the behaviour of flexible bridle and tether lines, yet
provide some structural stability.

The aerodynamic drag of any tether segment is calculated in the
following way: First the wind speed at the height of the i-th tether
segment Vyy s is calculated using Eq. (3). Then, the average segment
velocity is calculated as

1
Vs.i :i(vwl + Vi), (18)

which leads to the apparent air velocity
Vasi = Vwgs,i — Vs, (19)
The drag of a cylinder is mainly caused by the component of v,
that is perpendicular to the tether segment s; calculated as

S; S;
Va,s,iAL = VaAs,i - (Va,s,i : HTIH) ||Sl|| (20)
i i

Using this velocity component, acting on the tether segment is
resulting in

1
d; = icd.tl’ ||Va,sﬁi4J_H [ISil] dtva,s,i,J_» (21)
where cq; is the tether drag coefficient and d; the tether diameter.
2.3. Point mass kite model

The point mass model proposed in Ref. [4, pp. 139—144] repre-
sents the kite as a discrete mass moving under the action of an
aerodynamic force vector. It is also denoted as “one point” or “1p”
model. Steering is incorporated by an aerodynamic side force which
depends linearly on the steering input. This model does not account
for rotational inertia, assuming that the wing is always aligned with
the local relative flow experienced during flight. Expanding on the
original work, the model presented in the following allows for
tether deformation and a variable angle of attack.

2.3.1. Reference frame

The kite reference frame (x, y, z) is defined on the basis of the local
tether geometry and relative flow conditions. As illustrated in Fig. 2
the z-axis is aligned with the last tether segment. The x- and y-axes
are constructed such that the apparent air velocity vector v, = vy, — Vi
is in the xz-plane. This is based on the assumption that the wing is
always aligned with the apparent wind velocity and that the sideslip
velocity vanishes correspondingly. The vector base is calculated as

Sn—1
e, =— , 22)
2= sl (
Vi X €z
ey =——"“_ 23
Y = v x e (23)
ex—e, xe,. (24)

The unit vector ey is also called heading, because it describes the
orientation of the wing.

2.3.2. External forces

The external force Fy acting on the point mass representation of
the kite comprises contributions of aerodynamic lift F; and drag Fp,
the aerodynamic side force Fs and the gravitational force Fg
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1 vV xe
FL = jpngCL(a)m7 (25)
1 \'/
Fp = 5 pv2ACp () (1 + Ksp|us|) -, (26)
2 [[vall
1 A . .
Fs = ipvif\ ;l‘de Cs (ls + ls,c) €y, (27)
Fg = (my + mygcy) 8, (28)
Fy=F. +Fp +F +Fg. (29)

It should be emphasised that the drag force increases as the kite
is steered due to kite deformation. Also, the steering force is based
on the side area of the kite rather than the top area of the kite. The
factored term Asjge/A represents a parametrized description of a
kite's geometry. The constant cs describes the steering sensitivity of
the kite and has to be determined experimentally. The influence of
the steering on the drag is described by K p. The empirical value of
Ksp = 0.6 is used. The variable is is a correction term for the in-
fluence of gravity on the turn rate of the kite. It is calculated as
follows

isc= %sin Y Cos (. (30)
a

Eq. (30) is derived from the turn rate law as presented in Eq.
(72). The correction factor c; . must be chosen such that the iden-
tified parameter c, of the one-point model matches the measure-
ments. Without this correction the influence of gravity in this
model was more than a factor of two higher.

2.3.3. Calculation of lift and drag as function of the angle of attack
We make the following assumptions:

o The kite-tether angle depends linearly on the depower settings
Uud;

o the kite-depower angle has the value «g for ug = uqo;

e The maximal depower value of ugq = uq max corresponds to a kite-
tether angle of ap—aq max-

Then, the angle of attack can be calculated with the following
formula

Ve
o = arccos (M) — g + ap, (31)
Va

where g is the angle between the kite and the cable when the kite
is fully powered as shown in Fig. 3 and a4 is the additional angle
resulting from reeling out the depower line

Ug —Uqp

= 32
Ud max — Ud,0 #dmax; (32)

ad

where ugq is the value of the depower control input that is needed
for the fully powered kite (maximal L/D) and tg max and ad max the
values for ugq and «g respectively that are needed for the fully
depowered kite.

