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Abstract— Due to its special features, the Magnus effect wind
turbine allows you to produce energy at a very low speed of the
wind. This fact, as well as the growing interest in the of
blockchain technology, makes it possible to use this type of wind
turbine in private household as part of a distributed energy
system in addition to solar panels. The article describes a two
blades Magnus wind turbine whose cylinders rotate by means of
embedded motors. To avoid a von Karman vortex street effect
that occur when the cylinders rotate in the air flow, as well as to
ensure maximum power, the optimal ratio between the wind
speed and the cylinder rotation speed is determined using finite
element analysis. Further, the obtained relations are used in the
algorithms of the wind turbine control system.

Keywords— wind, wind turbine, power system, finite element
analysis, control system, energy system

I. INTRODUCTION

Nowadays a lot of research focus on distributed energy
system [1 - 5] especially on its composition [2,3] and control
systems for each part of it [6]. The major idea of conception
distributed energy system is using small renewable energy
sources in each private houses. Small wind turbines play the
major role in this system. The main component that
determines the energy efficiency of such wind turbine is
generator, which construction is still-open issue [7,8]. The
control system of the wind turbine is usually based on the
principles of maximum power point tracking [9-11].

The research in area North-East part of Russia and nearest
Estonia and Finland has shown that in these area maximum
wind gusts is 15 m/s and the mean wind speed is 5,5-7,5 m/s
[12]. Fig.1 shows the map with information about wind speed
in area mention above. Numerical data of mean wind speed
and mean power density in Moscow, Saint-Petersburg, Tallinn
and Helsinki are given in Fig.2. It can be seen 6 m/s and 300W
is the mean values of wind speed and power density in this
area.

For the smooth operation of the three-blade small wind
turbine for private houses (see Table I) requires a constant
wind speed within 7-13 m/s, which is not acceptable for this
area. Due to this fact, it could be most efficient to use a new
type of small wind turbine which product maximum power
density with a low wind speed around 4-6 m/s. In that context,
the concept of new type of wind turbine based on Magnus
Effect could be considered as a working prototype.
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Fig. 1. Wind Energy Layers in Europe and Russia [12]
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Fig. 2. Mean power density (a) and wind speed (b) in cities

TABLE L. COMPARISON OF ENERGY EFFICIENCY SMALL WIND
TURBINE FOR PRIVATE HOUSES
. . Wind Speed Energy
Small wind turbine type Rating [m/s] Output [W]
WINDMILL 1500W Wind
Turbine Generator Kit 13,8 1500
Tumo-Int 1000W Wind Turbine
Generator Kit with Wind 12,5 1000
Boosting Controller
Happybuy Wind Turbine 600W
White Lantern 12 600
Windmax HY400 500 W
Residential Wind Generator Kit 12 500
2000-Watt Marine Wind Turbine
Power Generator 12,5 2000
2000 Watt 11 Blade Missouri
General Freedom II Wind 6,7 2000
Turbine




Wind turbines that use the Magnus effect for energy
production are a new and most promising direction in the field
of wind energy [13]. The main advantage of this type of wind
turbines is the ability to generate energy in the range of wind
speeds from 2 to 40 m/s compared to 5-25 m/s, acceptable for
conventional turbines. These features make Magnus wind
turbine is indispensable for microgrid and distributed power
systems of private households.

The most complete overview of the Magnus effect and its
application in Aeronautics is given in [14]. A description of
the nature of the Magnus force origin is given, as well as an
analysis of the influence of various parameters on the
characteristics of the appropriate system.

The paper [15] provides an overview and analysis of
horizontal-axial Magnus wind turbines. As a result of
consideration of a large number of sources including patents,
the conclusion is made about the prospects of using wind
turbines of this type. It is also indicated that one of the ways
to increase efficiency is to add ribs and other protruding
elements to the cylinder structure, which help to increase the
Magnus force.

An extensive study of the Magnus force in relation to wind
generators is presented in [17]. The author gives the basics of
the theory of the blade element momentum (BEM). This
theory is used to analyze the design features of wind turbines,
taking into account the highest ratio of lift and drag of rotating
cylinders. This parameter largely determines the efficiency of
the Magnus wind generator and its competitiveness in the
wind generator market.

In [16] BEM theory is used for a comprehensive study of
the Magnus wind turbine. In particular, an expression for the
power factor is obtained. This method can be used for rough
design calculations at the design stage.

