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Kite Generator System
Modeling and Grid Integration

Mariam S. Ahmed, Ahmad Hably, and Seddik Bacha, Member, IEEE

Abstract—This paper deals principally with the grid connec-

tion problem of a Kkite-based system, named ‘“Kite Generator
System (KGS)”. It presents a control scheme of a closed-orbit Kite
generator system, which is a wind power system with a relaxation
cycle. Such a system consists of: a kite with its orientation
mechanism and a power transformation system that connects
the previous part to the electric grid.
Starting from a given closed orbit, the optimal tether’s length
rate variation (the kite’s tether radial velocity) and the optimal
orbit’s period are found. The trajectory-tracking problem is not
considered in this paper, only the kite’s tether radial velocity is
controlled via the electric machine rotation velocity. The power
transformation system transforms the mechanical energy gener-
ated by the Kkite into electrical energy that can be transferred to
the grid. A Matlab/simulink model of the KGS is employed to
observe its behavior, and to insure the control of its mechanical
and electrical variables. In order to improve the KGS’s efficiency
in case of slow changes of wind speed, a maximum power point
tracking (MPPT) algorithm is proposed.

Index Terms—Renewable energy, High Altitude Wind Energy,
Kite based wind systems, PID, MPPT.

I. INTRODUCTION

NVESTIGATING new renewable energy resources to re-

place fossil fuels, is receiving an increasing attention re-
cently. One important source of renewable energy is wind. It is
considered as an ideal source, since it is infinitely sustainable
and clean. This explains the global interest in exploiting its
energy; actually, between 2000 and 2009, wind energy global
capacity increased more than nine-fold, growing from 17.4
GW to 158.6 GW [1]. That makes wind the fastest growing
electric power source of all [2].
This energy is usually extracted by the means of a conventional
wind turbine, which is, in general, a three-blade rotor, which
converts wind’s kinetic energy into electrical energy. This is
done through a direct or a gearbox coupling with an electric
generator. The turbine is installed on the standard electric
grid via a power-electronics interface. The turbine power is
controlled by the pitch and yaw blades angles, and/or the
machine’s generator torque. The whole conversion chain and
the blades’ control unit are placed up next to the rotor hub, on
the turbine’s tower. This technology is heading to increasing
wind turbines size. One aim of this increment is to reach higher
altitudes where winds are supposed to be stronger, hence has
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more kinetic energy, as well as more stable. In fact, the amount
of wind energy available for extraction increases with the cube
of wind speed [3]. Another objective is to increase the turbine
working area, thus blades size, with which the available wind
power increases linearly.

Nevertheless, in order to insure that turbine size, hence its
power, will continue to increase in the same fashion as it has
in the last two decades, a simple modified upscale of current
turbines will not be enough. But, significant technological
advancement and change in the design are required to build
turbines that are cost! efficient [4] [5].

Apart from the previous research axis that builds upon the
current wind turbine structure, another axis looks for structures
that are able to extract wind energy at high altitudes: “HAWE:
High-Altitude Wind Energy”. These include using balloons
[6], airborne wind turbines [7] [8] [9]; and tethered airfoils
(kites). In the former two, electric power is generated by
generators on the flying balloon or turbine and transmitted
to the ground through cables, contrary to kite-based systems,
in which tethered kites are used to harness HAWE in the form
of mechanical power that is then transmitted to the ground and
transformed into electrical via an electrical generator.

The structural simplicity of a kite-based system is accompa-
nied by a modeling and control complexity, as the system is
controlled in a spatial and temporal frame. As well as, the kite
needs to be redrawn periodically due to the limitation in both
the tether length and the kite’s power region, an operation that
consumes power.

