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KiteGen project: control as key technology
for a quantum leap in wind energy generators

M. Canale, L. Fagiano, M. Milanese, M. Ippolito

Abstract—The paper investigates the control of tethered energy production costs that are not yet competitive, in strict
airfoils in order to devise a new class of wind generators, economic sense, with the ones of thermal generators, despite
indicated as KiteGen, able to overcome the main limitations recent large rises of oil and gas prices. Moreover, wind farms

of the present aeolian technology based on wind mills. A model - . . .
taken from the literature is used to simulate the dynamic of a Nave wide problems of social acceptance due to their territory

kite whose lines are suitably pulled by a control unit. Energy is 0ccupation, which is unacceptably higher than for thermal
generated by a cycle composed of two phases, indicated as theplants of the same power (up to 200-300 times). In order to
traction and the drag one. The kite control unit is placed on the  gvercome such limitations at Politecnico di Torino a new
arm of a vertical axis rotor, which is connected to an electric project has been started to design and build a new class

drive able to act as generator when the kite lines pull the rotor . - .
and as motor in dragging the kite against the wind flow. In of wind energy generators, indicated as KiteGen. The key

each phase, control is obtained by “fast’” implementations of idea (see the patents, [2], [3]) is to capture wind energy by
suitable NMPC designs. In the traction phase the control is means of tethered airfoils whose flight is suitably driven by

designed such that the kite pulls the rotor arm, maximizing an automatic control unit. It is expected that a wind generator
the amount of generated energy. When the kite is not able to of this type will have a territory occupation much lower

generate energy any more, the control enters the drag phase .
and the kite is driven to a region where the energy spent to than @ wind farm of the same power (by a factor up to 50-

drag the rotor is a small fraction of the energy generated in 100) and much lower electric energy production costs (by a
the traction phase, until a new traction phase is undertaken. factor up to 10-20). In the first step of the KiteGen project a

Simulation results are presented, showing that KiteGen may small scale prototype has been realized (see Fig. 1) to show
represent a quantum leap in wind energy generation. the capability of controlling the flight of a single kite, by
l. INTRODUCTION pulling the two lines which hold it, in such a way to extract

ignificant t of . In [4 h bility h
The solution of the problem posed by electric energy genaE significant amount of energy. In [4] such a capability has

eration from fossil sources (high costs due to large demand
increases in front of limited resources, pollution and,CO
production, geopolitical use of the fossil sources by the few
producer countries) is an urgent and strategic issue of our
society. It is evident that these problems can be overcome
only with the use of sources which are renewable, cheap,
easily available and sustainable for the environment. Actual
renewable technologies have not such potentialities. Indeed,
even the most optimistic forecast on the diffusion of present =
renewable sources (wind, photovoltaic, biomasses) estimates'
to reach a contribution to the world electric energy demand of "&
no more than 20% within the next 15-20 years. In particular,
wind mills are currently the largest source of electric power
produced with renewable energy (excluding hydro power
plants) [1]. However, they require heavy towers, foundations
and huge blades, which make a significant impact on the
environment, require massive investments and long-term

amortization periods. All these problems reflect in electri%een investigated in simulation, employing the kite model
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Fig. 1. KiteGen small scale prototype



the traction and the recovery ones. In the traction phase thw®y the electric generator is suitably controlled in order to
control is designed such that the kite pulls the lines, so th&eep the rotation speed constant. Energy is generated by
a certain amount of energy is generated. When the maximabntinuously repeating a cycle composed of two phases, the
length of the lines is reached, the control enters into thiaction and the drag ones. These phases are related to the
recovery phase, where the kite is driven to a region whemngular position® of the control unit, with respect to the

the lines can be pulled by the motors until the minimal lengtkvind direction (see Figure 4).