Fig. 4 shows the lift coefficient C; and the drag coefficient Cp as
functions of the angle of attack a. The curves are established using
the models of lift and drag coefficients of stalled and unstalled
airfoils from Ref. [15], yet experience based modifications were
made to better fit the coefficients of the non-ordinary wing section
of a leading edge inflatable tube kite.

2.4. Four point kite model

The point mass kite model can be sufficient to simulate and
optimize the flight path of a power kite, because it is controllable
during the power cycle and the simulated tether forces are close to
the measured values. In addition the point mass model can be used
to calculate the initial orientation of more complex models. How-
ever, it is not a good choice for the development and optimization
of flight-path control algorithms, because the reaction of the kite to
steering inputs is problematic: A point mass kite has no rotational
inertia, therefore its yaw angle is jumping when the sign of v, is
changing. This is non-physical behaviour. In these situations
controllability is lost. Therefore, we will now investigate a four-
point kite model (4p model) in order to obtain a more realistic
and robust model.

2.4.1. Geometry and mass distribution
The most simple particle-system based kite model that has
rotational inertia in all axis is a four point kite model, which we will
use from now on. The points of the this model are defined in Fig. 5.
The kite mass my is distributed to points A to D according to Egs.
(33)—(37) while the mass of the kite control unit mycy plus half of
the mass of the last tether segment are used as the mass of Pkcy

lt(T

Mpkcy = Micu + 5 (33)
ma =y my, (34)
mg = 0.4(1 — v)my, (35)
mc =0.3(1 — v)my, (36)
mp = 0.3(1 — v)my, (37)

where v is the nose mass fraction of the wing, n the number of
tether segments, I; the current tether length and ¢ the linear mass
density of the tether. The simulation of typical flight manoeuvres at
low apparent air velocities has shown that a value of y = 0.47 re-
produces well the dive-down behaviour of the Leading Edge
Inflatable (LEI) tube kites employed in the current study.

The virtual centre position of the kite, P¢ is defined as

pc=%(c+1)). (38)

The origin of the kite reference frame is at B. The unit vectors e,
e, and e, are defined as

P.-B
e=———" 39
=P —B|| (39)
C-D
& =fc b’ (40)
ex=ey x e, (41)

To parametrize the shape of the kite only three values need to be
defined: The height of the kite hy (distance between P. and B), the
height of the bridle hy (distance between P. and Pkcy) and the
width of the kite wy (the distance between C and D).

2.4.2. Initial conditions
To calculate the initial positions of the kite particles, the point
mass kite model from Sect. 2.3 is used. The initial unit vectors of the
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kite reference frame (e, €y,0 and e,p) are calculated using the kite
position, the orientation of the last tether segment and the
apparent air velocity (Eqs. (22), (23) and (24)).

When these vectors are known, the positions of the kite parti-
cles at zero force can be defined by the following equations

Pc = Pgcu — hyp €20, (42)
A =Pc + dnr WiWie €40, (43)
B=P.— hye,o, (44)
C =Pc + 0.5wW W €0, (45)
D =Pc — 0.5 w Wy €0, (46)

where dy,; is the relative nose distance, a kite dependant factor in
the order of 0.2. In combination with the nose mass fraction y the
factor dy,; can be used to tune the rotational inertia and the centre
of gravity. The distance from C to D is calculated using the tip-to-tip
distance of the kite wix multiplied with the relative kite width wye
which is a factor in the order of 0.9 and reflects the fact that the
aerodynamic steering forces do not act on the tips of the kite, but a
little bit further inwards.

During the simulation, the aerodynamic forces are applied to
surfaces that are attached to the kite particles. This causes them to
change their positions, and from the current positions the unit
vectors of the kite reference frame can then be calculated using Eqgs.
(39)—(41).

2.4.3. Projected air velocities and angles of attack

The aerodynamic model assumes surfaces attached to the top
particle B and to the side particles C and D. The sole purpose of
particle A is to achieve rotational inertia and to realistically place
the centre of gravity, therefore no aerodynamic force is attached to
this particle.