The objective of this paper is to study an example of a kite-
based system, named kite generator system (KGS), and to
show how it can be optimized and controlled to produce an
important average mechanical power, that is transformed into
an electrical one and injected into an infinite electrical grid.
The paper goes through four main sections. The first presents
the kite generator system (KGS). The modeling of each part
of the KGS is presented in the second section, including the
kite simplified mathematical model, its produced mechanical
power expression adopted in [10], and a fairly detailed mod-
eling of the power transformation system. Section IV presents
the control strategy. The strategy is divided into two axes: The
first includes the search for the optimal tether’s radial velocity
and the orbit’s period, and tracking the optimal predictive
orbit. Meanwhile the second axis incorporate the control of
the electric machine which is a synchronous machine with
permanent magnets MS-MP, and the control of the power

I'The cost includes manufacturing, transportation, construction and mainte-
nance



electronics interface that connects the machine to the grid.
In section V, simulation results are presented and discussed.
The paper ends with conclusions and future work.

II. KITE GENERATOR SYSTEM (KGS)

The idea of exploiting wind energy using kites was first
reported in 1980, when Loyd discussed the ability of a kite
model based on the C-5A plane to generate 6.7AM W at wind
speed 10m/sec, which is three times the power of an equiva-
lent fixed wind turbine [11]. Though his paper was completely
ignored at the time, it is now considered a revolutionary idea
expected to contribute hugely in renewable energy production.
Few groups around the world are working on developing this
concept, and early experiments have proven attractive poten-
tials [12]. Proposed structures vary in kites and tethers’ design
and number; as well as the applied control methods. One
simplified structure of a kite-based wind system, referred to
as kite generator system, is shown in Fig.1 and adapted in this
paper. Simply stated, the concept of a KGS is to mechanically
drive a ground-based electric generator using a tethered kite.
Energy is extracted from high altitudes by controlling the kite
to fly with high crosswind speed. This develops a large pulling
force that turns the generator, thus generating electricity. The
kite, however, cannot pull constantly for the tether length is
limited as is the kite power region, so it should be periodically
redrawn to its initial position, consuming energy as doing so.
This functioning results in a generation/consumption-cycled
system, in which each cycle has two phases, a traction phase
and a recovery phase. The kite orbit has the form of a lying-
eight, which guarantees a high crosswind and the non-tangling
and coiling of the kite tethers.

wKite
N

Orientation
Mechanism

Eight-shaped orbit

Cable

Power
Transformation

Drum

Fig. 1. A simplified Kite Generator System.

Many scenarios are suggested to extract power using such a
system [13] [14] [15] [16] [17] [18]. Two are significantly
more applicable than others; these are the open-orbit/pumping
mode, and the closed-orbit mode. In the former mode, the kite
flies consequent lying eight orbits with increasing altitude until
the tether reaches its maximum length, hence the “recovery”
phase starts and rolls the tether in and returns the kite to its
initial position.

In the “closed-orbit mode”, the kite is kept on a single eight-
shaped orbit, during which, two regions are distinguished: A
high and a low crosswind region. In the high crosswind region,

the kite pulls out the tether which result in the “traction phase”,
and in the low crosswind region, the tether is wound in, and
that is the “recovery phase”.

The KGS explained simplified structure with a closed-orbit
is adapted later on in this paper. This mode’s efficiency is
16 times less than that of a pumping system [19]. But it can
be improved 5 times by varying the aerodynamic efficiency
[19]. The closed orbit system is easier to be stabilized and
controlled, as it needs one controller only, as well as it
occupies a limited space [14].

A. Kite Orientation

While power generation is a direct result of pulling the
tether out and turning the electrical machine, choosing a kite
orbit is important to insure a maximum average power during
the kite cycle, and the respect of the structural limits of the
system. Directing the kite to follow this “optimal” orbit is
done through an orientation mechanism, that controls the kite
roll angle, and may be the attack angle as well depending on
the control strategy.

The orientation mechanism may act on the kite tethers starting
from the ground, and in this case there are usually 2 or 4
tethers; or it can be up close to the kite, as shown in Fig.1,
and in this case it receives the control signals from the ground
station through a wireless connection.

It is worth mentioning here that, the number of the tethers is
important, because their weight and drag force have a negative
effect on the maximum average power that can be extracted
from the system. On the other hand, having the wireless
connection has its negative points also, as it is subjected to
communication disturbances and failures.

