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Chapter 1

Control of a Magnus Effect-Based Airborne
Wind Energy System

Ahmad Hably, Jonathan Dumon, Garrett Smith and Pascal Bellemain

Abstract This chapter studies the control of an airborne wind energy (AWE) sys-
tem that uses a rotating cylinder to provide aerodynamic lift with the Magnus ef-
fect. During a production phase, the Magnus cylinder turns through a tether an
on-ground electrical generator. During a recovery phase, the on-ground generator
becomes a motor in order to return the Magnus cylinder to its starting position. The
proposed control strategy aims at stabilizing the output power production which can
be used for example in AWE off-grid applications. Three case studies are presented.
In the first case study, a small scale system in a wind tunnel setup is presented. The
proposed control scheme is applied numerically and experimentally. The controller
works well to effectively manage the tether length. However, a comparison of the
results demonstrates the penalizing effects of wind turbulence with a factor of three
difference in power production. In the second case study, the control strategy is nu-
merically applied to a medium scale prototype with a potential power rating of 50
kW. The case study shows that the control strategy is very effective to track the
desired power production even in the presence of fluctuations in the magnitude of
the wind velocity. In the third case study, the scalability of the system is evaluated
by numerically applying the control scheme on a MW scale platform. Results show
that the system with a span equal to the diameter of a conventional wind turbine can
generate an equivalent amount of power.
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1.1 Introduction

The concept of airborne wind energy (AWE) has attracted a lot of interest in the last
few years [Cherubini2015]. In an interview in June 2015, Bill Gates said that he
is planning to invest more than two billion dollars in green technologies and high-
lighted promising areas of research that "involve among others kites, kite-balloon
hybrids known as kytoons or flying turbines" [Independent2015].

AWE systems replace the blades of conventional wind turbines by a controlled
flying wing that captures the energy of the wind. EnerKite claims that their AWE
system doubles the output whilst saving 95% of resources [enerkite2014]. This
concept of producing more energy with less material goes in the direction of recent
movement of frugal innovation that promotes "How to do more with less".

AWE systems can be divided into two main classes depending on the location
where energy is produced:

e Systems using the lift mode as introduced in [Loyd1980] where the mechani-
cal power is transferred to the ground. Energy is produced during a production
phase, in which the aerodynamic lifting device is pulled by the wind while un-
rolling the tether from a drum which turns an on-ground electrical generator. This
phase is followed by a recovery phase that begins when the tether reaches its
predefined maximum length, and hence needs to be reeled-in, an operation that
consumes energy. These on-ground systems are studied, for example by Kite-
gen [Canale2009], and Ampyx Power [AmpyxPowerBV].

e On-board production using the drag mode as introduced in [Loyd1980]. The
generator is embedded in the airborne structure and electric energy is produced
in-flight and transferred to the ground using conducting tethers. This type of
systems is investigated, for example by Makani Power [Makani2016].

Most of the aforementioned systems use either flexible or rigid wings as aerody-
namic lifting devices. To increase the traction force during reel-out or the energy
harvesting in drag mode, the wing is operated in crosswind maneuvers. On the other
hand, Omnidea Lda have used a Magnus effect-based system in its High Altitude
Wind Energy project (HAWE) [Omnidea2013]. The operation principle of their
platform is based on the traction force of a rotating cylindrical balloon employing
both aerostatic as well as aerodynamic lift mechanisms [Penedo2013, Pardal2015].
Magnus effect-based airborne wind energy systems generate an aerodynamic lift
that depends on the apparent wind speed at the Magnus cylinder and its angular
speed. Electrical energy is produced as for on-ground systems, with the difference
that the balloon is not operated in crosswind flight maneuvers. The fundamental
reason is that a cylindrical body will always have a significant aerodynamic drag
because of its flow cross section. As a consequence, the lift-to-drag ratio is lim-
ited to comparatively low values which leads to relatively low performance when
operated in crosswind mode despite of its high lift coefficient. On the other hand,
Magnus effect-based system offers a huge advantage of being lighter than air, which
greatly simplifies the takeoff and landing phases when the wind is insufficient. In
addition, as opposed to the AWE systems using airfoil kites or wings whose lift
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and drag vector magnitudes depend on the angle of attack measured between airfoil
chord and apparent wind velocity, Magnus effect-based systems only change lift and
drag vector direction, and not magnitude, when there is a change in apparent wind
direction.

In [Perkovic2013], the feasibility of the Magnus effect-based concept has been stud-
ied. In [Milutinovic2015], the control variables were optimized for an airborne wind
energy production system showing optimal vertical trajectories.