A comparative analysis of wind turbines based on the
Magnus effect is carried out in [18]. Data obtained from wind
turbine model tests in a wind tunnel are used to choose the
parameters of wind turbine engines. Experimental data
indicate that the maximum efficiency value is reached at wind
values up to 8 m/s. The optimal design can be considered a
turbine with 6 cylinders, each of which has a length-to-
diameter ratio of 15.

Travnicek [19] presents a mathematical model of rotating
cylinder with non-symmetric mass transfer. The mass transfer
is caused by evaporation from the surface of the cylinder and
is aimed at improving lift coefficient. The paper also describes
potential flow model and presents visualization of the flow
around a rotating cylinder inside a small wind tunnel

Paper [20] describes a modification of the Magnus wind
turbine in which spiral ribs were added to the cylinder
structure. The turbine was located and tested in the field
conditions for a long time. As a result of the tests, low
operating noise and the stability of energy production are
noted, which is obtained due to algorithms, that take into
account value of wind speed.

In [21], a mean lift coefficient of a rotating cylinder is
studied. The research shows strong correlation between aspect
ratio and lift coefficient of a rotating cylinder affected by a
uniform flow. The paper presents a method of estimating
mean lift coefficient, supported by experimental data.

Methods of calculating Magnus force are presented in
[22]. One method is based on existing equation and allows to
calculate irrotational pressure force on the cylinder. The
second method is based on a rotational approach and considers
centrifugal flow as well as pressure gradient. The comparison
shows that the second approach yields 15% higher results than
the first one, however, additional research is required to
validate this method.

Mara [23] presents a CFD study of a Magnus effect on a
rotating cylinder. Different meshing and inflation strategies
for model in ANSYS CFX were studied and compared to
experimental results provided by Bychkov. Authors suggest
using the First Aspect Ratio (FAR20) for mesh inflation
around the cylinder and Eddy Viscosity Transport Equation as
a turbulence model.

A novel approach to Magnus wind generators is presented
in [24]. The author proposes combining Magnus-based turbine
and solar panels placed on the surface of the cylinder to
increase power output.

Another unconventional approach is proposed by Hably in
[25]. The paper describes a crosswind kite power system using
magnus cylinder instead of a conventional kite. The Magnus
force is used to lift the cylinder and the control system is
developed to switch between passive mode (used for
climbing) and active mode (used for performing complex
oscillating motions and generating power).

There are another implementations of wind turbines based
on Magnus effect founded on horizontal configuration named
Vertical axis wind turbines (VAWT) [26]. The main
advantages of such type wind turbine are easily adjusted its
for various wind speeds and easily starting [27]. Also, the
mathematical model of VAWT has a simple structure as a
low-order cascade model with a dynamic stall model taking
into account non-stationary aecrodynamic effects [28].

Another implementation of Magnus effect in wind energy
devices is Airborne wind energy systems (AWE). It is using
wind in high altitude and transfers energy to generator through
the drum and cables [29, 30].

II. STRUCTURE OF MAGNUS WIND TURBINE

a) Magnus effect

The Magnus effect is the occurrence wherein rotary object
moving in fluid creates a whirlpool of fluid around itself and
arises a force perpendicular direction of motion. The
conception is similar to the around an aerodynamic surface
with a proliferation which is created by the mechanical
rotation, rather than to the airfoil action. In [31, 32] was
analyzed Magnus effect in Cylinder based on Computational
Fluid Dynamics method.

flow

direction |

Fig. 3. Magnus force in a rotating cylinder

Magnus effect based on Bernoulli’s principle which
stipulates that with increasing fluid velocity occurs static
pressure decreasing, and fluid's potential energy is



decreasing [33]. It can be described as a sidewise force acting
on a rotating cylindrical or spherical solid object immersed in
a gas or liquid, with the relative movement of them, as shown
in Fig. 3.

Kutta—Joukowski theorem was used for finding a lift set
up by an airfoil with a sharp trailing edge [34]. Based it, the
lift of cylinder can be calculated by Eq. 1.

L=p-V-G, (M

here L is the lift of a cylinder per unit length, pis the air density
of a fluid and G is the strength of a vortex, V - fluid velocity.

Calculation of vortex strength G is performed by means of
Eq. 2.