In this paper, only optimizing the kite orbit will be presented,
while the trajectory tracking aspect will be the center of
another study.

B. Power Transformation

m Electronic Interface
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PMSM [«

Machine-Side | D€
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Converter

Grid/
Load
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Fig. 2. Kite Generator System Block diagram.

In order to inject the extracted power into the electric grid
or use it to supply a certain load, the block diagram of Fig.2 is
proposed. The traction force of the kite is transformed into a
torque applied on a permanent magnets synchronous machine
(PMSM) situated on the ground. This leads to producing
an alternative electrical energy with variable frequency. The
machine is coupled with the grid, or with a certain load,
through a power electronics interface that consists of two
bidirectional AC/DC converters. An energy storage should be
integrated in the case of a load or an isolated grid connection,



in order to provide the necessary energy during the system’s
recovery phase.

While a lot of research is being done to optimize the kite
orientation control [20] [21] [12], the grid connection part is
yet to be treated. In this paper, the case of an infinite grid is
handled.

III. MODELLING

Finding the model of each part of the KGS is a very
important step to achieve better understanding of its behavior,
thus better controlling. This section presents the modeling of
the kite and the power transformation system. Found models
will be implemented on Matlab/Simulink in order to test the
later-explained control strategy (section IV). In the presented
modeling, the following hypotheses are considered:

« A single-point model for the kite and the tether is adapted.
Such a model is a rough one as it ignores the kite
flexibility and deformations. It is, however, used usually
to estimate the generated power.

o The tether is inelastic and straight. This hypothesis is
correct when the tether’s length is less than 1000m and
its inclination is less than 80 degrees [22].

e Wind is uniform with a non-varying direction, that is
because the wind speed at high altitudes is regular.

o The geometry of the tether allows neglecting its lift force,
and considering only the drag Cy;.

o The kite attack angel « is controlled to be null, hence
both lift and drag coefficients (C',, C'p) are constants.

e A high effective aerodynamic efficiency G, of the kite
and the tether. This factor is introduced in [23] by:

Cp + 25 Cu
with A is the kite surface and A, is the crosswind area
of the tether.

« Kite’s position and velocity as well as the traction force

are known throughout the system’s functioning using
observers or sensors.

e))

€

The previous assumptions cannot be applied if the interest is
to study the control and the stability of the orientation system.
Here, however, the interest is to study the grid connection part
and to estimate the power generated by such a system.

A. The Kite Dynamics

The kite dynamic model originally developed in [24] and
used in [25] is adapted here. As illustrated in Fig.3, forces
acting on the system (kite+tether) include the gravity force
Fyrqv, the apparent force F,y,, the lift and drag aerodynamic
forces F'*°" and the tether traction force Fj,,., the dynamics
can be expressed in the spherical coordinates as follows:

mrl
mrsinf¢ | = F9™ + FP 4 F" + Fy e (2)
(m+ )P

1 is the total inertia of the SMPM and drum; and R is the drum

Fig. 3. Kite’s main forces.

diameter. The gravity and the apparent forces are expressed in
eq.3 and eq.4.

sin 0
FI7% = mg 0 3)

—cos 6

r¢? sin 6 cos 0 — 270
FP = m —2(2)(73 sin @ + 70 cos 0) 4)
(0% 4 ¢? sin” 0)
where m is the kite mass The aerodynamic force F,., is
related directly to the effective wind and W, that is the
difference between the wind speed and the Kite’s velocity.

Assuming the wind speed is V,, is in the direction of x-axis,
W, is given by eq.5.