In the present chapter, using similar vertical trajectories, the proposed control
strategy aims at controlling the power produced by a Magnus effect-based AWE
system. The on-ground generator controls the tether length and the cycle period.
The performance of the control strategy is satisfying even in the presence of highly
perturbed wind speeds.

The chapter is organized as follows. In Sect. 1.2 the system model is introduced.
The control strategy presented in Sect. 1.3 applies to the experimental platform de-
scribed in Sect. 1.4 where both simulation and experimental results are shown. A
numerical application of the proposed control strategy on a medium scale system
based on Omnidea’s experimental platform is presented in Sect. 1.5. Some numeri-
cal results on a MW scale system are presented in Sect. 1.6. The chapter ends with
some conclusions and perspectives in Sect. 1.7.

1.2 System Modeling

The airborne wind energy system studied is composed of a light-weight rotating
cylindrical lifting device, called hereafter the Magnus rotor, that supplies a traction
force to an on-ground generator through a tether. This device generates aerodynamic
lift and drag forces. Lift contribution comes from aerodynamic lift, the well-known
Magnus effect, and aerostatic lift, by using Helium as a filling gas. The resultant
traction force is transferred via the tether to the on-ground generator where a drum
is used to convert the linear motion of the tether into shaft power, which is used
to drive a generator. For recovery, this operation is reversed, i.e. the generator is
operated as a motor and the aerodynamic force of the Magnus rotor is reduced by
switching off the rotation. Acting on the Magnus rotor, as shown in Fig. 1.1, are the
aerodynamic force F,, which can be split up into a aerodynamic lift L and a drag
D component, the gravitational force on the Magnus rotor P, the buoyancy force B
and the tensile force T in the tether.
Aerodynamic lift and drag forces can be expressed by:

1 1
L= 5pSvch, D= EpSvch (1.1)
where p is the air density, v, is the apparent wind velocity, S is the Magnus rotor
projected surface area in the direction of the apparent wind velocity, C;, and Cp
are aerodynamic lift and drag coefficients respectively. For Magnus effect-based
systems, aerodynamic lift coefficient C;, and drag coefficient Cp are functions of the
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F,

cylinder

Fig. 1.1 The different forces acting on the Magnus effect-based airborne wind energy system, the
translation velocity of the Magnus rotor v; and its angular velocity @, the angular velocity of the
drum Q = 7/R; and the wind velocity with respect to the ground v,,.

spin ratio X [Seifert2012]. The Magnus rotor spin ratio is given by the following
equation:

X=— (1.2)
Va

where o is the Magnus rotor angular velocity and R is the Magnus rotor radius. The
buoyancy force can be calculated from Archimedes’ principle:

B = pVyg (1.3)

where Vj is the volume of the Magnus rotor and g is the gravitational acceleration.
The combined mass of all airborne system components (Magnus rotor, contained
gas, rotor drive train plus tether and bridle lines) is denoted by My;:

My =M +V,pg+Mr (1.4)

where M is the mass of the airborne structure, M; denotes the mass per tether length
and p, is the gas density. The wind velocity v,, is assumed to be parallel to ground.
The apparent wind velocity v, is defined by:

Vg =V, — Vg (1.5)

where v, is the translation velocity of the Magnus rotor. In this study, the move-
ment of the Magnus rotor is assumed to be in the vertical plane. It is also assumed
that the tether of length r is always in tension and forms a straight line. It has an
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elevation angle 8 with respect to the ground plane. Furthermore, the cylindrical lift-
ing device does not allow the definition of an angle of attack in the cross sectional
plane. In order to find the dynamic model, fundamental dynamic equations are used.
Considering the two translational degrees of freedom of the system, r and 3, v, can
be decomposed into a radial velocity component vy, = # and a tangential velocity
component vi ; = rB. Differentiation of v, with respect to time yields the radial ac-
celeration component dvy . /dt = ¥ — rBZ and the tangential acceleration component
dvyz/dt = rﬁ + 2;"/3. The resultant forces F, and F; on the Magnus rotor are respec-
tively the radial and tangential force components according to the polar coordinate
system (r, ) as shown in Fig. 1.1.

F, = =T+ Lsin(f — a,) + Dcos( — o) — Psin § + Bsin 8 (1.6)
F; = Lcos(B — o) — Dsin(f — a,,) — Pcos 3 + Bcos 8 (1.7)

where @, is the angle that the apparent wind velocity forms with the horizontal. The
dynamic model can then be derived in 2D polar coordinates:

= H—zBH MLL} (1.8)
7= m [rB2MM+Fr] (1.9)

where Mp =1/ Rﬁ with moment of inertia of the on-ground generator / and its ra-
dius R,. In addition to these equations, we add the dynamics of the on-ground gen-
erator:

T:ﬁT(uT—T) (1.10)

where uy is the desired traction force and 7, homogeneous to a frequency, repre-
sents its dynamic response modeled here as a first order dynamic system.