is reached, spending a small fraction of the energy generated
in the traction phase, and a new traction phase is undertake
The potentialities of the yo-yo configuration have also bee!
investigated in [6] for the cases of one and two kites linked tc

a single cable: optimal kite periodic loops, which maximize

traction phase with

0=0, .
the generated energy, are computed considering as inputs 1 N left wind
derivatives of the kite roll angle and lift coefficient and of an d‘:zaﬁtpwhfrfg _
the cable winding speed. Another interesting application o gchange /'cf]f;r‘:ggd

power generating kites has been studied in [7], where optimi

periodic loops are computed for a kite which is towing a ship Y

In this paper, the analysis of the KiteGen potentialites 00  g=¢g
(¢}

energy generation will be presented, related toasousel
configuration.
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e
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Fig. 4. Carousel configuration phases

During the traction phase, which begins @t= O3 (see
Figure 4), the control is designed in such a way that the kite
pulls the rotor, maximizing the generated power. This phase
ends at® = ©, and the drag phase begins: the kite is no
more able to generate a positive power until artggleeaches
the value©s. In this phase, the control is designed to move
the kite, with as low energy loss as possible, in the suitable
position to begin another traction phase, where once again
the control is designed to maximize the generated power.
Fig. 2. Kite Steering Unit The control design is here carried on using a Fast imple-
mentation of a Predictive Controller (FMPC) as proposed in
[9] and [10] and used also in [4] for the yo-yo configura-
tion. Indeed, in each phase the design is formulated as an
optimization problem with its own cost function, aimed to
maximize the overall generated power, with state and input
constraints, since for example the kite height on the ground
cannot be negative and control actuators have their own
physical limits. From this point of view, Model Predictive
Control (MPC) appears to be an appropriate technique.
However, a “fast” implementation is needed for the real time
control computations at the required sampling time (of the
order of 0.1 s).

Il. KITE GENERATOR MODEL

In this paper, a single arm rotor generator is considered.
Fig. 3. Carousel configuration of KiteGen The kite control unit is located at the end of the rotor
arm, whose length is indicated witR in Figure 5. A fixed
In such configuration, several airfoils are controlled by theicartesian coordinate systeX,Y, Z7) is considered, with
KSU placed on the arms of a vertical axis rotor (see Figurthe origin located at the rotor center add axis aligned
3), and the control is designed to maximize the powewith the nominal wind speed vector direction. Rotation of
transmitted by the airfoils to the rotor, suitably connectethe generator rotor around axis is given by angle® as
to an electric generator. The torque opposed to the motiatepicted in Figures 4 and 5. Wind speed vector is represented



asW, = Wy+W,, where, is the nominal wind, supposed while torqueT9" is calculated by a suitable local controller
to be known and expressed (X,Y, Z) as: in order to keep the rotor at constant spége= Oer.
The kite dynamics are described by the model originally

W Wl‘o(Z) 1 developed in [5]. Applying Newton’s laws of motion to
0= 0 @ the kite in the local coordinate system and considering that

the length of the lines is kept constant, the following three
W.(Z) is a known function that returns the wind nominalequations are obtained:

speed at a certain heighit. The term W, may have com- I

ponents in all directions and is not supposed to be known, rob = ‘m

accounting for wind unmeasured turbulence. rosin (0)6 = Fy (4)
A moving cartesian systeniA, B,C) is also considered, m

centered at the end of the rotor arm and fixed to it. System il

(A, B,C) is aligned with (X,Y,Z) when ® = 0. The m

position of the kite in(4, B,C) can be expressed as awherem is the kite mass. Forcel, F, and F;. include the
function of its distance from the origin and of the two contributions of gravitational forcerg, apparent force,
angles? ande, as depicted in Figure 5, which also shows théerodynamic force™@®" and forceF* exerted by the kite on
three basis vectors, e, ande, of a local coordinate system, the lines. Their relations, expressed in the local coordinates,
centered in the kite center of gravity. These basis vectors a€ given by:

expressed in the moving cartesian system 3, C') by: Fy = sin (0)mg + F2PP 4 Faer
app
( o ey er ) _ Fy = F + Faer oo - (5)
cos (0) cos (¢) —sin(¢) sin (6) cos (¢) Fr=— COS (H)mg + F 4 B - F
cos (#)sin(¢) cos(¢p)  sin(6)sin () @ - -
i (0 0 (6 F3P components in the local system are given by the
—sin (6) cos (6) following equations:
FiPP = m(©%Rcosf cos ¢ — OR cos fsin ¢
+(6 + qb) 7o sin 6 cos )
FP = m(—Orgsin — 2(6 + $)0rq cos b
—ORcos ¢ — O2Rsin ®)
FPPP = m(rgh? 4 ro(© + $)?sin?  — O Rsin O sin ¢
+O?Rsinf cos ¢)
. . (6)
F2¢" depends on the effective wind speBd., which in the
local system is calculated as:
W, =W, - W, @)
L0 W, is the kite speed, expressed in the local system as:
del d Oro + © cosfsin pR
Fig. 5. Kite generator model diagram Wa _ (¢ + @)7’0 sind + @ cos oR (8)
The generator rotor motion law is given by the following OsinfsinpR
equation: . Let us consider now the kite wind axis system, with the
J.© = R F€¢sinfsin ¢ — T9" (3) origin in the kite center of mas$,, basis vector aligned with

the effective wind speed vectot,, basis vector contained
by the kite longitudinal mirror symmetry plane and pointing
from the top surface of the kite to the bottom, and wifjd
asis vector completing the right handed system. In the wind
glstem the aerodynamic fordﬁer is given by:

where J, is the rotor moment of inertiak’® is the pulling
force exerted by the kite on its lines afid*" is the torque
given by the electric generator linked to the rotor. Note th
any viscous term is neglected in equation (3), since the rotg
speed® is kept very low as it will be shown in Section
IV. Force F¢ is always directed along the local unit vector Faer Fp@w + Fr.zZw 9)
e, and cannot be negative, since the kite can only pull the
lines. T9"is positive when the kite is pulling the rotor toward "
increasingd values, thus generating energy, and it is negatwes' 1 5

when the electric generator is acting as a motor to drag the Fp =—5CpAp|We| (10)
rotor betweer®, and ©3 during the drag phase as depicted Fp = —=CLAp|W,?

in Figure 4. Forcer, is calculated by the kite control unit in

order to keep the length of the lines constant (i.e= rp), wherep is the air density,A is the kite characteristic area,
apart from the limited movements needed to control the kit&;;, and Cp are the kite lift and drag coefficients. All of

whereF, is the drag force and?, is the lift force, calculated



thesevariables are supposed to be constdrte’ can then Thus the predictive control law is computed using a receding
be expressed in the local coordinate system as a nonlindarizon strategy:
function of several arguments: 1) At time instantt,, getz(ty).
> 2) Solve the optimization problem:
F39(60,6.0,v,W.) ) P P

Fe'= | F2(0,¢,0,, Vi/e) (11) min - J(U, tx, Tp) (16a)
FPE(0,¢,0,9, We) subject to
Angle ¢ indicated in (11) is the control variable, defined by Z(t) = g(&(t), a(t), Wa(t)) (16b)
. Al F.%(t) + Gﬂ(t) < H, Vte [tk;7tk+T ] (16C)
1) = arcsin <) (12) . T
3) Apply the first element of the solution sequeri¢ao
with d beingthe distance between the two lines fixing points the optimization problem as the actual control action
at the kite andAl the length difference of the two lines. u(ty) = a(ty).
Angle ¢ influences the kite motion by changing the direction 4) Repeat the whole procedure at the next sampling time
of the vectorFae, s
Thus the system dynamics are of the form: Therefore the predictive controller results to be a nonlinear
] N static function of the system stateand the nominal mea-
iC(t) = g(l’(t), ’Lb(t), Wl(t)) (13) sured wind Speedﬂ/w:
wherea (i) = [6(¢) ¢(t) O(t) 6(¢) ¢(t) O andu(t) = W(t) = F(@(tr), Wa(tr), Ore(tr)) (17)