Weo V, cos @ cos ¢ — Or
We= |Wep| = | =V, sin¢ — ¢rsinb )
Wer V,sinf cos ¢ — 7
F,.. has two components: a drag Fp and a lift force F7p.
Considering the notations:
L= \/W2+W2
7 = arcsin Wer tany ianw

The drag and lift are written in eq.7 and eq.6,

1 A.C, .
Fi" = SpaA(Cp + = )| We [ We 6)
Weg
Fper = %paACL|W€| siny | —Weg
0
WL” [Weesinng — Weg cos )

—12/” [Weg sinn + Weg cos )

+%paACL |We| cos ¢

Lcosn
(7
with p, is the air density. By combining and developing eq.2,
the resulted system dynamics can be written as follows:

é = f1(97¢77479.7q5a7;71/})
é: f2(97 ¢7 T, éu ¢.5a T7¢) (8)
T = fd(97¢a raéaév":vwvftrac)



B. The Kite Refined Mathematical Model Average Power

The system average mechanical energy over one period T’
is the product of the traction force and tether length variation
rate: the radial velocity V.

T
Pa= / Forac (Vi (1)t ©)
0

According to [19], by changing the integral time variable
t € [0,7] to the dimensionless parameter 7 € [0, 2], and
making use of the substitution V7,(t) = V,v(7), eq.(9) can be
developed to:

1
Py(v) = 5paACLGﬁijx(u) (10)

with J, represents the normalized” average power, and is
expressed in eq.11.

fOQTF [(c—v)2—xc050]vh(7_)d7_

_ ’LUH —v
Jx(v) = 7 (11)
0 w;—v
with w)| = sinf cos ¢ is the normalized wind velocity radial

component, and:

h(r) = +/d62 + d¢?sin®(0)
_ 2(m+my)g 12)
X = pLACLG2VE

C. Power Transformation System

To insert the kite’s generated mechanical power into the
electrical grid, a power transformation system is needed to
transform this power into electrical power with grid’s standard
voltage and frequency. Such a system consists mainly of
a permanent-magnets synchronous machine (PMSM), and a
power electronics interface. The power transformation system
is presented and modeled in the coming paragraphs.

1) Torque Transmission between the Kite and the PMSM:
The translation movement of the tether is transformed to a
rotation by means of a drum coupled to the PMSM through a
gearbox. Thus, the traction force F},,. is translated to a resis-
tive torque C'r applied on the machine. Torque transmission
is expressed by the fundamental mechanical equation of eq.13
and Fig.4.

e
Co—Cp—DQg = J—2

7 (13)

where:

o Og = % is the rotation velocity, with K combines the
gear box factor and the drum diameter R.

e J is the total inertia of the kite, the drum; and the
machine’s rotor.

o Cg is the generator torque.

e D is the damping factor estimation.

Eq.13 shows that in order to control the rotation velocity, a
generator torque control should be applied, and vice-versa.

1/J $
s+D/J

Fig. 4. Modeling of the mechanic connection between the kite and the
electrical machine.

& 5=Jp Q05 O

Fig. 5.  PMSM’s Behn-Eschenburg equivalent electrical model.

2) The PMSM’s Vector Model: Each machine’s phase
can be presented by the Behn-Eschenburg equivalent electric
model of Fig.5, which consists of a resistance I, inductance
Ly and an electromagnetic force eg., * = a,b,c. The
model supposes the existence of a regular air gap, linear
characteristics of the magnetic circuit (no saturation), and a
balanced sinusoidal three-phase current behavior.

To visualize the three phases at the same time, variables’ vec-
tor presentation is used, and is expressed in Park coordinates

(p,q) by

vsq = Rgisq+ L dfistd —wlgigg
) di )
vsq = Rsisq+ Li=5% +wlgigq+wdrsa
¢sqa = Lgisa+ ¢rsa (14)
¢sq = Lgigg
Ca PPrsdisg
where
e Uy = Vg4 + J.Usq is stator voltages’ vector.
o is =1igd+ J.isg is stator currents’ vector.
o Ofs = Prsd + J.@fsq is the induced flow vector.
e p is the number of poles’ pairs.
e w = pQg is the electric pulsation.
Moreover, the electromagnetic torque is expressed by:
Ca = p.Imag(is.¢%,) (15)

