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Abstract: This paper introduces a new approach of harvesting energy from wind using a Kite Power System
(KPS). Kite power systems are targeted herein because they have many advantages over other renewable energy
sources, especially those related to wind energy. We capture the essential features of the tether connected to the
kite via a lumped mass model and calculate the aerodynamic forces which cause tension in the tether. Work
exerted by the tensile force in the tether is converted to electric power using a specially-designed generator. We
present a detailed mathematical analysis of the system followed by typical simulation results.
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1. INTRODUCTION

Airborne Wind Energy (AWE) is a prominent form of
renewable energy [1-14] that denotes the generation of
usable power by airborne devices [9, 13, 14]. AWE
systems constitute a novel way to harvest wind energy
at higher altitudes without the need of a heavy tower
and sophisticated constructions. In contrast to towered
wind turbines, AWE systems are either flying freely in
the air, or are mechanically connected to the ground,
like tethered kites or tethered balloons. However, all
AWE systems with significant power output belong to
the second type (i.e., are connected to the ground),
which allows an exploitation of the relative velocity
between the airmass and the ground. The prominent
reasons for particular use of AWE in electricity
production are (a) AWE systems reach winds blowing at
higher-altitude atmospheric layers that are inaccessible
by traditional wind turbines. These winds are typically
stronger and more consistent than those close to the
ground, (b) the area that can be swept by an AWE
system is not tightly limited, unlike that of a turbine
which is limited by its diameter, and hence an AWE
system is inherently more efficient, and (c) AWE
systems are expected to need less material investment
per unit of usable power than most other renewable
energy sources. An important share of the worldwide
primary energy could be potentially extracted from
high-altitude winds. Two prominent AWE system
architectures are Ground-Gen systems in which the
conversion of mechanical energy into electrical energy
takes place on the ground and Fly-Gen systems in which
such conversion is done on the flying object [14].

A kite constituting an AWE system is an ingeniously
engineered airfoil having high-tech tethersthat are
fifteen times as strong as steel. A tether is a rope to tie
something to a post or other fixed place, usually so that
it can move freely within a small area. Understanding
tether dynamics is extremely complex with numerous
factors effecting the behavior of a cable — from the
shape and aerodynamics of the tether to the elasticity,
bending and torsion of the materials used, not to
mention the changing wind speed and temperature at

heights of up to 20 km. There are many scholarly papers
exploring energy harvesting by tethered kites [15-34].
However, very few established design guidelines for
AWE systems currently exist [35].

In this paper, we employ a Lumped Mass Model
(LMM), also called lumped element (mass-spring-
damper) model) for the tether-kite system. This model
secures a simplified description of the behavior of such
a spatially-distributed mechanical system by assuming
that distributed masses are lumped (concentrated as
point rigid bodies) [36-38]. This simplification reduces
the state space of the system to a finite dimension, and
the partial differential equations (PDEs) of the
continuous (infinite-dimensional) time and space model
of the original system into ordinary differential
equations (ODEs) with a finite number of parameters.

The remainder of this paper is organized as follows:
Section 2 presents the lumped mass model for the tether.
Section 3 consists of the mathematical equations for the
lumped mass model of the tether connected to a kite and
explains how this model is simulated. Section 4 presents
numerical results and data analysis. Section 5 concludes
the paper, and outlines our plans for future work.

2. LUMPED MASS MODEL

To aid in the cable modelling [36-38], an inertial
reference frame and a sequence of moving frames
attached at points along the cable are introduced. The
inertial reference frame (X;, Y;, Z;) is fixed at the
surface. The horizontal direction, X, is defined positive
to the right, the vertical direction, Z, is defined positive
upward, and the Y, direction completes a right-handed
coordinate system [30]. The armoured cable is
discretized into an assembly of N linear elements. The
mass of the cable is lumped at the N +1 node points, 0
to N (see Fig. 1). The kite is situated at the end of the
tether (at node N+1) and the kite control unit (KCU) is
placed at node N—1 (see Fig. 2). Their masses constitute
additional masses at these two nodes. To model the
elasticity of the true cable, each visco-elastic cable
element is idealized as a parallel combination of an
ideal spring and a viscous damper [26]. This typical



Proceedings of htematbnal Exchange and hnovatbn Conference on Engineering & Scences (ECES) 4 (2018) 43

mass-spring-damper system is described by the standard
2"-order ODE:

d?x dx (1)
1 + ZEmnE + wix =0
where
E=2‘;ﬁ and wn=\/§ @)
0.5L Lo Lo Lo Lo 0.5 Lo
0.5m g g 0.5m

-

Figure 1. Hlustration of mass distribution for LLM of 5
lumps.