G=27rV,
" (2)

here 7 is the radius of the cylinderand V. =2-7-r-s is the
angular velocity of the vortex, s is the spin.

b) Wind turbine based on Magnus effect

The wind turbine prototype involves two rotating
cylinders rotated by motors. The 3D wind turbine
visualization is shown on Fig.4. The lifting (Magnus) force F;,
and resistance forces to translational motion and rotation -
drag force Fp are affecting on each rotating cylinder. The
significant force affecting the cylinder is the Magnus force (or
Magnus lift). This force acts in perpendicular direction to the
incoming flow. At optimal operation, the Magnus force is
higher than the drag force, which generates torque on the
rotor, causing it to rotate. Accurate estimation of the drag force
is also important for the purpose of modeling deformation of
rotor blades and determining the power consumption of DC
motors responsible for rotating cylinders.

Fig. 4. 3D vizualization of the Magnus Wind Turbine.

For a single cylinder the lift force F; (Magnus force) and
drag force Fp can be written as follows:

1
FL_ZIOSQVIV C (3)
F, =1 ps,vic
D_210 al” r D (4)
here V, - speed of airflow; S, =277,/ , - area of the

cylinder surface; Iy, ¢y — respectively length and radius of

cylinder. Drag Cp, and lift C; coefficients depends on spinning
ratio X, which can be written as follows:

_ w(‘)l rx‘)l

v (5

r

here w,, - angular frequency of rotating cylinder.

In [35] was shown that when the ratio of length to diameter
of cylinders is low, drag Cp and lift C; coefficients can be
expressed without using Reynolds number (Re):

C,=—0.0211-X> +0.1873- X +0.1183- X, +0.5

C, =0.0126- X! —0.2004- X +0.7482- X7 +1.3447- X ©)

Figure 5 shows the coefficients calculated from the
expressions (5)-(6) [21].
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Fig. 5. Dependence drag Cp, and lift C; coefficients on spin ratio X;

The cylinder rotating in the air flow is affected by the
torque:

T, = pS V22 C.

eyl eyl
(N
here C,, — the torque coefficient, which is determined by the
cylinder geometry.

III. CONTROL SYSTEM FOR CYLINDER’S MOTOR

There are a lot of mathematical model of wind turbine. In
that paper was used deterministic model due to its portative
implementation.

To speed control of cylinders, depending on the wind
speed, it is necessary to design closed loop control system.
Mathematical model of a wind turbine is described by the
following equations [36]:

d.Q —k _Q/ ’
Tt )

= VT,

Y= (o1 -T,)

here Qo - no-load speed; kin- gain of power converter, Ti,y -
time constant of power converter, u - supply voltage, 7, - the
motor torque, B - the slope of torque-speed characteristic of
the motor, 7. - electrical time constant, Q. - the angular
frequency of rotating cylinder, Q; - the angular frequency of
the shaft of turbine’s generator, J; - the moment of inertia of
cylinder, J> - the moment of inertia of the generator shaft, 7> -

®)




the torque on the generator shaft produced by the lifting force,
Ty — friction torque in cylinder’s bearing, Ty - friction torque
in generator.

In this work, we used a cascade control strategy with an
internal torque loop and an external speed loop. The internal
torque loop was tuned using a PI controller to a linear
optimum to ensure the specified transient with time constant
T;. The speed control system consists of two loops - the
internal loop is tuned using the P-controller, and the external
loop is tuned using the I-controller. Both loops are tuned on
Magnitude optimum:

T J,
T, =T, Kplz/ﬁk' C];; T, =4T,; KPZZ%TI )

here K,,; , Ti; — proportional gain and integral time constant of
torque controller; K,>— proportional gain of internal speed
controller; 7, — integral time constant of external speed
controller; C. - back EMF constant; 7; = 2T, - time
constant.of torque loop.

IV. SUMILATION AND EXPERIMENTAL RESULTS

The photo of Magnus Wind Turbine prototype is shown
on Fig.6. The basic dimensions of small wind turbine based
on Magnus effect and parameters of imitation modelling, are
given in Table II.