3) Power Electronics Interface: The interface ensures fre-
quency and voltage isolation between the PMSM and the elec-
tric grid or the connected loads, and at the same time it offers
the possibility of power flow from/to the PMSM. This interface
is made up of two converters AC/DC & DC/AC that converts
the variable frequency/voltage electric power generated by the
PMSM, into a standard frequency/voltage electric power that
can be injected into the grid after an filtering stage. The nature
of the filter depends on the connection type. In Fig7, a filter
L is used to connect the system to an infinite electric grid.
The structure chosen for this interface is two three-phase
transistor-based voltage converters (Figs.6 and 7) [26], con-
trolled using vector pulse width modulation (PWM). Both

2Normalizing factor is : pqo ACL G2V3



Fig. 6.  Electric representation of the PMSM-side converter. PMSM is
presented by Behn-Eschenburg model. Cy. is DC-bus filtering capacitor.
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Fig. 7.  Electric representation of the Grid-side converter.
represent loss and filtering components.

Ry and Ly

converters function as a rectifier and an inverter depending on
the system’s phase (Generation or recovery phase), insuring a
bi-directional transfer of energy.

Supposing that the converter’s transistors and voltage sources
are perfect, and the passive elements are linear and constant,
Park representation of the average converter model is written
as follows:

L% = Bsa¥BC +wlyisg — Ryisa
Ly Yea = gq’f%c — wLiisq — Reisg — €5 (16)
Cpcec = Ipo — (Bsalst + Beg’st)
where Upc and Ipc are the DC bus voltage and current
respectively.

The same modeling approach is applied in the case of the
grid-side converter (Fig.7), which results in:

Lydicd = —Bea¥8e +weLyiicy — Ryica+ V3Va
Lf dch = —ng <+ ngszd — RfZGq
Cpc dUDC = IDCREC - (ﬂGd% + ﬁquGTq)
(17)
where:

e wg is the electric grid pulsation of vj.¢s.

e Vg is the grid RMS voltage.

o i =1lqq+ iGq 18 the grid currents’ vector.

e Ipcppe 1s the machine converter output current.
As noticed, an average model is adapted in order to have a
continuous time model without switching, which allows the
usage of relatively large sampling time in simulations.

IV. THE CONTROL STRATEGY

The KGS control strategy proposed in this paper is divided
into two objectives: the first aims at generating the optimal

tether’s radial velocity and the period corresponding to a
given eight-figured orbit. The second aims at implementing a
control method that allows tracking the generated orbit while
respecting the system’s constraints. This is done via control
of the kite roll angle and the tether’s radial velocity.

A. Reference Orbit Generation

Based on [19], the optimization procedure starts from an
initial kite orbit characterized by the tether’s initial length
ro, and the parameters defining 0’s and ¢’s variations space:
AO, A, 0y, ¢ and Rot (see Fig.8). From these parameters,
it finds the normalized radial velocity profile ©(7) which
maximizes the power expressed in eq.10, and respects the
kite’s closed orbit condition fOT Vi, (t)dt = 0 which can be
equally written as in eq.18.

27
/ vh(r) dr =0
0 w|| — v

Once found, 0(7) is used to derive the traction force [19] by:

(18)

50

\

40

90°-6(°)

[}
=)

wre

=20 20
¢(°

Fig. 8. Initial orbit parameters.

1
firac = §paACLG§Vv2(wH —9)% — (m +my)gcosf (19)

Since all done calculations and variables are functions of the
dimensionless parameter 7 and have a period of 27. The
relation between the time variable ¢ € [0,7] and 7 need to
be defined. It is expressed by eq.20 [19].

(20)

t—/T rh do
0 wl+\/wi+Gg(wllfv)27‘wL|2

B. Orbit Tracking

The resulted kite orbit is a three-dimensional orbit described

in the spherical coordinates by r(t),0(t), ¢(t). Tracking this
orbit is divided into orienting the kite hence controlling its
roll angle to follow the reference (z,%) : x = (6,¢), and
controlling the radial velocity by control of the PMSM rotation
velocity (V, = Qg/K).
Many methods are proposed to achieve x tracking [12], since
this topic is not the focus of this paper, only the result of
applying an optimal control will be shown later in section V.
At every time step, & that minimizes the cost function of eq.21
is calculated and controlled by the roll angle .