* M= number of lumps
*  N+1 = number of Nodes
*  Lump length = {tether length)/(number of nodes -1)

Kite control unit
(KCU)

Express each lump with :
mass-spring-dumper system

Figure 2. Schematic illustration of the lumped mass
model of the tether-kite system.

Note that the word “Node” as indicated by a black circle
in Fig. 1, has lumped mass of the tether, position,
velocity which will be differentiated to get acceleration.
But the “lump” will be the length between two
successive nodes, it indicates the geometry of the tether,
so we calculate the fluid forces at the lump.

3. MATHEMATICAL
SIMULATION
In this section, we illustrate the mathematical
equations which describe the LMM for the tether-kite
system. An overview of the simulation procedures is
shown in Figure.3.

EQUATIONS AND

Model Kite

Tether

 Kite (tip)
- Stiffness and damping |
| Tether -
+ Fluid dynamic model
¥
i
i
-
u

Figure 3. Overview of the simulation procedure.

3.1 Initial conditions (equations)
The tether-kite system has two frames connected with
three angles (rolling — pitching — yawing).
¢c=[¢ 6 ¥ (3)
Where ¢ indicates the angles of kite in the global axis,
hence that the kite at node N+1 (@* = ¢ *1). We
assume at the beginning that there is no rotation in axes
(motion is purely translational), so that the angles of kite
in the local axis ¢ will be the same in the global axis
ol = ¢k (4)
Then we have to initiate some values for the tether
and the kite as indicated in the following subsections.

3.1.1  The Tether

The tether length (L,) is discretized to lumps with
lump length (L,) which are connected by nodes.
Calculations are done at each node, i.e., N+1 times.
e Position: Simple resolution of each lump in

global axis (see Fig. 4) results in

r/ = £[cos(d) 0 —sin(8)]" (5)

where r/indicates position of the j™ node, and

__N-1 6
TWAn -1 ©
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Lt 8

Figure 4. At the beginning of each lump, we put a new
origin for the axis and then take the resolution.

e Velocity:

_dr drdb (7)
T dt dodt

As initial case & = 2%
dt L

T

v/

e Acceleration:

al=g (8)
e Gravity force (see Fig. 6):
Fg = mjg 9)

Gravity force in
-Z direction

Figure 5. Gravity force in -ve direction.

o Relative velocity at each lump (see Fig. 6)

v’

rel

Flow Velocity
—

Lump Velocity

Node Velocity

Vnode=(V1+V2)/2

Figure 6. Hlustration of the velocity directions

¢ Relative velocity at each node:
The average of two successive V7,
3.1.2 TheKite
The kite will be at the end of the tether (the final
lump at node N+1). For simplicity, it is treated as
rigid wing with NACA 4418 airfoil.

e Rotation of kite
[R*] = [R(®,6,)]
where, [R(®, 6,1)] is the rotation matrix.
e Unit vector with the kite (in global axis)
[e"] = [R] [eg] (11)

where, [ek] is a unit matrix.

e Angle of attack: is defined by the 2 vectors of
the relative velocity and a unit vector attached
to the kite via the dot product (Fig. 7).

k )
€x © Vrel

=1 — cos i (———"%
V7er el

[0

) (12)

€k

Vrel

Figure 7. lllustration of the angle-of-attack (AOA)
formula as a dot product definition.

e Side slip angle: We assume that the kite is
flying directly to the flow velocity vector, so
all over the simulation we consider $ =0.

e Aerodynamic coefficients: As we said before,
the kite will be treated as rigid wing with
NACA 4418 airfoil. Figures 10 and 11 show
the data of (C, — a) and (C, — a) curves in the
range of —20°< a < 20° and we extrapolate the
curves up to 180° and —180° with a function of
sines and cosines. So, we build a function
containing the data of the airfoil. Subsequently,
we calculate the angle of attack “o”, and read
C, and Cp implied by the extrapolated curves.

-30 =20 -10 0 10 20 30
afdeg]

Figure 8. C;, — a curve for NACA 4418.
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Figure 9. C, — a curve for NACA 4418.
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3.2 Time Loop

After the initialization section, we calculate all values
again at each time step. The dummy counter on time is
“1” starting from 2 till the total number of points in time
and the initial values are taken from previous
calculations. We use the New-Mark Beta formulas for
numerical integration of differential equations, with beta
coefficient = 1/6.

