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ABSTRACT: This article presents theoretical and experimental studies of an improved
vertical axis wind power device that generates electricity in areas with an average wind
speed of 3.5-4.5 m/s. An algorithm has been developed for determining the geometrically
optimal dimensions of the outer guiding surfaces to improve the efficiency of the device
at low wind speeds. The device uses an AFPMG generator with opposite rotation of the
stator and rotor. Matlab/Simulink and Solidworks were used to develop a mathematical
and physical model of the wind power device. According to the results of the study, it was
found that the developed wind power device can reach a rated power of 700 W at a wind
speed of 8 m/s. The use of the device in areas with low wind speed is based on the
possibility of increasing the efficiency of work by 5-10% at an average wind speed lower
than that of other types of wind power devices.

ABSTRAK: Artikel ini memaparkan kajian teori dan eksperimen berkenaan alat kuasa
angin paksi menegak yang diperbaharui dan menghasilkan tenaga elektrik di kawasan
kelajuan angin berpurata 3.5-4.5 m/s. Algoritma telah dibangunkan bagi menentukan
dimensi optimum geometri permukaan berpandu luar dalam meningkatkan kecekapan
peranti pada kelajuan angin yang kurang. Peranti ini menggunakan penjana AFPMG
dengan putaran stator dan rotor yang berlawanan. Matlab/Simulink dan Solidworks
digunakan bagi menghasilkan model matematik dan fizikal peranti tenaga angin.
Berdasarkan dapatan kajian, didapati bahawa alat tenaga angin yang dibangunkan ini dapat
mencapai daya kuasa sebanyak 700 W pada kecepatan angin 8 m/s. Penggunaan alat ini di
kawasan kurang kelajuan angin berkemungkinan meningkatkan efisiensi purata kerja
sebanyak 5-10% pada kelajuan angin rendah, iaitu lebih rendah daripada segala jenis
peranti tenaga angin lain.

KEYWORDS: wind energy; low speed generator, external reference surface; vertical axis
wind turbine; AFPMG generator

1. INTRODUCTION

The increase in greenhouse gas emissions into the atmosphere, due to the burning of
natural fuel sources, leads to such negative consequences as climate change. This, in turn,
makes it important to increase the share of humankind that uses clean energy sources. The
use of renewable energy sources such as sun, wind, biomass, geothermal energy, and
hydropower is rapidly developing [1-5]. Due to the low cost of electricity generated from
renewable energy sources, and the fact that it is practically harmless to the environment,
such projects are increasingly being implemented, large investments are made in them, and
promising developments and research are supported.
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Currently, among renewable energy sources, the use of wind energy is one of the
most promising projects. Today, more than 100 countries use wind energy to provide people
and industries with a reliable and clean energy source. China, India, and Brazil are leading
the way in the design and implementation of vertical-axis wind farms. By 2024, the world
plans to increase the use of vertical wind power plants by 24% [6].

65-70% of the territory of the Republic of Uzbekistan is steppes and deserts, and 4-
5% of the population lives in remote areas. Continuity and reliability of power supply
remains the main problem in these areas. To meet the energy needs of the region, the
possibility of using renewable energy sources is currently being evaluated. In our region
there are opportunities for using solar energy, but in the desert areas, the efficiency of using
solar energy is lower. The main reason for this is the high temperature and dustiness of the
region.

When assessing the possibility of using the potential of wind energy, it was found
that the average wind speed in this area is 3.5-4.5 m/s at a height of 10 m [7,8,9]. We can
develop social and economic sectors by providing reliable and uninterrupted power supply
to autonomous electricity consumers in remote areas of the region. By developing a new
design of a wind turbine that works effectively with variable and weak wind flows, it is
possible to provide autonomous consumers with reliable and uninterrupted electricity,
thereby developing social and economic sectors in the region.

2. LITERATURE REVIEW

Solomin V. [10] in his candidate’s dissertation on “Methodological foundations for the
development and creation of vertical-axial wind turbines for the agro-industrial complex of
Russia” in 2013 studied a new type of vertical axis wind turbine and performance
methodology on the full or partial supply of electricity to small settlements, residential
buildings, farms, and small workshops in order to develop infrastructure in remote areas
with unstable power supply. Xiongfei P. [11] in a patent he received in 2011 for a two-rotor
wind turbine, proposed a vertical-axis wind turbine with an opposite rotating top and bottom
wind wheel to make efficient use of low-flow wind speeds.