¥ (t). All the model states are supposed to be measured, to

be used for feedback control. A. Traction phase
The aim of this phase is to obtain as much mechanical energy

as possible from the wind stream. Ttraction phasebegins
Control problem and related objectives are now describedhen the rotor angular positigd with respect to the nominal
As highlighted in the Introduction, the main objective is towind vectorWy is such that the kite can pull the rotor arm
generate energy by a suitable control action on the kite. k$€€ Figure 4). Thus, the followingaction phaseinitial
order to accomplish this aim, a two-phase cycle has be&@ndition is considered:

defined. The two phases are referred to adrihetion phase O(t) > 5 (18)

and thedrag phase In both phases, MPC controllers are | I . . hasd
designed, according to their own functional, state and inpﬁontro system objective adopted in tiraction phases to

constraints and terminal conditions. maximize the energy generated in the interval ty, + Tp],
The control move computation is performed at discrete tim@/hile satisfying constraints concerning state and input val-
instants defined on the basis of a suitably chosen sampli%&s' Mechanical power generated at each instarf is-
period A;. At each sampling time;, — kA,, k € Z*, the _T_ger_‘, thu_s the foIIovx_nng cost function is chosen to be
measured values of the staté;) and of the nominal wind Minimized in MPC design (16):

speediV,.(t) are used to compute the control move through _ AT gen

the optimization of a performance index of the form: J(t) = / (@(T)T (T))dT

IlIl. KITE CONTROL USINGMPC

(19)
ty

e During the whole phase_ the fgl!owing state constraint is

J(U, . T,) = / L@E(r), a(r), Wo(7), )dr  (14) considered to keep the kite suifluently far from the ground:

t 9(t) <0 (20)

where T, = NpA;, N, € Z* is the prediction horizon, \yith g < 7/2. Actuator physical limitations give rise to the
#(7) is the state predicted inside the prediction horizoR,siraints:
according to the state equation (13), usit@s) = =(tx) lp(t)| < b
and the piecewise constant control inpli(t) belonging to W(tﬂ < ;
the sequenc® = {u(t)}, t € [ty, ty47,) defined as: -

(21)

As a matter of fact, other technical constraints have been
alt) = { g, Yt € [ti, tiy], i = F, e E+1T.—1 added to force the kite to go along “lying eight” trajectories
UpyT.—1, YVt € [ty tit1], i =k +T,,...,k + T, — 1rather than circular ones, in order to prevent the winding of
(15)  the lines. Such constraints force the kiteangle to oscillate
where T, = N.Ay, N. € Z*, N. < N, is the control  with double period with respect t angle, thus generating
horizon. the proper kite trajectory.

The function L(-) in (14) is suitably defined on the basisThe traction phaseends when the rotor angle is such that
of the performances to be achieved in the operating phage kite is no more able to pull the rotor arm:

the kite generator lies in. Moreover, in order to take into

account physical limitations on both the kite behaviour and O(t) = ©o (22)
the control inputy in the different phases, linear constraintswith ©y < 7/2 according to Figure 4. When the condition
of the form Fz(t) + Gu(t) < H have been included too. (22) is reached thdrag phasecan start.



B. Drag phase optimization problem (16). However, an online solution of

During this phase the electric generator act as a motor {8€ Optimization problem at each sampling time cannot be
drag the rotor between angl€x and ©5. Meanwhile, the performed at the sampling period required for this appllcg—
kite is moved in a proper position in order to start anothelion, of the order of 0.1 s. An approach to overcome this
traction phase. Thelrag phasehas been divided into three Problem is to evaluate off line a certain number of values of
sub-phases. Transitions between each two subsequent dfagy) to be used to find an approximatignof f, suitable to

sub-phases are marked by suitable values of the rotor angk€, used for online implementation. In particular the FMPC

0, and©,, which are chosen in order to minimize the totaf@pproach introduced and described in [9] [10] and also used
energy spent during the phase. in [4] based on Set Membership approximation techniques