The lift forces are determined based on the part of the apparent
velocity that is perpendicular to the leading edge as suggested in
Ref. [16]. For the surface attached to the top particle, this is the
apparent velocity in the xz-plane v, x,. For the surfaces attached to
the side particles, the apparent velocity in the xy-plane v,y is
needed. These can be calculated as follows

Vaxz =Va — (Va‘ey) €y, (47)

Vnyy = Va - (Va 'ez) ez. (48)

For the top surface of the kite the angle of attack can be calcu-
lated as follows

«ap = ™ — arccos (M> —aq + ag. (49)
Hva,B,sz

The angle a4 is the change of the angle between the kite and the
last tether segment due to the change of the depower settings. The
value of aq is between zero when fully powered and — for the
leading edge inflatable tube kites used at Delft University of Tech-
nology — about 30° when fully depowered. If the reel-out length of
the depower tape, the height of the bridle, the height of the kite and
the power-to-steering-line distance are known, «g can be calcu-
lated geometrically; In many cases the linear approximation given
by Eq. (32) is sufficient.

For the side surfaces of the kite the angles of attack can be
calculated as follows

ac = m — arccos (M) —as + agp, (50)
[IVacall '

ap = T — arccos (M) +as + as, (51)
[IVap.yl|

where «; is the change of the angle of attack caused by the steering
line difference. For aso a value of 10° is assumed. With usp a
steering offset — which is in practice unavoidable and caused by
asymmetries in the steering system — it can be calculated as follows

o Us — Uspo
1+ Kq s (2q /e max

The value of ag max (in the order of 20° ) must be chosen such that
the steering sensitivity of the kite model matches the steering
sensitivity of the kite to be simulated. The factor Ky s describes the
influence of the depower angle ag on the steering sensitivity:
depending on the geometry of the bridle it has a value in the range
of 1 < Kgs < 2. A value of 1.5 means that the fully depowered kite
needs 2.5 times the steering input as a fully powered kite to achieve
the same turn rate (under the condition that the apparent wind
speed is the same).

QAs

O(s max- 52
] (52)

2.4.4. Aerodynamic forces

Steering is accomplished by changing the angle of attack for the
side surfaces differentially. The aerodynamic forces that act on B, C
and D can be calculated according to Eqgs. (53)—(58), where Agjge/A
is the relative side area of the kite and p the air density.

Ff = 5 idascACulan) 020 (53)
=5 mleA QLo 2O, (64)
=oAL
FB = 2 pKov2 pACD (ap) o (56)
F = %PKDVicAAj‘de Cp(ac) H:ZEH ; (57)
Fp = %pKDVi‘DAAii\de Cp(ap) H:,’:EH : (58)

The coefficient Kp is required to achieve the same lift-to-drag
ratio for the straight flying four point kite as for the one point
kite. It can be calculated from

Kp = (1 —/%)K (59)

where ¥ = 0.93 was needed to compensate the higher drag co-
efficients of the side areas, compared to the top area, caused by s o.

2.5. Winch model
We view the winch as the assembly of an asynchronous

generator, a gearbox and a drum around which the tether is wound.
The generator is used as motor during the reel-in phase and the
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sign of the generator's torque determines the direction of the en-
ergy flow. We modelled the winch by combining the differential
equations for the inertial system and an expression for the torque-
speed characteristics of the generator.

2.5.1. Inertial dynamics of the winch
The differential equations for the winch are again defined as an
implicit problem

F(LYe,Ye) -0, (60)
Ye(to) = Ye, (61)
Ye(to) = Ye . (62)

The vector Y. is the extended state vector of the implicit prob-
lem and consists of tether length I;; and the tether velocity vy,

Ye = (lt,iv vt,o). (63)

In order to solve this problem the residual Re = F(t, Ye, Ye) is to
be calculated, with re defined as

Re— | ol | (64)
dto — Vto

Here, a;, is the acceleration of the tether at the ground station.
Under the assumption of an inelastic interconnection of the
generator and drum through the gearbox, the acceleration can be
calculated as

1r
at{ro :TE(Tg—“Td —Tf), (65)

where I is winch inertia as seen from the generator, r the drum
radius, n the gearbox ratio, 7 the generator torque, 74 torque
exerted by the drum on the generator and 7¢ the friction torque.