Zha G. et al. [12] in their patent on a “Vertical axis wind power plant” created a wind
power plant with single-rotor outer guide surfaces and inner rotating blades to supply power
to urban and remote area power consumers. Pezaris D. [13] in his patent (invention) for a
vertical axis wind turbine with external guide surfaces in 2011 achieved high efficiency in
obtaining energy at low speed wind currents by applying a new design of external guide
surfaces and internal rotating wind wheels in a vertical axis wind turbine. Yadav K. [14] in
his research paper “Model and experimental test of a generator applied to a Savonius type
wind turbine” simulated in Matlab/Simulink environment a mathematical model of a
generator (permanent magnet synchronous generator, (PMSG)) applied to a Savonius type
wind turbine. A wind power unit with a capacity of 1 kW was combined with a PMSG
generator to study the dynamic performance of the wind turbine system.

Kaliyev V. [15] in his dissertation on “Machine without a core with permanent magnet
of the current” in 2015 theoretically and practically studied a small-speed electric generator
consisting of vertical axis of coreless permanent magnets. The feasibility of using this
generator for low-power wind turbines has been evaluated. Efficiency has been achieved by
improving the optimal size of the generator. Taran N. [16] in his research analyzed the
possibilities of using axial generators of various designs consisting of permanent magnets
with low rotational speeds for wind power and small micro-hydro-electric power station
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equipment operating in low-speed wind currents. In his doctoral dissertation written in 2019,
the scientist presented and evaluated the methods of mathematical modeling of three types
of axial generators. Ansys Fluent and Matlab/Simulink were used to analyze the optimal
dimensions and energy performance of these generators for efficient operation. Lim C. et
al. [17] conducted research on the possibility of applying the vertical axis of external
reference surfaces to wind turbines to increase the efficiency of wind power equipment. In
this study, optimal performance indicators for the use of external guide surfaces were
obtained and analyzed.

Based on the analysis of the above studies, an optimal design of a wind turbine with a
vertical axis, using an AFPMG generator, the stator, and rotor which rotate in opposite
directions, operating under variable and weak wind flows is developed.

3. METHODOLOGY
3.1 Mathematical Model of a Wind Power Plant

For the theoretical substantiation of the operation of a wind power plant with a vertical
axis, operating in variable and weak wind flows, we will construct mathematical models for
the structure and the processes occurring in it.

The rate of rotation of wind turbine blades depends on the wind speed, the radius of the
wind turbine wheel, and the steering angle. This ratio is determined by the following
expression [18]:

wR _ 2mn,R
A= vV 60V (1)

where: w, - 1s the rotation speed of the wind turbine wheel, R - is the radius of the wind
wheel, V - is the wind speed, n, - is the rotational speed of the turbine rotor.

The torque coefficient of a wind turbine is determined by the following expression [19]:

_ G
c, = @

The total mechanical moment created in the blades of a wind power device is determined
by the following expression [20]:

Mr =X FqR 3)

where: F; - is the drag force created by the wind blades; R - is the drag force created by the
wind blades.

The expression for determining the drag force created by the wind blades in a stationary
position is as follows [21]:

Fa = CapS(Veos(a))? 4)

where: p — air density; S — frontal area of the blade; V — wind speed; a — the angle between
the wind speed direction and the normal direction of the blade surface; C4 —drag coefficient.

When the wind power device rotates about the central axis, the blades are in two
positions. They consist of front and back shapes. The drag coefficient value depends on the
shape of the blades. Forward torque is generated by the forward blade shape facing the wind
direction, while the opposite torque is generated by the rear blade shape facing the wind
direction.
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The expression for determining the total mechanical moment created by the vanes in a
stationary position is as follows [22]:

Mc = ;PSR [Zifm Car (Veos(@))” = 2™ Cqy (Vcos(ai))z] ©)

where: Cq;and Cg,are the drag coefficients of the front and back surfaces of the blades. m
and n - the number of blades facing forward and backward in relation to the direction of the
wind. R.D. Blevins gave in his scientific work the drag coefficients of the blades of wind
turbines with a vertical axis. It follows from the study that the drag coefficients of the front
and rear surfaces are equal to Cq; =2,3 and Cg,= 1,1[23].