In the first sub-phase, the control objective is to move the kit®ill be employed to derive the approximating functign

in a zone wi'th low values ofl, where gffective wind speed IV. SIMULATION RESULTS

W, and pulling forceF’© component in planéX,Y) (i.e. ] ) )

F°sinfsin¢) are much lower. A positive valué; < /2 Simulations have been performed with the values of model
of 6 is introduced to identify this zone. The following costand control parameters reported in Table I. Table Il contains

function is considered: the state values which identify each phase starting and ending
ti+Tp conditions and the values of state and input constraints.
_ _ 2
I(tr) = /tk (0(r) — 01)dr (23) TABLE |

. s . MODEL AND CONTROL PARAMETERS
Once the following condition is reached:

m 50 | kite mass (kg)
©=26, (24) A 100 | characteristiarea (nf)
the firstdrag phasepart ends. SO 9?880 :jgt(?):?gme(r:?)of inertia (kg M)
o B
In thg second drag ;l_Jb—phase, control objgctlve is to change = 300 [ Toforradius (m)
the kite angular positiow toward values which are suitable P 1.2 | air density (kgm°)
to begin thetraction phase Thus, value¢; is introduced CL 1.2 | lift coefficient
such that Cp 0.15 | dragcoefficient
Oref 0.16 | reference® (rpm)
7r/2 <¢r< 37r/2 (25) Te 0.2 | sampletime (s)
and the following cost function is considered: Ne 1 | control horizon (steps)
Np 8 | predictionhorizon (steps)
te+Tp )
)= [ @ -erar @)
tr TABLE I
The second sub-phase ends when the following condition i€vcLE PHASES OBJECTIVES AND STARTING CONDITIONSSTATE AND
satisfied: INPUT CONSTRAINTS
O > 0O, (27)
[EH) 45 (deg) | Drag phasestarting condition
Then, the third drag sub-phase begins: control objective is | : 20 (deg) I'Sthragsub-phase objective
to increase the kite angketoward a suitable valué;; such ©1 | 135(deg) | 2"“ Drag sub-phase starting condition

o1 140 (deg) | 2" Drag sub-phase objective

O 150 (deg) | 37 Drag sub-phase starting conditio
77/4 <O < 77/2 (28) Orr 50 (deg) | 3"¢ Drag sub-phase objective

O3 165 (deg) | Traction phasestarting condition

that:

=}

thus preparing the generator for the followitngction phase

0 85 (deg) | Stateconstraint

Cost functionJ(ty) is set as follows: I 3 (deg) | Input constraints

ot +T)p W 20 (deg/s)

J(tk) = / (9(7’) - GII)QdT (29)

b Notethat the reference rotor spe€gk; is very low, according
Ending conditions for the wholdrag phasecoincide with  to the hypothesis of Section II. The first component of the
starting conditions for théraction phase(18). nominal wind speed, according to (1), is given as:
During the wholedrag phasethe state constraint expressed _
by (20) and the input constraints (21) are considered in thg", (7) = { 0.042 + 8 Z.f Z < 100m m/s
control optimization problems. 0.0172(Z - 100) +12 if Z>100m (30)

For any of the MPC controller previously described, contro
¥(tg) results to be the nonlinear static function given b
(17), which can be rewritten as:

Iklominal wind speed is 8 m/s at 0 m of height and grows
Bfinearly to 12 m/s at 100 m and up to 17 m/s at 300 m
of height. In the first simulation, no wind turbulence was
Y(tr) = flw(ty)) considered, so¥;(t) = 0. In the second simulation the
Where w(ty) = ((ty), Wa(ts), Oweilte))T. For a given following sinusoidal wind turbulence was introduced along

w(ty), the value of the functiorf(w(tx)) is typically com- the fixedY” axis:
puted by solving at each sampling timg the constrained Wi(t) = 2.5sin(wot) m/s (31)



with wo = 27/80 rad/s. Finally, in the third simulation the

same wind turbulence was introduced along the fixed vertical

axis Z. Note that the amplitude df’; is higher than 20% of

nominal wind speed at 100 meters of height, thus introducing

strong disturbances in the system.