TABLE IL MAGNUS WIND TURBINE DIMENSIONS

Wind turbine parameters

number of cilinders 2

1.188 m

arm of couple

cilinder dimensions 130 x 545 mm

Parameters Ansys CFX

Turbulence model Eddy Viscosity

Inflation Layer Meshing FLT 20 (3 mm)
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Fig. 6. Wind turbine prototype photo

a) Lift force and drag force Magnus Wind Turbine
Study of a Von Karman effect was carried out as shown
in Fig.7. The color map shows that vortex formulation
intensity decreases with the increase of rotational speed. For
each experiment, drag and lift were plotted to further analyze
the effect of rotational speed on vortex formulation.
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Fig. 7. Vortex formation at a cylinder velocity a) ® =
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Initial simulations were aimed evaluating Fluent’s ability
to simulate boundary effects around a rotating cylinder. In the
first case, the cylinder was kept stationary in an incoming
flow at 10 m/s and the viscosity model was set as laminar.
The results are shown on Fig.8. On this flow map, warm
colors show higher velocity, while cold colors represent
lower velocities. Formulation of Von Karman vortexes
caused by asymmetrical separation of boundary layers can be
observed on the picture. Force plots are presented on (b) and
(c), it is visible that the lift force oscillates significantly
around zero. Fig.9. shows the results of a second simulation,
carried out at wind velocity of 30 m/s and at a rotational speed
of 100 rad/s. In this case, no vortex formulation is visible and
neither lift nor drag force show oscillating components.

Further studies of lift and drag force were carried out at a
constant wind speed of 8 m/s. 40 simulations were ran with a
sample size of 200 measurements for each, or 1 second in
real-time. Simulations also shows strong negative correlation
between the drag force and cylinder rotational velocity and
linear dependency between the lift and rotational velocity. To
evaluate the intensity of vortex formulation and its effect on
the lift and drag force, a dispersion was calculated for each
series. The first 0.25 s of simulations were excluded from this
calculation since they have shown transient part of the
simulation. Analysis shows that the dispersion of drag force
reaches its highest value at the rotation speed of 120-160
rad/s, while the data on the dispersion of the lift force shows
that the most significant fluctuations are observed at the
speed of up to 180 rad/s. According to these results, it can be
estimated that the stable operation of the rotor is possible at
velocities higher than 200 rad/s. Another goal of this work
was to find correlation between the drag and lift force and the
rotational velocity of the cylinder. The linear relationship
between the lift and angular velocity can be observed
on Fig.10-11.
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b) Torque Magnus Wind Turbine

The experimental results were implemented in real
environment by using measurements devices. Experiments

results are shown on Fig.12. It includes information on torque
of the cylinder depending on different wind speed.
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Figure 13 shows the difference between experimental and
simulation data for 3D model of the wind turbine in Ansys
CFX. Four series of simulations were carried out for different
wind speeds and compared to the experimental data. Results
diverge in the quasilinear and saturation areas of the graph,
while the position of the saturation point corresponds in both
graphs. This shows that the proposed model is an accurate
tool for estimating operational range in different
environmental conditions for different speeds of cylinders of
the wind turbine based on Magnus effect.

¢) Power Magnus Wind Turbine

As mentioned above, to ensure stable operation of the
rotor, the speed of rotation of the cylinders must be higher
than 200 rad/s. The steady-state values of produced and
consumed power at reference speed 200 rad/s of the rotating
cylinders are shown in Table IIl. In wind turbine under
consideration cylinders’ motors have a power of 30W and a
nominal voltage of 24V.

TABLE IIL SYSTEM POWER PERFORMANCE IN STEADY STATE
Wim:njfeed’ (Il’zas;in‘e‘(li Produced Power, W
2 83
2.5 104
3 72.7 129
8 1250
12 4800




V. CONCLUSION

The results obtained in this research show the high
efficiency of this type of wind turbines, which, in contrast to
traditional turbines, can operate in low wind, as well as in the
entire range of wind speeds have values of efficiency more
than 2 times higher than traditional ones. It was shown that
has been linear relationship between lift (Magnus) force and
speed of the cylinder that is driven by motor. It is noted that to
eliminate the vortex formation caused by Karman’s effect, the
rotor speed must be higher than 180 rad/s. The simulation
results are the same as in the experiment except for the
quasilinear and saturation area, where measurement errors and
model limitations are high. The model allows to find the
saturation point, and, therefore, estimate the operation range.
Decreasing mesh element size allows more precise simulation,
but at the same significantly increases the simulation time.

REFERENCES

[1] F Fioretto, W Yeoh, E Pontelli, “A multiagent system approach to
scheduling devices in smart homes,” The AAAI-17 Workshop on,
2017, pp.240-246

[2] P. Trojan and M. Wolter, "Agent-based power system management —
Concept of grid restoration," 2016 Electric Power Networks (EPNet),
Szklarska Poreba, 2016, pp. 1-4.