. . to.
Upyr = Uy T 7(“71 + Unyr )

Upiy = Up + Atity + 8 A2 20y + BAL? ity

The velocity and position at the beginning are set to
zero as a boundary condition. Now we consider the
calculation of the three angles. First, we assume that
there is no rolling (around X;-axis), so as to ensure that
the kite will not hit the tether.

PG =0 (13)
The pitching angle (around the Y;-axis) is given by
j
r
$L(4,2) = —sin (——F—)
' Wyl

The yawing angle (around the Z;-axis) is given by
o
$6(1,3) = —sin~( 15
Wownl @

3.21  The Lumps

We calculate the following at each lump, because it

is geometry related, using the counter j from 1 to

the number of lumps “N”

e Relative distance

L= |7t = (16)
e Velocity
U -1
u = T At (17)
e Unit vector
. it — )
dir/(1-3) = —5— (18)
e Normal cross section area
Sl = Lid (19)
e Tangential area
Sl=ndll (20)
3.2.2  The Kite

Again, we calculate the angle of attack (AOA) as
in Sec 3.1.2, and then evaluate the aerodynamic
forces

1
Ef(i,1-3) = Ep”VxHZSkCaO(irl - 3)
The index k = 1 denotes the lift force with the
corresponding C,o = C,, k = 2 depicts the drag
with corresponding C,, = C, and finally k = 3
refers to the moment with corresponding C,o = Cy.

(21)

3.23  The Tether
The fluid force at each lump is calculated using
counter j from 1 to the number of lumps “N”

e Drag (normal to the axis of the tether)

1 : ) ; .
= 5 CopSi|V], © dirl||V, @ airl]  (?P)

o Drag (parallel to the axis of the tether)

F -3 5 CrPSn V)e = (V1 © dirDdir'| = V], (23)
e Total force in each lump
F=F + F (24)
e Tension in each lump
(25)

i _ g ) )
T=—-Kx max{u ELO - Cwdir’

Equation (25) expresses the tensile force in the tether
that is transferred to the generator so as to be converted
into electricity.

4, RESULTS

We produced extensive results through our detailed
simulation the tether-kite system. Samples of our results
are displayed in Figs. 10-14. The simulation covered

the tether and Kite positions at every single point in time,

the variation of angles related to each other and with
time, and the forces versus time. This is our first cut at
the problem and does not include many potential en
enhancements such as maximizing the tension and the
power generated or controlling the motion of the kite.

60
.
40 \
N ‘&E\&i
20 3
0 s
0

i 100 100 Xy

Figure 10. 3D drawing of the tether-kite system
simulation.
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Figure 11. Variation of yawing versus pitching angles.
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Figure 12. Angles and aerodynamic variations with time.
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Figure 13. Forces in the 3 directions.

Figure 14. Variation of each lump position with time

We also make a validation for the characteristics of the
kite. We deduce the effect of horizontal relative motion
on the angle of attack (AOA). If we move the Kkite
upward to the right, then using simple geometry (see Fig.
16), we calculate the change of the angle of attack as

Ar)
VXrJeI - AVXrJeI

Ar) =r)@i)-r)(i-1)
AVXL =Vx! (i) =Vx] (i-1)

rel rel rel

Aa =tan™(

)

Then we set a = 6 + Aa, and drew it with C; and Cp.
This is supposed to be like the input data approximately.

Ar:
I
Vo - AVo i
i
S —— |

Vo

Figure 15. Illustration of AOA variation.
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Figure 16. C; — a curve generated from code for
validation
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Figure 17. Cp, — a curve generated from code for
validation.

5. CONCLUSIONS

This paper studied a Kite Power System (KPS) by
modeling the tether connected to the kite as a lumped
mass model and calculating the aerodynamic forces
which cause tension in the tether. Detailed mathematical
analysis of the system is given and typical simulation
results are obtained and discussed.
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Our own future work focuses on finding the optimal
path for the kite to maximize its power output. The ideal
kite trajectory is known to resemble the figure of
number eight. Therefore, we plan to explore control
solutions of our tether-kite system which might generate
this ideal path. Subsequently, we strive to confirm our
theoretical findings experimentally by building a Kite
Control Unit (KCU) which controls the movement of
the Kkite by controlling the tension in the tether. Other
lines of future explorations include pursuing an
optimization framework based on a differentiable model
for varying-length tether dynamics. Another innovative
extension of the single-kite system is called the
laddermill, in which several kites are deployed to high
altitudes by means of a single cable connected to a drum
on the ground station. The individual kites and ground
stations have to communicate among themselves to
avoid collisions and to optimize the total power output.
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