1.3 Control Strategy

The control strategy to be applied to the Magnus-based system aims at stabilizing the
mean output power produced during a given cycle (recovery phase then production
phase). The tether traction force T and its speed 7 are forced to track some reference
signals related to a desired reference power Py s to be produced. For simplicity, Py r
is assumed to be constant, however the control strategy can be adapted to varying
Prer as shown later.

During the cycle, the Magnus rotor moves from a minimum radial position 7,,j,
to a maximum radial position 7, at a reel-out speed 7,4 during production phase
and from 7,4, to 1y, at a negative reel-in speed 7, during the recovery phase.
Since 7pyoq and #. are assumed to be constant, the proposed algorithm tracks Py s
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by controlling the traction force 7. A given cycle is defined by the time period from
the beginning of the recovery phase to the end of the production phase. The recovery
phase starts at time o and ends at time #. Then the production phase starts at time
t; and ends at time #, (see Fig. 1.2). Time #; can be calculated by

(rmax - rmin)

h =ty+ —T72 (1.11)

—Trec

Time , can be calculated by

(rmax - rmin)

=t +-——— " (1.12)
"prod

In order to produce a net output power equals to Py, the output energy to be
produced during a cycle E,.s is given by P f(t» — o). During the cycle, the output

Output power

Time

Ho l 1 ;tz
Cycle 1 Cycle 2

Fig. 1.2 A sketch of the instantaneous output power as a function of time covering several pumping
cycles. For a cycle, the red area E,.. represents the energy consumed during the recovery phase
between time #y and time #; and the green area E,,,,q represents the energy produced during the
production phase between time #; and time #,. The blue area represents the output energy at time ¢
for the beginning of the cycle. Desired reference power P, is assumed to be constant.

energy produced from time £ to time ¢ is calculated by

E= t(Pg—PM)dt (1.13)

fo

where P, is the produced output power of the on-ground generator and Py is the
power consumed by the Magnus motor. In order to satisfy E = E,.; at the end of
the cycle, the remaining energy to be produced E s from time ¢ to time ; has to
satisfy:
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Epmd :Eref_E (1.14)

Subsequently, the reference traction force has to satisfy for ¢ € [1y, 1]

o 1 Eprod

=0y (1.15)

Tre f

As T cannot be negative, 7, is set to zero for ¢ € 1o, #1].

In order to implement the proposed control strategy, two other controllers K and
K5 are used as shown in Fig. 1.3. The tether length is controlled by K through the
desired traction force ur of the on-ground generator. In order to track 7, obtained
from controller K3, K, controls spin ratio X of the Magnus rotor. Controller K3 is
given in Eq. (1.15). Controllers K; and K are classical PID controllers in parallel
form whose parameters are tuned empirically with the following constraints:

K> is set to have a fast response time to get Tp.p =T .
K is set to have a faster response time than K, in order to have a decoupled
control between the tether length r and the traction force 7.

T'ref

T'maz
Tmin /\/\ Kl ur

r! Magnus

rotor

K3 T‘re,f Kg

—,
X
T

P, — Py

Fig. 1.3 An overview of the proposed control system. Three controllers Ki, K>, and K3 are used.
The Magnus rotor moves from minimum radial position 7,;, to a maximum radial position 7;,y-.
Ter is obtained by Eq.(1.15). X is the spin ratio and uy is the desired traction force.

In the rest of this chapter, three case studies will be presented. In the first case,
the control will be applied numerically and experimentally on a small scale indoor
system. In the second case, we will numerically study a medium scale system. In
the last case, the control strategy will be numerically applied to a MW scale system.
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1.4 Control of a Small Scale Laboratory Test Setup

In this section, the control of a small scale wind tunnel setup will be presented. It
is based on Gipsa-lab’s experimental setup. This experimental setup has been used
in [Hably2013] and [Lozano2013]. This setup gives us some flexibility and allows
us to test our prototypes and the proposed control strategies independently of the
weather conditions. It is composed of a wind tunnel, the Magnus rotor, and the
ground station.

1.4.1 Wind Tunnel

The fan section of the wind tunnel is composed of nine brushless electrical motors
equipped with two-blade fans of 0.355 m diameter, see Fig. 1.4 (top left). These
motors, 800 W each, are distributed on a tunnel cross section area of 1.85 m?. The
air flow first passes through a honeycomb then in a tunnel of 1.8 m length in order
to stabilize it. A hot wire wind speed sensor! is used to measure the airspeed. The
output air flow speed can reach 9 m/s with a typical standard deviation of 0.18
measured at 1 Hz. As there are fast variations, the air flow can be better characterized
with a smaller sample time.