@) + Ao (dres — )]

where A1, Ay determine how quickly the state converges to the
reference orbit.

F=M(rey = &)+ Mi(@res — 2n



Fig.9 shows the general control scheme of the power transfor-
mation system. As mentioned earlier, the KGS is connected
to an infinite electric grid, so the control strategy aims at
extracting the maximum possible energy and inject it in the
grid, while the grid will be responsible of supplying the
necessary energy during the recovery phase.

The PMSM’s rotational velocity control and the generator
torque control are guaranteed by the PMSM-side converter.
The kite applies a resistive torque Cr that gives, when
inserted in the mechanical equation, the rotation velocity Qg.
The velocity is corrected using a PI controller that yields a
reference generator torque Cgyrey.

The purpose of the grid-side converter is to convert the direct
power to a fixed-frequency alternative power, or vice versa,
hence, it is driven to control the DC-bus voltage.

The control scheme can be divided into three levels:

1) Low Level Control: Considering a Surface PMSM and
taking into account that the machine and its converter are
working within their nominal limits; controlling the generator
torque Cg is equivalent to controlling the current ¢,, with
asserting i, = 0. This allows having a maximum torque per
ampere (MTPA). The current controller generates the pulse
width modulation PWM commutation rates that drive the
converters’ transistors. For the machine-side converter, this is
done by controlling the converter currents, while for the grid-
side converter; it is done by controlling the current if connected
to an infinite grid.

DC'G/ L
=
/ DC T
Cr,Qq Storage (‘;ri(l »
. DC bus . 3 connected
™ I fac |/ C . oc /) i, L _@
Ll Ifll 1)LJ_ Upe —G L presanees .
s o s — Lo
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Fig. 9. General control scheme of the kite-based system. Two control tracks
applied depending whether the system is grid connected or in a stand-alone
operation.

2) Intermediate Level Control: In the case of an infinite
grid connection, this level generates the references needed
for the currents in the lower level. The machine-side con-
verter reference currents are generated by the rotation velocity
controller; meanwhile, those of the grid-side converter are
generated by the DC-bus voltage controller.

3) High Level Control: In addition to generating the
reference signals of the needed lower control levels, the

high level control supervises the functioning of the system
by controlling the switches that determine the power flow
through it.

In the case of absence of wind speed measurement, the
optimal radial velocity can be calculated according to
standard wind-altitude curves, while a maximum power point
tracking (MPPT) algorithm acts on the rotation velocity
amplitude to find the optimal profile. The proposed algorithm
is a simple “Perturbation & Observation” algorithm that
calculates the average power during a period, then compares
it with the power obtained during the previous period. The
algorithm then applies the optimal radial velocity after
multiplying it with a suitable gain. The algorithm is effective
to deal with slow changes in wind speed compared to the
orbit’s period, which is usually valid for high altitude winds.
When it comes to a stand alone operation case, the control
levels varies slightly, because the goal becomes generating
the needed power and not the maximum. As a result,
the machine-side converter is driven to control the DC-bus
voltage and the grid-side converter controls the output voltage.

V. SIMULATION AND RESULTS

As previously mentioned, the goal of this paper is to

introduce, model and study the integration of the KGS on the
electric grid. In this context, a simplified closed-orbit KGS
with application of MPPT algorithm and integration on an
infinite electric grid is taken into consideration.
Choosing the primary orbit to be optimized is very important
in determining the maximum possible extracted average power,
and the ratio between the maximum power and the average,
or what we chose to call “Performance”. In [13], it was
demonstrated that a bigger trajectory correspond to greater
average power, further more, a bigger rotation of the orbit leads
to more average power. Taking into account these two facts
while respecting the limits on the velocity and the resistive
torque imposed by the HIL simulator [27] that will be used
to test practically the functioning of the system, the employed
KGS’s parameters are shown in Table.l.