The torque exerted by the drum depends on the tether force that
is exerted on the drum, which equals the norm of the force on the
first tether particle

ra =+ |[fsoll (66)

We modelled the friction as the combination of a viscous friction
component with friction coefficient cf and static friction 7

7t = CfVto + Ts sign(vtyo). (67)

2.5.2. Torque profile of the asynchronous generator

To determine the torque-speed profile of the asynchronous
generator, we used the equivalent circuit representation as in Ref.
[17, p. 326]. Under the assumption of negligible stator resistance, 7,
can be expressed as a function of v, and the synchronous gener-
ator speed vs as

Vs — Vto
@ 2
1+ ,3(1’5 - Ut,o)

We assumed that the generator voltage E is increasing linearly
with the set speed, up to the nominal voltage E, at the nominal
synchronous speed vs, of the generator

Tg = (68)

Eni if |Vs) < Usn
E— Us.n . (69)

En if |U5} >VUsn

As derived in Ref. [ 18], the parameters « and § can be expressed
as

E2r .

> o’ if }Vs| < Usn
vs nRen

a= ' (70)
2
Enr lf |U5| >Vsn
V2R '
12 n?
= — 71

where R; is the rotor resistance and L is the generator's self
inductance. These generator parameters could either be measured
or estimated based on known torque data. The properties of the
implemented system are shown in Table 1.

2.6. Control system

In this section a brief description of the control system is given.
Further details can be found in Refs. [2] and [19].

2.6.1. Flight path planning and control

For the automated power production a simple flight path
planner is used: The kite is always steered towards one of three
points: During reel-in and parking it is steered towards zenith
(directly above the ground station). During reel-out it is steered to a
point on either the right or left side of the wind window [2].

The orientation of the kite (the heading angle) is controlled.
Great circle navigation is used to determine the heading needed to
steer towards the target point. The difference between the required
heading and the actual heading is the error signal that is going into
a PI controller that is controlling the steering signal is of the kite
control unit. In addition the KCU has an input ig for the depower
signal. The set value iq is low during reel-out and high during reel-
in (predefined, fixed values).

The steering signal differentially changes the length of the left
and right steering lines, the depower signal changes the length of
the steering lines relative to the length of the depower lines. The
actuators are modelled such that they have a maximum speed
(derivative of the output control signals us and ug). They use a P-
controller to control the output signal. In addition a delay of 150 ms
was implemented in the model. The delay is mainly caused by the
motor controllers.

2.6.2. Winch control

During reel-out the winch is using a set value for the reel-out
speed in addition to a maximal value of the tether force. The
speed is used as long as the maximum tether force is not exceeding
the set value, otherwise the synchronous speed is increased to limit
the force. A parameter varying PID controller is used to track the set
values.

During reel-in, different values for the set force and set speed
are used. Soft transitions are implemented for the set values when
switching between reel-in and reel-out.

2.7. Implementation and accuracy

The Radau5DAE solver [20] from version 2.4 of the Assimulo
suite [21] is used for solving the differential algebraic system, as it
offered the best performance.

2.7.1. Real-time simulation based on the numerical model
Because for software-in-the-loop testing of kite control com-
ponents a batch simulation is not sufficient, a soft real time



U. Fechner et al. / Renewable Energy 83 (2015) 705—716 713

simulator was implemented. The real-time simulation is executed
in the following way: After the start of the simulation a new system
state is calculated in fixed time intervals of currently 50 ms. The
new state is then published and used by the KPS controller to
calculate new values for steering and depower settings of the kite
and for the set-value of the reel-out speed of the winch. These
values are assumed to be constant during the next time interval.
Within one simulation time interval, the implicit equation system
solver uses as many time-steps as necessary to calculate a solution
with the specified precision.