We choose to use nine hobbyist propulsion sets of electrical motors because this
option turns out to be cheaper than the use of a single 7.2 kW motor with a driver
and a propeller. This design of an open wind tunnel was chosen based on economic
reasons at the expense of flow quality that can be provided by a closed wind tunnel
architecture.

1.4.2 Magnus Rotor

The Magnus rotor used in the experimental setup is a light-weight cylinder built
with carbon rods, polystyrene and transparent plastic paper, see Fig. 1.3 (bottom
left). The rotation of the Magnus rotor is provided by a mini DC motor mounted on
one end of it. Its current control and speed sensor are implemented with a homemade
driver. The parameters of the Magnus rotor are given in Table 1.1. The size of this
Magnus rotor does not allow us to have a lighter-than-air system so it is not filled
with Helium. The rigid frame design proposed allows us to have a better balanced
symmetrical structure than if we have used a textile structure.

! Measurement frequency of 1 Hz achievable with serial interface.
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V'

Fig. 1.4 Wind tunnel setup: front view of fan section (top left), side view of test section with
computer hardware in foreground (top right), Magnus rotor (bottom left) and DC motor used to
rotate the Magnus rotor (bottom right).

Table 1.1 Parameters of the test setup.

Symbol Name Value

My Mass of airborne subsystem 0.11 kg

M; Mass per tether length 0 kg/m (neglected)

R Magnus rotor radius 0.047 m

L, Magnus rotor length 0.45m

Mp Ground station rotor mass 0.0481 kg

Ry Drum radius 0.05m

P Air density 1.225 kg/m?

Br Inverse of time constant of motor current 14.28 s~ 1
loop

Re Reynolds number 4x10%

1.4.3 Ground Station

The ground station is composed of a dynamo-motor system Maxon 2260L DC
100W driven by a four-quadrants amplifier Maxon ADS 50/10 that controls current
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through the motor. Two incremental encoders provide measurement of the elevation
angle f and tether length r. Control references of DC motors are sent to drivers with
a DAC PCI DAS1200 from Measurement Computing and a torque sensor provides
an accurate measurement of tether tension. Controllers are implemented on the ex-
perimental setup using the xPC target real-time toolbox of Matlab, see Fig. 1.3 (top
right).

|
DC motor (100W)
Current control
with Maxon driver

Torque sensor
Kistler 4502a
0.5 Nm range

Incremental coder:
2000 pts/rev

Drum
radius = 0,05

Fig. 1.5 The ground station. The drum is made for a tooth belt, but used here with a line.

1.4.4 Identification

In a first place, the response time of the DC motor used to rotate the Magnus rotor is
identified (see Figl.6). The second step is to identify, by regression of the measured
data, the aerodynamic lift and drag coefficients as functions of the spin ratio. The
obtained results are comparable to the theoretical results [White2015] for Reynolds
number Re = 3.8 x 10* and used in [Milutinovic2015] (see Fig. 1.7). The identified
model for the aerodynamic lift and drag coefficients function of spin ratio X is:

Cp = 0.73X> —1.2X + 1.2131 (1.16)
Cr = 0.0126X* —0.2004X> 4 0.7482X% + 1.3447X — 0.2 (1.17)

The last step in the identification phase is to find the operational limits of our
platform. We have noticed that friction in the pulleys is significant. The increase
of mechanical friction forces is a well known physical phenomenon when scaling
down. We have measured the tension in the tether as a function of the tether length r
for different angular speeds @ of the Magnus rotor and the tether speed 7. We have
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Fig. 1.6 The dynamic re-

sponse of the DC motor to a 4
step signal for a wind speed
vy = 0 m/s. In blue is the
measured angular speed and
in red the reference angular
speed (top). The power con-
sumed for this step signal is s s 0 2 ” 6 18
also shown (bottom). Time [s]

P W]
N

0 CL Measured

¢ CpMeasured
CL Identified
—— C_, Identified
—C_ [White 15]
——— Cp [White 15]

o
S
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Fig. 1.7 Aerodynamic Lift
and drag coefficients identifi- 1h
cation as functions of the spin
ratio X. Wind speed v,, varies o5 ; s p 25 3
from 4.76 m/s to 7.26 m/s. X

found our platform can provide a limited difference of traction force that one can
use to produce energy. This is shown in the difference between the upper and lower
zones of Fig. 1.8.