[31 A. Sujil, J. Verma and R. Kumar, "Multi agent system: concepts,
platforms and applications in power systems," Artificial Intelligence
Review, 2018, vol. 49, pp. 153182

[4] M. G. Molina, "Distributed energy storage systems for applications in
future smart grids," 2012 Sixth IEEE/PES Transmission and
Distribution: Latin America Conference and Exposition (T&D-LA),
Montevideo, 2012, pp. 1-7.

[5] F. Felgner, J. Meiers, L. Exel and G. Frey, "Design of distributed
energy systems: Role and requirements of modeling and simulation,"
Proceedings of the 2014 IEEE Emerging Technology and Factory
Automation (ETFA), Barcelona, 2014, pp. 1-5.

[6] R. Brehm, S. Top and S. Matéfi-Tempfli, "A distributed multi-agent
linear bi-objective algorithm for energy flow optimization in
microgrids," 2015 3rd International Renewable and Sustainable Energy
Conference (IRSEC), Marrakech, 2015, pp. 1-6.

[71 Vaimann, T., Kudravtsev, O., Kilk, A., Kallaste, A., Rassdlkin, A.,
"Design and Prototyping of Directly Driven Outer Rotor Permanent
Magnet Generator for Small Scale Wind Turbines," Advances in
Electrical and Electronic Engineering, vol.16, no.3, 2018, pp. 271-278

[8] A. Kallaste, T. Vaimann, A.Belahcen, "Influence of magnet material
selection on the design of slow-speed permanent magnet synchronous
generators for wind applications," Electronics and Electrical
Engineering, vol. 23, no. 1, 2017, pp.31-38

[91 A. Anuchin and A. Chepiga, "Wind Turbine Control System with
Compensation of Wind Flow Fluctuations and Tacking into Account
Shadow Effect," 2020 27th International Workshop on Electric Drives:
MPEI Department of Electric Drives 90th Anniversary (IWED),
Moscow, Russia, 2020, pp. 1-5.

[10] 1. U. Haq, Q. Khan, I. Khan, R. Akmeliawati, K. S. Nisar and I. Khan,
"Maximum power extraction strategy for variable speed wind turbine
system via neuro-adaptive generalized global sliding mode controller,"
in IEEE Access.

[11] Z. Chen, Y. Qiao, S. Han, Y. Liu, J. Yan and L. Li, "Research on
maximum power point tracking control method of wind turbine based
on corrected wind speed,"” 8th Renewable Power Generation
Conference (RPG 2019), Shanghai, China, 2019, pp. 1-6

[12] Global Wind Atlas [Online] Available: https://globalwindatlas.info/

[13] Ahmad Sedaghat, “Magnus type wind turbines: Prospectus and
challenges in design and modelling,” Renewable Energy, Elsevier, vol.
62(C), 2014, pp. 619-628.

[14] Jost Seifert “A review of the Magnus effect in aeronautics,” Progress
in Aerospace Sciences, vol. 55, 2012, pp. 17-45.

[15] N.M. Bychkov, A.V. Dovgal, A.M. Sorokin, "Parametric optimization
of the magnus wind turbine,"International Conference on Methods of
Aerophysical Research, ICMAR, 2008, pp.1-5.

[16] O.F.Marzuki, A.S.Mohd Rafie, F.I.LRomli, K.A.Ahmad, M.F.Abdul
Hamid "An overview of horizontal-axis Magnus wind turbines," IOP
Conference Series Materials Science and Engineering, 2018, pp.1-7.

[17] Dahai Luo, Diangui Huang, Guoqing Wu "Analytical solution on
Magnus wind turbine power performance based on the blade element
momentum theory," Journal of Renewable and Sustainable Energy,
vol.3, is.3, 2011, pp.1-12.

[18] Radomir Gono, Stanislav Rusek, Miroslav Hrab¢ik, R Gono, S Rusek,
M Hrabceik, "Wind turbine cylinders with spiral finsWind turbine
cylinders with spiral fins," 8th EEEIC International Conference on
Environment and Electrical Engineering,2009, pp.10-13.