TABLE I
KITE GENERATOR SYSTEM PARAMETERS

K 414 Gearbox factor * rotor diameter R (m)
\%4 4 Wind speed (m/sec)

Qmaz 210 Maximum rotation velocity (rd/sec)
Tmaz 30 Motor maximum torque (N.m)

p 4 Pole’s pairs number

A,m 5,3 Kite’s area(m?) and mass(Kg)

Pa 1.2 Air density (kg/m?)

CrL,Cp 1.2,0.08 Lift and drag coefficient of the KGS
70 600 Initial tether length (m)

The testing orbit is defined by the parametric equations eq.22

with a rotation 90°.
0(1) = 55° + 10%sin(271), ¢(7) = 15%sin(T) (22)

with 7 € [0, 27]. As noticed the orbit initial inclination is 55
which does not agree with the condition that let the assumption



‘The tether is straight and inelastic” true. But, with a a tether’s
crosswind area much smaler than the kite surface, according
to 6, the tether’s drag force can be neglected infront of the
kite traction force, so the previous assumption applies here.
Applying the optimization algorithm results in the optimal
radial velocity shown in Fig.10 with a period 7' = 20.6sec.

04
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04y 50 100 150 200
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Fig. 10. Optimal normalized radial velocity.

An optimal control that minimizes the cost function of eq.21
is applied to find the roll angle needed for the kite to track
the optimal orbit. The resulted trajectory is shown on Fig.11.
The tether’s optimized radial velocity V7, as well as traction
force F“'"¢ obtained from the kite model are transformed
into a rotation velocity Qg and a resistive torque Cg of
the rotor (see Fig.4). The transformation is done through a
drum coupled to the PMSM through a gearbox. The simplest
representation of this transformation is a multiplication by a
constant as in the following equations:

Fc,trc
K
In order to adapt to the HIL Simulator, the product factor is

found to be K = 414.

The optimization is done off-line, and the obtained 2g and
Cpr are then applied on the power transformation system
Simulink model. The MPPT algorithm will, as explained in
section IV-B3, modify the amplitude of the optimal radial
velocity to follow slow changes of wind speed. To test the
functioning of the MPPT algorithm, the wind speed is changed
from 4m/sec to 5m/sec. Fig.12 shows the modification of the
velocity amplitude because of the MPPT algorithm, and the
resulted resistive torque; and finally the development of the
average power per period. The maximum power point (MPP)
is seemed to be tracked in 3 times the orbit period which is
about 60sec. The simulation shows that the estimated average
produced power of the system, described in Table.I, at a wind
speed 5m/sec is 400W.

Qs = V1K, Cp = (23)
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Fig. 11. Orbit Tracking using optimal predictive control. In green: Traction
phase, in red: Recovery phase.
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Fig. 12.  Application of MPPT algorithm on the rotation velocity when wind
speed changes from 4 to 5m/s at instant 40sec. Upper plot: In dashed red, the
optimization resulted rotation velocity, in continuous blue, the MPPT rotation
velocity. Center plot: The resistive torque (C'r), in dashed red, at wind speed
4m/sec, in continuous blue, at 5m/sec. Lower plot: The average mechanic
power.

The next step is to transform the mechanical power produced
by the PMSM into an electrical power that can be injected into
the grid. This can be insured by tuning different control levels
paremeters presented in the general control scheme (Fig.9).
Classical PID regulators are used to control the velocity and
the currents of the machine-side converter, while for the grid-
side converter’s currents a resonant PID is implemented.
Figs.13 shows the machine phase current I,5 and the DC
bus Upc voltage during one period of the rotation velocity
Qg. It can be noticed that Upo is well controlled with
an error less than 0.9%. Fig.14 shows a grid phase current
I,—g and the grid phases voltages V,p .—c. The grid-side
converter was successfully controlled to provide the grid with
a standard three-phase voltage, and the current has only the
50H z harmonic.

Ny
=3
S

QS (rad/s)

!
IS}
1=

%3
S

Ls(A)

605

S
3 600—1-—-"--——-4\___...-——..,}&-'-‘”“"“\1—————
=]

595

)

. . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
time (sec)

Fig. 13. Starting from the upper plot: The PMSM rotation velocity (2g),
PMSM phase current (I,g), DC bus voltage (Upc).