1.4.5 Simulation Results

In this section, the proposed control strategy is tested numerically in a simulation
environment using Eqgs. (1.8), (1.9), and (1.10). Our objective is to test the control
strategy and to have a cycle with a positive net energy output. The following condi-
tions are used.

Reynolds number is 4 x 10*. Wind speed v,, = 6.28 m/s.
The minimum tether length is r,,;, = 0.1 m and its maximum is 7y, = 0.7 m.
These limits are imposed by the wind window of the wind tunnel.

e The tether speed in the production phase is 7,,¢ = 0.1 m/s and in the recovery
phase 7 = —0.1 m/s. These values, even far from the optimal value (v,,/2)
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3.5 T T
e
—— 7 =0.1 m/s, w=147 rad/s
—— 7 =0.2 m/s, w=147 rad/s
7 =0.1 m/s, w=215 rad/s
3r 7 =0.2 m/s, w=215 rad/s|
Fig. 1.8 The measured ten-
sion in the tether as a function sl

of the tether length r for dif-
ferent angular speeds @ of
the Magnus rotor and tether
speed 7, for a wind speed
v,y = 6.2 m/s. The zone A is
the possible force difference 151
that can be used to produce
energy. This zone is reduced
to zone B due to the pulleys 10
friction. This gives an idea

of the feasibility of a positive

power production cycle and 058t oz 03 02 o5 05 o7
what one could potentially get

if this friction is reduced.

Tether Tension [N]
N

Tether Length [m]

according to the main theory of simple kite, Fig. 2 of [Loyd1980], were imposed
again by the limits of the wind window.

e Friction identified in Fig. 1.8 leads to a limited range of power production. For
this reason, we choose to deactivate the controllers K> and K3 using constant
values of spin ratio X.

e We have chosen to control only @ which gives an average value of X. A constant
angular speed of the Magnus rotor is used in the production phase ®,,,s = 200
rad/s and in the recovery phase @, = 140 rad/s 2. Considering that 7 is negligible
with respect to v,, and simple kite conditions (vk and T are colinear), this leads
to v, & v,, = 6.28 m/s. The spin ratio is then X}, = 1.5161 in the production
phase and X, = 1.0613 in the recovery phase.

The tether length follows the desired radial position as shown in Fig. 1.9. As ex-
pected, the traction force increases as the angular Magnus rotor speed increases. The
movement in the vertical plane is shown in Fig. 1.10. The application of this control
strategy enables us to produce a positive net energy output as shown in Fig. 1.11.

2 A zero rotating velocity during the recovery phase cannot be set because of the limits of Gipsa-
lab’s experimental setup.
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Fig. 1.9 Tether length, tether tension and the angular speed of the Magnus rotor as function of time
in the simulation of the small scale system for a wind speed v,, = 6.28 m/s. The oscillation in the
tether tension is due to the choice of controller parameters.
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05 .
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E
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Fig. 1.10 The production 031 1
cycles in the simulation of
the small scale system for a 02l |
wind speed v,, = 6.28 m/s.
The direction of the arrows o1l |
indicates the movement of the
Magnus rotor: Green for the
production phase and red for % 01 0 01 02 03 04 05 06
the recovery phase. x [m]

1.4.6 Experimental Results

Using the same conditions as in the previous simulation section, the control strat-
egy is applied to the experimental setup (Figs. 1.12—1.14). A movie that shows the
experiment can be found on our website [GipsaWeb].
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Fig. 1.11 The power produced in the simulation of a small scale system. The net output power is
0.0327 W. Wind speed v,, = 6.28 m/s
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Fig. 1.12 Tether length, tether tension and the angular speed of the Magnus rotor as function of
time in the experimentation on the small scale system. The measured wind speed v,, = 6.28 m/s
with a standard deviation of 0.184.

1.4.7 Results Discussion

From the simulation results, one can see that after stabilizing the angular velocity
o, the elevation angle B also stabilizes confirming simple kite conditions. In the
experimental results, there are significant oscillations of 8 due to wind turbulence
of the used wind tunnel. As a consequence, simple kite conditions are not verified.
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Fig. 1.13 The measured

production cycles of the
small scale system versus
the simulation production
cycles using the same wind 03
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Fig. 1.14 The power produced in the experimentation on the small scale system. The net output
power is 0.0099055 W. The measured wind speed v,, = 6.28 m/s with a standard deviation of 0.184.