[19] P. T. Tokumaru, P. E. Dimotakis, "The lift of a cylinder executing
rotary motions in a uniform flow," Journal of Fluid Mechanics, vol.255,
1993, pp.1-10

[20] Z. Travnicek, Frantisek Marsik, Toma$ Vit, Zuzana Brouckova,
Miroslav Pavelka, "Lift forces on a circular cylinder in cross flow
resulting from heat/mass transfer", WIT Transactions on Modelling
and Simulation, 2013, pp. 149-159

[21] Kern E. Kenyon, "Lift Force on a Circular Arc Wing,"Natural Science,
Vol.9, (No.10), 2017, pp.351-35

[22] Brian Kieffer Mara, Brian Christopher Mercado, Luigi Andrew
Mercado, José Miguel Celorrio Pascual, Neil Stephen A. Lopez,
"Development and validation of a CFD model using ANSYS CFX for
aerodynamics simulation of Magnus wind rotor blades,"2014
International Conference on Humanoid, Nanotechnology, Information
Technology, Communication and Control, Environment and
Management (HNICEM), 2014, pp.1-6.

[23] N.M.Bychkov, Alexander Dovgal, Victor V. Kozlov, "Magnus wind
turbines as an alternative to the blade ones," Journal of Physics
Conference Series, 2007, pp.1-7.

[24] Egemen Ogretim, Durmus Uygun, Mehtap Ozdemir Koklu,
"Analytical Evaluation of Solar Enhanced Magnus Effect Wind
Turbine Concept," International Journal of Renewable Energy
Research, Vol.6, No.3, 2016, pp.1076-1081.

[25] Ahmad Hably, Jonathan Dumon, Garrett Smith, Pascal Bellemain,
"Control of a Magnus Effect-Based Airborne Wind Energy System,"
Airborne Wind Energy, 2018, pp.277-301

[26] J. Fadil, Soedibyo and M. Ashari, "Performance comparison of vertical
axis and horizontal axis wind turbines to get optimum power output,”
2017 15th International Conference on Quality in Research (QiR) :
International Symposium on Electrical and Computer Engineering,
Nusa Dua, 2017, pp. 429-433

[27] B.Hand, A. Cashman and G. Kelly, "A Low-Order Model for Offshore
Floating Vertical Axis Wind Turbine Aerodynamics," in IEEE
Transactions on Industry Applications, vol. 53, no. 1, pp. 512-520,
Jan.-Feb. 2017

[28] B.Hand, A. Cashman and G. Kelly, "A Low-Order Model for Offshore
Floating Vertical Axis Wind Turbine Aerodynamics," in IEEE
Transactions on Industry Applications, vol. 53, no. 1, pp. 512-520,
Jan.-Feb. 2017

[29] Y. Gupta, J. Dumon and A. Hably, "Power Curve Analysis Of On-
ground Airborne Wind Energy Systems," 2019 IEEE International
Conference on Industrial Technology (ICIT), Melbourne, Australia,
2019, pp. 175-18

[30] Y. Gupta, J. Dumon, A. Hably, "Modeling and control of a Magnus
effect-based airborne wind energy system in crosswind maneuvers,"
IFAC-PapersOnLine, vol. 50, is. 1, 2017, pp. 13878-13885

[31] J. Zhao, Q. Hou, H. Jin, J. Yan, Y. Zhu and G. Li, "Discussion on
improving Magnus effect of cylinder based on CFD," 2013 IEEE
International Conference on Mechatronics and Automation,
Takamatsu, 2013, pp. 539-543

[32] J. Zhao, Q. Hou, H. Jin, Y. Zhu and G. Li, "CFD analysis of ducted-fan
UAYV based on Magnus effect," 2012 IEEE International Conference
on Mechatronics and Automation, Chengdu, 2012, pp. 1722-1726

[33] D.S. Aneesh, R. Stanly, S. B. Sagaram and S. S. Suneesh, "Numerical
analysis of Magnus wind turbine," 2016 7th International Conference
on Mechanical and Aerospace Engineering (ICMAE), London, 2016,
pp. 191-195

[34] John D. Anderson Jr, "Fundamentals of Aerodynamics," - 5th ed.,
McGraw-Hill series in aeronautical and aerospace engineering, 2007,
1131 p.

[35] M. Milutinovié¢, M. Corié, J. Deur. Operating cycle optimization for a
Magnus effect-based airborne wind energy system // Energy
Conversion and Management, vol. 90, 2015, pp.154-165

[36] M. Babayeva, A. Abdullin, N. Polyakov and G. Konstantin,
"Comparative Analysis of Modeling of a Magnus Effect-Based Wind
Energy System," 2020 IEEE Conference of Russian Young
Researchers in Electrical and Electronic Engineering (EIConRus), St.
Petersburg and Moscow, Russia, 2020, pp. 602-605