The total mechanical moment created on the blades when they rotate with a certain
angular velocity w, relative to the central axis is determined as follows [24]:

Mr =2 pSR [Z™ a1 (Veos(ay) — w;R)? = £ Cgz(Veos(og) + w,R)’| (6)

When using external guide surfaces in a wind turbine, the total mechanical torque
generated by the blades is determined as follows:

My = 2 pSR[ZE™ Cgy (veos(a;) — wR)?] (7)

The mechanical force generated in a vertical axis wind turbine is determined by the
following relationship:

Pr = Mrw; = pSRw;[Z™ Ca; (Veos(ay) — w;R)?] (®)

To describe the rotational motion of a wind power device, we use the following
differential equation [25]:

dwy
J dt

= M, — M, — ke, 9)

Here: M, - is the mechanical torque on the shaft of the wind turbine, M is the
electromagnetic moment of the generator, k is the friction coefficient, J is the total moment
of inertia of the wind turbine, w;. is the rotation speed of the wind wheel.

If the blades of the windmill are turned in two directions, the total mechanical speed
will be equal to their sum:

(I)T:(l)l‘l‘(l)z

The total moment of inertia of the rotating parts of the device is equal to the sum of the
moments of inertia of the wind turbine rotor and the generator. This relationship is defined
by the following expression:

J=J+]: (10)

Here: J,, - is the moment of inertia of the wind turbine rotor, ], is the moment of inertia of
the generator.

The moment of inertia of a wind turbine rotor is determined by the following expression
[26]:

Jp=1"Jg=n-—Z2 (11)
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Here: n - is the number of wind turbine blades, m; - is the mass of the turbine blades, m, -
is the mass of the profile connecting the turbine blades and the rotor shaft, 1 - is the distance
between the centers of the turbine blades and the rotor shatft.

3.2 Mathematical Model of External Guiding Surfaces

As a result of the use of external guiding surfaces, the wind speed is evenly distributed
in the inner rotating part, that is, on the blades of the wind power plant, thereby ensuring the
stable operation of the structure. The variable movement of the wind flow is explained on
the basis of the law of continuity.

The expression for the dependence of the speed of the wind flow entering and leaving
the channel of the outer guide surface on the dimensions of the surface channels is as
follows: [27]:

Vi _ WyHy _ [PigttmlHe (k+tg9) _ (tgﬁ) _ (ﬂ) (12)

- ..  [P2-D1 o
V2 WiHy [W+m] Hy k+tgp tgb Hy
Here: D4, D,- outer and inner diameters of the channel of the guiding surfaces, to
which the wind flow is directed; 0, B - angles between the guiding surfaces, to which the
wind flow is directed; m is the minimum distance between the guides to which the wind

flow is directed; k - is the construction factor; L - is the distance between the outer and inner
peripheral part of the guides, to which the wind flow is directed.
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Fig. 1: Designation of the geometric dimensions of the outer guiding surfaces.

=

Figure 1 shows the determination of the geometric dimensions of the outer guiding
surfaces (a, b). Having determined the optimal values of the angles  and 9, it is possible to
increase the wind speed, thereby reducing the force that adversely affects the rotating blades
of the wind power plant.

Figure 2 shows an algorithm developed to determine the optimal parameters of the outer
guiding surfaces, which ensures the stable operation of the device due to the uniform
transmission of the wind flow through the channels to the inner part of the wind turbine, that
is, on its blades.

3.3 Mathematical Model of the Counter Rotating Generator

To eliminate the disadvantages associated with the use of gearboxes, low-speed
generators are used in many low-power wind turbines. The use of low-speed generators in
wind power plants intended for use in areas with low wind speeds increases the efficiency
and reliability of the devices [28].
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Fig. 2: Algorithm for determining the optimal parameters of external guiding surfaces.

In the developed wind power plant, a stator and rotor generator were used that rotate in
opposite directions (AFPMG). For a synchronous machine with noticeable poles without a

rotor winding, the voltage equations for the stator circuit [29]:

(13)

. dig ,
Ud = Rsld + Ld? — (,l)equq

, di .
U, = Rsig + L, d—: + weLgig + W Ypy (14)
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The electromagnetic power of a three-phase generator consisting of permanent magnets
is determined by the following expression [30]:

Po =2 we[Ppu + (La — Lg)ialiq (15)

The electromagnetic moment of the generator with the number of pole pairs p is determined
by the following expression [31]:

3 -
T, = Ep[lpPM + (Ld - Lq)ld]lq (16)
where: Yy, is the maximum flow per phase coupling for the excitation system
V2E
Yy = Tf (17)

By applying this low speed generator to a wind turbine, its efficiency can be greatly
improved.

4. RESULTS AND DISCUSSION

Figure 3 shows the appearance of an efficient wind turbine. This wind power plant can
be used by electricity consumers located far from the power supply system.