Moreover, these oscillations impact the tether tension as shown in Fig. 1.12 and the
produced power shown in Fig. 1.14, which is reduced by a factor of three compared
to the simulation results. Nevertheless, the similar shapes of the cycles shown in
Fig.1.13 gives us an idea on the validity of the proposed model. For this small scale
system, the power consumed by the Magnus motor Py, is much larger than the power
produced by the system due, among others, to the significant effect of frictions.

For larger scale systems, frictions become less important compared to aerody-
namic forces. Wind turbulence will also produce less impact on elevation angle 3
due to length of the tether and to larger inertia of the airborne subsystem. One has
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to adjust the dynamics of the on-ground generator and the Magnus motor in order to
match the time scale of production cycles. In addition, a model of aerodynamic lift
and drag coefficients must be adapted to the considered Reynolds number. Finally,
as the volume increases with the cube of the cylinder dimensions and the mass in-
creases with the square since it is related to the surface, scaling up the system allows
to get a lighter-than-air structure by filling it with lighter-than-air gas like Helium.

1.5 Numerical Application to a Medium Scale System

The complete control strategy has been numerically applied to Omnidea’s system
shown in Fig. 1.15. We have used the dimensions of the Magnus rotor presented in
[awec2015]. This Magnus rotor is filled with Helium.

Fig. 1.15 Omnidea’s platform during experiments [Omnidea2013].

Its parameters are listed in Table 1.2. The aerodynamic lift and drag coefficients
used are those presented in [White2015] for Reynolds number Re = 3.8 x 10*:

Cp = —0.0211X3 +0.1837X% +0.1183X + 0.5 (1.18)
Cr = 0.0126X* —0.2004X> 4 0.7482X> + 1.3447X (1.19)

Note that for a wind speed v,, = 10 m/s, Reynolds number is Re = 1.7 x 10°. For
higher values of Re, the Cp expression of the above equation can be slightly differ-
ent.

In order to implement the proposed control strategy, we choose to reproduce
a vertical trajectory similar to those suggested in [Milutinovic2015] that we will
reduce its efficiency in order to stabilize a desired power produced P.r. We have
determined the feasibility regions for 7,,;,, = 200 m and r,,,, = 300 m. For a wind
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Table 1.2 Parameters of the medium scale Magnus rotor.

Symbol Name Value

My Mass of airborne subsystem 91.22 kg

R Magnus rotor radius 1.25m

Ly Magnus rotor length 16 m

PHe Helium density 0.1427 kg/m?
Pair Air density 1.225 kg/m?
M; Mass per tether length 0.2 kg/m
Mp Ground station rotor mass 2000 kg

UT e Saturation on traction actuator 65 kN

Vi Wind speed 10 m/s

Re Reynolds number 1.7 x 10%

speed v, = 10 m/s, the tether speed during the production phase 7,4 and during
the recovery one 7. are found numerically offline. One gets 7, = —0.52v,, and
Fproa = 0.33v,, which is not the optimal value given by the main theory of simple
kite [Loyd1980]. This is because the colinearity condition of v; and T is not satisfied
in vertical trajectories. By simulating this system at a wind speed v,, = 10 m/s , we
get the net output power produced during a full cycle as a function of X during
the production phase (Fig. 1.16). X is then set to O during the recovery phase. The
maximum net output power equals 59.23 kW for X = 4.3. The proposed control
strategy will therefore use this nominal production cycle and vary the spin ratio X
between 0 and 4.3 in order to stabilize the desired power produced.

For this nominal production cycle, the energetic performance is 1.48 kW/m?
which is consistent with 1.25 kW/m? found in [Milutinovic2015] where a similar
sized system is used.

Note that we do not consider here the motor consumption that actuates the Mag-
nus rotor. An estimation of this consumption can be computed as follows: Based on
the Cy, Magnus parameter of [Perkovic2013] for Re = 10%, the torque exerted on
the Magnus rotor is:

M, = 0.5pTR?L,,v2Ci. (1.20)

and the motor power consumption can be calculated by:
X T
Py = @M. = v, o M: = 0.5Xp§SvaCMZ (1.21)

If one considers a spin ratio of X = 4.3 and v,, = 10 m/s, one can estimate Cy;, =
0.0055, and Py = 910 W for the production phase (61.2% of the time). The con-
sumption of the motor is 556.7 W for the whole cycle which is 0.9% of the 59.23
kW produced.
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1.5.1 Nominal Production Cycle

In this section, the results of the nominal production cycle are presented. In order
to have a smooth movement of the Magnus rotor, the reference tether length 7, is
filtered by 1/(tgs + 1)? with 1 = 2s.