Figure 6 shows the trajectories of the kite and of the control
unit during two full cycles in nominal conditions. Figure

7 depicts some orbits traced by the kite during tfaetion

phase: it can be seen that the kite follows “lying eight” orbits
in this phase, with a period of about 4 s; about 65 orbits

are thus completed in a singteaction phase The power
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generated during the two cycles is reported in Figure 8: the ° ime &

mean value is 478 kW and the consequent generated ene
is 180 MJ per cycle. Figure 9 depicts the behaviour of th

wind effective speed magnituqbf/e| during two full cycles.
It can be noted that during thection phasehe kite speed is

about 15 times greater than the rotor tangential speed, which
is equal to 18 kmjh: this is one of the main advantages of
KiteGen over classical wind mills, which work with much

lower wind effective speed values.

Fig. 6. Kite (thin line) and control unit trajectory with nominal conditions:
traction phase(solid) anddrag phase(dot-dash)

Fig. 7. Sometraction phaseorbits

Note that since the fixed coordinate systéi,Y,Z) has
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Fig. 9. Effective wind speed magnitud&.|, nominal conditions

unmeasured wind changes, in Figure 10 the power generation
results with the lateral wind disturbances described by (31)
are shown: the cycles were completed and the mean gener-
ated power value, 475 kW, is similar to the one obtained
without disturbances, showing the good tolerance of the
control system to lateral wind turbulence.

The simulated power generation behaviour in presence of the
vertical turbulence described by (31) is reported in Figure
11: the cycles were completed with a mean generated power
value of 485 kW, showing good system robustness also in
presence of severe vertical wind disturbances.

V. CONCLUSIONS AND FUTURE DEVELOPMENTS

The paper has presented a study aimed to investigate the
capability of controlling tethered airfoils in order to devise

a new class of wind energy generators able to overcome
the main limitations of the present aeolian technology based
on wind mills. A single kite carousel configuration has
been considered and the obtained results appear to be very

been defined on the basis of the nominal wind directiorencouraging, even though they are based on simulations
a measurable change of the latter can be easily overcorm&ried on a kite model taken from the literature, which

by rotating the whole coordinate syste(X,Y,~7), thus

certainly can give only approximate description of involved

obtaining the same performances without changing neithdynamics. Indeed, accurate modelling the dynamic of non

the control system parameters nor the starting conditions
the various phases.

agid airfoils is well known to be a challenging task and it can
be expected that the control design based on the kite model

As regards the control system performances in presence adnsidered in this paper may not perform in a satisfactory
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[13]
way on the built prototype. Therefore, experimental data
taken from the prototype will be employed, together with
advanced methods for the identification of complex nonlinear
systems such as [11], [12], in order to derive more accurate
kite models, sufficient to obtain good performances from the
NMPC design on the real application. On the other hand,
the first tests performed on the built prototype in the yo-
yo configuration introduced in [4] show a good matching
between simulations and experimental results as regards the
generated power (as reported in [13]). Therefore, the consid-
ered model equations provide a good estimate of the power
that can be obtained with kite generators, making it possible
to draw conclusions about their scalability. In particular, a
single 500 M kite with 12 m/s nominal wind speed and
aerodynamic efficiency (i.&0,/Cp) equal to 12 would be
able to generate 10 MW mean power. 100 such kites towing
a 1500 m radius carousel would generate 1000 MW mean
power with about 7-8 krh land occupation and with an
estimated energy production cost ten times lower than the
one obtained by fossil fuel thermal plants. Note that a wind
farm producing the same mean power, using the present
wind mill technology, would have a territory occupation of
about 250-300 krand an energy production cost 40-50%
higher than thermal plants. Thus, the presented results show
that KiteGen could provide cheap renewable energy, in large
guantity and with quite low territory occupation, opening

the way to much larger contributions to the world electric
energy demand than expected from the present renewable
energy technologies.
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