The previous simulation results are a first and initial step
towards the HIL (Hardware in the loop) validation. We remind
here that until now the control strategy is divided into two
“independent” problems, the kite orientation, that is control of
6, ¢ through the roll angle %, and the radial velocity control 7-



through driving of the PMSM. Hence the MPPT algorithm acts
only on the 7 regardless of the kite orbit. A further work will
merge both control problems, and will use a more developed
MPPT algorithm that considers changing the kite orbit itself
to maximize the extracted average power.
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Fig. 14. Starting from upper figure: Grid voltages, grid current (I,¢g), its
frequency analysis.

Discussion:

The closed-orbit KGS is not suitable to compare the potential
of using kites to produce electrical power to that of classical
wind turbines, as its energy efficiency is small compared to the
pumping KGS or a closed-orbit configuration with a variable
aerodynamic efficiency G..

TABLE II
ENERCON E33 MAIN CHARACTERISTICS

Rated Power 300 kW
Hub height 50 m
Rotor diameter 334 m
Rated wind speed || 11.7 m/s

Nevertheless, a small Enercon wind turbine (E33) rated power
of 330kW can be obtained using the closed-orbit KGS
described by eq.22 and in Table.I but with a kite surface
A = 300m? = 30m x 10m. The flying part of such a
system, including: the kite and the orientation mechanism will
have a mass of less than 1¢ compared to about 18.7¢ for the
E33 turbine’s on-tower mass, eg: excluding the tower and
the turbine foundation. This fact makes the KGS easier to
be transfered and maintained. On the other hand, both wind
system occupy theoretically the same ground area. But when
it comes to aerial area, the KGS’s power per unit area for
this example seems to be about 60 times less than that of the
E33, the same system can be used to produce more power by
simply changing the kite’s altitude. As well, working at high
altitude ensures a constant high wind speed hence constant
power generation.

As mentioned before, the KGS will offer a very high adap-
tivity, as its rated power can be modified by changing the
kite orbit eg. size, rotation and/or inclination, or changing the
altitude at which the kite is flying for example. Fig.15 shows
how the KGS generated average power changes as a function
of the kite surface A, the orbit rotation angle; and the orbit
inclination 6.
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Fig. 15. Starting from upper plot: The average mechanic power as a function
of the kite surface A, the inclination angle 6; and the orbit rotation Rot.

VI. CONCLUSION AND PRESPECTIVES

In the search for alternatives to fossil fuel energy, high
altitude wind energy (HAWE), and more specifically Kites
or airborne wind energy (AWE), are receiving an increasing
interest at present.

In this paper, a grid-connected closed-orbit kite generator
system with application of MPPT algorithm was considered.
For an eight-form orbit, the optimal radial velocity of the tether
was calculated for a specific wind speed. Using the kite model,
the kite’s traction force was calculated, and the corresponding
resistive torque was applied on a Matlab/Simulink model of
a power transformation system that consists of a Permanent
Magnet Synchronous Machine and a power electronics inter-
face. A maximum power point tracking (MPPT) algorithm was
applied on the PMSMs rotation velocity in order to insure
maximum power production in the case of slow wind speed
variations.

By controlling the PMSM rotation velocity to follow the
reference velocity profile generated by the MPPT algorithm,
and controlling different electrical variables loops, a maximum
power corresponding to the given orbit was generated and
successfully integrated into the grid.

The KGS will offer a very high adaptivity, as its rated
power can be modified by changing the kite orbit or altitude.
Moreover, the system will be much easier and cheaper to be
maintained. It is, however, more complex to be modeled and
controlled in real time, a matter that will not be a problem
thanks to the rapid development in computer and information
technology, allowing to have fast and reliable real-time data
processing.

As for experimental validation, the simulation results obtained
in this paper will be applied to a HIL (Hardware in the loop)
physical simulator that is dedicated to real-time validation of
control laws with insertion of physical elements that contribute
to better replication of the real phenomena. As well, a reduced
kite’s model is under construction, and will be used to test the
proposed control strategy.
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