The PID controller K| parameters are K, = 8250 N/m, K; = 1.32 N/(ms),
Ky = 45 x 103 Ns/m. We find that the apparent wind speed increases thanks to
the temporal evolution of elevation angle 3 (Fig. 1.17) which produces the cy-
cle of Fig. 1.18 with a maximum of v, = 14.26 m/s in the production phase and
va = 14.79 m/s in the recovery phase. Following the simple kite theory, one can get
an elevation angle B = 0 for the recovery phase and = 52.6 deg for the produc-
tion phase. This type of cycle is composed of the succession of transition phases
between these two values of . In Fig. 1.19, we show the temporal evolution of the
tether length, tether tension and angular speed of the Magnus rotor. One can find
the maximum tension on the tether is 7, = 42.4 kN, the maximum angular speed
Omax = 49.02 rad/s. The production phase reel-out speed is 3.3 m/s with an over-
shoot measured at 8 m/s, the recovery phase speed is set to —5.2 m/s, without any
observed overshoot. Omnidea’s current system cannot completely meet these values
since the announced maximum force has been 5 kN with a maximum angular speed
of 9.42 rad/s [awec2015].
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Fig. 1.17 Apparent wind speed in [m/s] (top) and elevation angle 8 in [deg] (bottom) as function
of time for the medium scale system. Wind speed v,, = 10 m/s.

Fig. 1.18 The production cy-
cles of the medium scale sys-
tem. Wind speed v,, = 10 m/s.
The direction of the arrows
indicates the movement of the
Magnus rotor: Green for the
production phase and red for
the recovery phase.
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1.5.2 Energy Control

In this section, the complete control strategy has been applied. To find the control
parameters of the controller K, (PD controller), we have chosen the increasing line
slope of Fig. 1.16 between X = 1 and X = 4.3. The control parameters are then
K,=6.4x 1073 N~ and K; = 6.4 x 1073 s/N. One can clearly see the performance
of the proposed control strategy (Fig. 1.20). The produced power will follow the
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Fig. 1.19 Tether length, tether tension and the angular speed of the Magnus rotor as function of
time for the medium scale system. Wind speed v,, = 10 m/s.

desired one even in the presence of noise on the wind speed. It is worth noting
that if the output of PD is saturated, one can simply apply a very large reference
to achieve the nominal production cycle, with X = 4.3 throughout the production
phase.

1.5.3 Energy Control with Real Wind Data

The energy control algorithm is also applied using real wind data taken on October
2015 at the Bard station of the Loire region in France [Bard2015]3. Only the wind
magnitude is considered given that we are studying the movement in the vertical
plane. The wind speed varies from 7 m/s to 20 m/s. Three power reference levels
are considered (Fig. 1.22):

e Py =20 kW: In this case, the system succeeds to track the desired power ref-
erence by limiting the energy produced even in the presence of wind turbulence.
These variations in the wind speed generate a traction force that exceeds the on-

3 The measurement sampling period is five seconds.
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Fig. 1.20 A noise is added to the wind speed to test the performance of the control strategy (top).
The net output power produced as a function of the desired level of power reference with a change
in wind speed (from 10 m/s to 11 m/s) for the medium scale system (bottom).

ground generator saturation which causes an error on the control of r but does
not affect the power produced.

e P.r =50 kW: The system succeeds to track the desired power reference when
the available wind speed is enough. A short-term storage system can be used to
ensure that the system catches up with the remaining energy of the previous cycle
and thus obtains the desired average power in the presence of such fast changes
in the wind.

e P,y =90 kW: In this case, the wind speed is not high enough and the desired
power reference is never attained.
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Fig. 1.21 Tether length, tether tension and the angular speed of the Magnus rotor as function of
time in absence of noise for the medium scale system. The oscillations in the rotation speed are

due to the choice of the control parameters. Wind speed v,, = 10 m/s.

1.6 Numerical Application to a Future MW Scale System

In order to evaluate the feasibility and scaling behavior of this kind of system, nu-
merical simulations for a MW scale system have been performed. Its parameters are
listed in Table 1.3 and correspond to a factor 25 from the medium scale system of
the previous section. For v, = 10 m/s, Reynolds number reaches Re = 8.6 x 10°.

Table 1.3 Parameters of the MW scale Magnus rotor

Symbol Name Value

My Mass of airborne subsystem 1.133x10* kg
R Magnus rotor radius 6.25 m

Ly, Magnus rotor length 80 m

Pe Buoyant gas density 0.95 kg/m?
Pair Air density 1.225 kg/m?
M; Mass per tether length 5 kg/m

Mp Magnus rotor mass 50000 kg
UT, Saturation on traction actuator 2x10% N

Vi Wind speed 10 m/s

Re Reynolds number 8.6 x 10°
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Fig. 1.22 Energy control of the medium scale system. Real wind speed data is used (top). Three
levels of power reference are considered: 20 kW, 50 kW, and 90 kW. The wind speed varies from
7 m/s to 20 m/s.