2.7.2. Model and measurement accuracy

The solver that was used allows it to specify a maximum error.
This error was set to 1.8 cm for the position states and to 0.03 cm/s
for the velocity states. The tether was discretised with seven
particles.

The wind sensor at the ground has an accuracy of 5% plus 0.5
knots. The tether force was measured with an accuracy of 1% + 10 N,
the reel-out speed with 2% + 0.05 m/s.

3. Model calibration and results
For the calibration of the model the following steps are needed:

1. determine the physical system properties (Table 2) and enter
them as parameters into the model

2. determine the wind profile;

3. determine the lift-over-drag ratio of the kite as function of the
depower settings;

4. determine the steering coefficients of the kite;

. validate the average and maximum force during reel-out;

6. validate power output over the full cycle.

w

The one-point model, the four-point model and the HYDRA kite
of Delft University of Technology are compared. The models were
tuned to match the kite properties as much as possible.

3.1. Test flight

For parameter fitting and validation the measurements of a test
flight were chosen, that took place at the Maasvlakte II, The
Netherlands on 23 June 2012 (Fig. 6). The wind was very strong and
the wind profile was expected to be similar to offshore conditions.

1000 -
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Fig. 6. Measured reel-out tether length I (solid) and height zx (dashed) of the kite
during a test flight on 23 June 2012 at the Maasvlakte II, The Netherlands.

Table 4

Forces and elevations § while parking.
Test case Vwret [Ms™1] I [m]  ug Force [N] of Bl op
Parking 392a 10.35 392.0 25.1% 850.5 3098 659 20
Parking 392b  9.59 392.0 27.9% 5513 1251 606 0.9
Parking 947 10.02 947.2 28.0% 552.8 57.2 493 09

This flight was chosen because it contains different flight ma-
noeuvres, e.g. parking the kite at zenith at different heights and
with different depower settings. This allows for a partial validation
of the lift-over-drag properties of the kite as function of the
depower settings.

3.2. Parking manoeuvres for aerodynamic measurements

The lift-over-drag ratio and the wind profile were determined
by keeping the kite pointing towards the small-earth zenith
without reeling in or out. Subsequently, we waited until a force
equilibrium was reached. In this situation the elevation angle of the
tether is depending mainly on the lift-to-drag ratio, and the tether
force is mainly depending on the wind speed at the height of the
kite.

The measurements of Table 4 were used to calibrate the L/D of
the kite and the sensitivity to changes of ugq by changing ugqo and
admax (see Eq. (32)).

In addition, this data was used to tune the wind profile co-
efficients 1,0 and K according to Eq. (3). The parameters u;, Udp,
od,max K and cqr were fitted until the force and the elevation angle
for all three measurements matched with an error of less than one
+0. The results are shown in Table 3 and the resulting wind profile
in Fig. 1. The value of agmax is very close to the geometrically
derived value of about 30°. The tether drag coefficient is very close
to the value of about 1.0, that was suggested in Ref. [3, p. 253].

3.3. Identifying the steering sensitivity parameters

According to [22, p. 149] the turn rate of the kite around the
straight line between the kite and the tether should depend on the
steering input «g, the apparent air velocity v,, the elevation angle §
and the orientation of the kite ¢ in following way

¥ = C1va(Us — Cp) +§—zsin¢cos g. (72)
d

We added the steering offset ¢y, because it had a relevant effect
in our flight tests.

To fit the parameter c, the relative kite width wye was varied
and to fit ¢; the maximal steering angle asmax until the measured
values ¢y and c; matched the simulated values within 1%.

The results of a parameter fit of the first cycle of the above
mentioned test flight are shown in Table 5, where p is the Pearson
product—moment correlation coefficient between the measured
yaw rate and the turn rate estimated by using Eq. (72) and ¢ is the
standard deviation of the estimated turn rate. All data was filtered
by calculating a moving average over two seconds before plotting
and performing the parameter fitting. The diagrams in Fig. 7 illus-
trate the measured yaw rate, the turn rate estimated by using Eq.
(72) and the relationship between the estimated and measured/
simulated yaw/turn rates. The term heading rate is used for the
derivative of the heading angle while the term yaw rate is used for
the value that was measured by the gyroscope of the inertia mea-
surement unit of the kite that was aligned with its z-axis. The nu-
merical derivative of the heading angle of the IMU was too noisy to
be used.
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Table 5

Fitted turn rate law parameters of the Hydra kite. Values based on the measure-

U. Fechner et al. / Renewable Energy 83 (2015) 705—716

ments and on the one point and four point kite model.