Fig. 3: External view of the wind power plant.
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Fig. 4: Graph of the dependence of the angles of the channel surfaces 6 and
coefficient of variability of speed (V,/V;) from the coefficient of construction k.
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Figure 4 shows a graph of the dependence of the angles of the channel surfaces 8 and
B of the velocity variability coefficient (V,/V;) on the design coefficient k. Several values
of the angles are taken and analyzed in this graph. In this case, the value of the velocity
coefficient will be large for small values of the angle £ and large values of the angle 6.

Figure 5 shows the results of the generated physical model of the wind power device in
the Solidworks application. Accordingly, according to Bernoulli's law, when a wind flow of
4 m/s is applied to the outer guides, it can be seen that the wind flow speed increases by 30-
50%.

500

Fig. 6: Dynamic (in time) results of the Fig. 7: Dynamic (in time) results of the
electromagnetic force of a wind power electromagnetic force of a wind power
plant, obtained in the Matlab/Simulink plant, obtained in the Matlab/Simulink
program, for a state in which the stator is program, for a state in which the stator and
stationary and the rotor rotates (W). rotors rotate in opposite directions (W).

Figures 6 and 7 show graphs of the electromagnetic power (W) determined from the
dynamic (in time) expression 15, built in the Matlab/Simulink program of the wind turbine.
When plotting the graphs, the nominal wind speed was assumed to be 8 m/s.

Figure 8 shows the stator voltage (a) and stator current (b) at the generator output of a
wind turbine rotating at rated speed. The winding of a three-phase generator is star-
connected. To ensure the stable operation of the wind power plant, a low-speed generator
was developed, the stator and rotors of which rotate in opposite directions (see Fig. 9).
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(a) (b)
Fig. 8: Results obtained in the Matlab/Simulink program. (a) voltage of the stator
winding, (b) current of the stator winding.

(b)
Fig. 9: External view of the developed generator in section (a), the process of
experimental tests (b).

Table 1: Main parameters of an electric generator intended for a wind farm

Rated power (W) 700 Magnetic flux, (Wb) 0.00036
Stator winding inductance, (H) 0.000125  Moment of inertia (kg) 0.18
Rated electromagnetic moment, (Nm) 14 Stator thickness (mm) 18

300 Air gap distance between stator and 1.5

Rated speed of rotation, (rpm) magnets (mm)

Number of pole pairs 16 Electromagnetic induction, (T) 0.6
Inductive resistance of the stator 0.7 EMF generated in the stator winding, 150
winding, (Ohm) W)

Active resistance of the stator 12 Current generated in the stator winding, 4.8
winding, (Ohm) (A)

Number of windings 12 Number of turns in one winding 350
Number of phases 3 Efficiency, (%) 90
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Table 1 shows the main parameters of an electric generator intended for a wind farm.
These types of generators are mainly used in small wind turbines and micro hydropower
plants. Figure 10 shows a comparison of the wind power device developed by us with a
prototype that does not have external guide surfaces and also has a fixed stator.

==¢=created wind turbine =~ === wind turbine prototype
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Fig. 10: Graph of the dependence of the wind speed on the rated power of the
developed wind power plant from the prototype.
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Fig. 11: Graph of the dependence of wind speed on the rated power of the developed
wind power plant, as well as wind turbines produced in the Republic of Uzbekistan
and a foreign prototype.
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Figure 11 shows graphs comparing the wind power plant developed by us, as well as
wind turbines produced in the Republic of Uzbekistan by the Intellect-Dialogue company
and a prototype made in China. The research showed that the wind power device we
developed works more efficiently in areas with weak wind flow in relation to prototypes
with a vertical axis of rotation.
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5. CONCLUSION

The optimal parameters of the outer guide surfaces applied to the wind turbine are D; =
1.5m, D, = 1 m, H; = H,, B =25° 6 =50°, which significantly reduces the force that
negatively affects the rotation of the blades and creates the opportunity to increase the flow
wind up to 30-50%. Using a counter rotating AFPMG generator, it was found that the power
rating of the device increased from about 500 to 700 W at a wind speed of 8 m/s. It was
found that the developed wind power device is 5-10% higher in performance compared to
low-power wind power devices with horizontal and vertical axis, currently used at low wind
speeds (3-8 m/s). Due to the use of this wind power device, it is possible to provide
autonomous consumers of low-power electricity located far from the central power system,
which will lead to the development of social and economic spheres.
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