By scaling up, the volume of the Magnus rotor increases with the cube of the
rotor dimension while the mass increases with the square, because it is related to
the Magnus rotor surface. The gas used to fill the Magnus rotor can be more dense,
keeping the whole system lighter-than-air without using pure Helium. As in the
previous section, the cycle parameters are set in order to get a nominal production
cycle with vertical trajectories. We have determined the feasibility regions for r,,;, =
200 m and 7y, = 300 m. For a wind speed v,, = 10 m/s, the tether speed in the
production phase 7,4 and in the recovery phase 7y, are found numerically offline.
One gets #prpq = 0.31vy, and 7. = —0.46v,, which are slightly different form those
found for the medium scale system.

By simulating this system at a wind speed v,, = 10 m/s, with the same method
of the previous section, the net output power is found to be 1.37 MW for X = 4.3,
which corresponds to an energetic performance of 1.37 kW/m?. This is consistent
with the results of the medium scale system 1.48 kW/m? and 1.25 kW/m? found in
[Milutinovic2015].

PID controller K| parameters are K, = 5.16 x 10° N/m, K; = 82.5 N/ms, K; =
2.81 x 10 Ns/m. These control parameters are chosen empirically.

In Fig. 1.23, tether length, tether tension and the angular speed of the Magnus
rotor as function of time are shown. One can find the maximum tension in the tether
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Fig. 1.23 Tether length, tether tension and the angular speed of the Magnus rotor as function of
time for the MW scale system. Wind speed v,, = 10 m/s.

Tar = 1.16 x 10° N and the maximum angular speed ., = 9.8 rad/s. The pro-
duction phase reel-out speed is 3.1 m/s with an overshoot measured at 7.4 m/s, the
recovery phase reel-in speed is set to —4.6 m/s, without any observed overshoot.

In Fig. 1.24, one can see the vertical trajectory of the MW scale system. We also
present a comparison with an equivalent conventional wind turbine. Even though
the Magnus effect-based system is less efficient to capture mechanical energy from
wind, it produces the same amount of power as an 80 m diameter wind turbine
(around 1.4 MW for 10 m/s wind speed) since it works on a larger area. In other
words, an 80 m diameter wind turbine works on 5000 m? with a power coefficient
¢p = 0.45 where the Magnus effect-based system works on 13940 m? with a power
coefficient ¢, = 0.157. With the same method used in Sect. 1.5, the Magnus motor
consumption can be estimated by Py = 22.7 kW for Cyy = 0.0055, X = 4.3 and
v,y = 10 m/s. Knowing that production phase is 59% of the time, the net output
power of the Magnus motor over the whole cycle is 13.56 kW which is about 1% of
the power produced.
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Fig. 1.24 The production cycles of the MW scale system. The direction of the arrows indicates
the movement of the Magnus rotor: Green for the production phase and red for the recovery phase.
On the right side figure, the MW scale system and an equivalent conventional wind turbine are
compared.

1.7 Conclusions and Perspectives

The control of an airborne wind energy system based on a Magnus rotor have been
presented. The small scale system wind tunnel experiments have enabled us to test
different aspects of the system and to validate part of the proposed control strategy.
The Magnus effect-based model was validated for a spin ratio ranging from 1 to
approximately 2.3. Our goal for a future work is the experimentation of such models
for a spin ratio greater than 5.5 in order to increase efficiency. The small size of our
wind tunnel does not allow to reach tether reel-out speeds that would achieve the
simulated performance of 1.48 kW/m?, but faster dynamics of the actuators would
allow to achieve vertical trajectories.

Nominal production cycles have been studied for a medium scale systems with
vertical trajectories achieving the simulated performance of 1.48 kW/m?. For these
vertical trajectories, the simple kite case described in [Loyd80] cannot be consid-
ered since the translation velocity of the Magnus rotor vy is not colinear with the
traction force T. This type of 2D cycles has to be formally studied in order to opti-
mize its performance. The complete control strategy has been applied. The system
succeeds to track the desired power reference even in the presence of wind turbu-
lence. This strategy can be applied in a future work on other types of AWE systems
by adapting the control variables.
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Finally, in order to study the feasibility of a MW scale system, numerical simula-
tion has been performed. The production cycle gives 1.38 kW/m? based on vertical
trajectories. The problem of scalability due to the structure’s resistance to important
forces is not treated here and must be addressed later to ensure that the Magnus rotor
can withstand such mechanical stress.
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