Fitted steering parameters

05 max [°] 15.9 maximal steering

Wrel [%] 91.0 relative kite width 4p model

Cs 2.59 steering coefficient 1p model

Cac 0.93 correction factor 1p model
Measured 1p model 4p model

uq [%] 26.0 26.0 26.0

co [-] —0.003 —0.004 —0.003

¢1 [rad/m] 0.261 0.264 0.262

¢ [rad m/s?] 6.28 6.20 6.27

p (PCC) 0.9933 0.9999 0.9995

o [rad/s] 0.002 0.0002 0.0006

For the parameter Kq, the influence of the depower settings on
the steering sensitivity a value of 1.5 was used. This value was
estimated based on the geometry of the kite and the bridle. To
verify this value, it is suggested to fly figures of eight with a fully
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(a) Measured and estimated yaw rate. The reason for the
negative peaks, compared to the simulation are probably
measurement errors.
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(c) Estimated vs. measured yaw rate. The diagram shows a
good match of the estimation with the measurement.

depowered kite. This was not done yet in practice. The data
measured during the reel-in phase of the kite was not sufficient to
validate this parameter because — without flying crosswind — the
turn rate of the kite is highly influenced by the turbulence of the
wind. The data was too noisy to be useful.

With the point mass model it was difficult to achieve stable
parking, using the control parameters of the flight experiment: It
was always oscillating around the desired position and therefore
flying crosswind even it should not. Therefore the calibration pa-
rameters from the four point model had to be used instead.

3.4. Model comparison

A first comparison of four model variations (one point kite and
four point kite model combined with either a straight or a
segmented tether) can be done by parking the kite (steering it to-
wards zenith) in a quasi-steady wind field. A ground wind speed of
8 m/s and a turbulence intensity of 1% and an exponential wind
profile with « = 1/7 were used for these simulations. The
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(b) Simulated and estimated heading rate. The estimation is
based on the turn rate law (Eq. 72), using the fitted parameters
Co, C1 and Ca.
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(d) Estimated vs. simulated heading rate. The diagram shows a
very good match of the turn rate law and the dynamic
simulation.

Fig. 7. Accuracy of the turn rate law applied to the measured and simulated reel-out phase of the kite. Only the simulation results of the four point model are shown, because the
results for the point mass model look very much the same. p is the Pearson product—moment correlation coefficient.
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Table 6

Comparison of the tether force and the elevation angle of a kite, parking at a line
length of 392 m. The simulated results of the one point and the four point model,
combined with a straight and a segmented tether are compared.

Model Force [N] af 61°] ]

1p, straight tether 749.7 16.4 74.7 0.05
1p, segmented tether 727.5 9.2 70.7 0.02
4p, straight tether 685.7 5.0 69.0 0.02
4p, segmented tether 670.2 3.2 68.5 0.02

Table 7

Parameters of measured and simulated pumping cycles. The lowest efficiency error
is achieved with the four point kite simulation Sim. II. The cycle efficiency 7cy. is the
product of the pumping efficiency 7, and the duty cycle 3.

Measured Sim. | Sim. II Sim. 111
Vw.ref [M/S] 9.51 9.51 9.51 9.51
Ug i [%] 422 422 40.1 44.1
Uqo [%] - 21.30 23.40 20.80
L/D, reel-out - 413 4.64 4,53
Fio [N] 2942. 2213. 2876. 2956.
Fei [N] 653. 379. 600. 570.
Vo [Ms] 1.99 1.20 1.89 1.88
ve; [m/s] -7.28 ~7.22 —7.69 —~7.66
Dav [W] 3726.40 1953.10 3681.50 3735.80
Mp [%] 79.10 83.00 79.70 81.70
duty cycle [%] 78.70 85.30 80.30 80.40
Neye [%] 62.20 70.80 64.00 65.70

differences of the force and of the elevation angle between the most
simple and most complex model are about 10% (Table 6). Much
bigger is the difference in the dynamic behaviour: The variance of
the tether force of the four-point model with a segmented tether is
more than five times smaller than the variance, using the one point
model with a straight tether. The reason for this is the damping,
that is induced by the segmented tether and four point kite.

A realistic model of the non-linear damping of the system is
essential for the design of the force controller of the ground
station.

3.5. Results: power production and flight path

When simulating figure of eight flight manoeuvres with the
parameters identified in Sect. 3.2 the result as shown in column
Sim. I in Table 7 was disappointing: The computed average power
was about 50% lower than the measured value. To achieve a better

400

400

715

match between simulation and measurements it was necessary to
increase uqp from 21.3% to 23.4% and to decrease the depower
setting during reel-in by 2.1% as shown in column Sim. II. This can
be justified first with inaccuracies during the parameter identifi-
cation and second with a shift of uqo by different apparent wind
velocities and/or material creep of the depower/steering lines.

The point mass model (Table 7 column Sim. III) was tuned
slightly differently to match the measured power output and to
achieve a similar flight trajectory. Nevertheless, the errors be-
tween the one point kite model and the measurements were
higher, for example an error of 3.1% instead of 1.8% for the cycle
efficiency 7cyc. (The value p,y is the average mechanical power
over the whole cycle, and 7y is the cycle efficiency, the quotient
of the mean mechanical power and the average mechanical reel-
out power).

A two dimensional projection of flight trajectory, height of
the kite vs. the ground distance, is a suitable means for visual-
isation and comparison of different flights. In Fig. 8 the
measured and the simulated flight path of one cycle is shown.
The maximum height differs by less then 5%. The minimum
height differs by about 45 m. One reason for this are the inac-
curacies of the Global Navigation Satellite System (GNSS) based
height measurement.

4. Conclusions

The computed dynamic response of the kite to steering inputs
compares well to the response measured during test flights. In all
situations the estimated turn rate of the wing was within +14% of
the full range of the experimentally measured values while the
standard deviation was only +0.1% of the full range. Similar results,
but limited to the steering of a kite on a tether of a fixed length were
presented in Refs. [22] and [23].

By modifying empirically the parameters ¢ and c,, the pro-
posed point mass model can be adapted to match all parameters of
the turn rate law. Compared to the proposed four point model it
runs faster but is less accurate and can become dynamically un-
stable at low tether forces.

In Ref. [24] it was assumed that the turn-rate law derived in Refs.
[22] and [23] would only be valid for ram-air kites. We found, that it
is valid for Leading Edge Inflatable tube kites, too.

The parameters of the mechanistic four point model can be
derived from the physical properties of any soft kite and any
asynchronous generator. Only small changes are required for other
kites and generators. It is well suited for controller development
and can be used not only for the pumping cycle operation of the
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Fig. 8. Measured and simulated flight paths of one cycle as seen from the side. It can be seen that the minimal and the maximal height are simulated more accurately with the four

point model.
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kite, but also for the simulation of launching, landing and airborne
parking.

For a full model validation of a specific system, two enhance-
ments of the test design are needed: First, accurate wind mea-
surements at the height of the kite. Second, an accurate
measurement of the maximum and minimum L/D of the kite and of
the depower offset uq.

The presented models have shown to be easily adaptable and
well suited for flight path optimization and the development of KPS
estimators and KPS controllers. While the corrected one-point
model with an adapted flight path controller can be sufficient for
flight-path optimization, the four point model is better suited for
controller validation in a broader range of flight conditions.

Even though the accuracy of the predicted power output is not
yet sufficiently validated, the one point model, using the correction
according to Eq. (30) is predicting the influence of gravity on the
turn rate much better than uncorrected point mass models and the
four point model has a much more realistic dynamic response to
the steering input then simpler models while still being real-time
capable. The source code is published under the GNU LGPL Li-
cense in the context of the FreeKiteSim [25] project.
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