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Improving the efficiency of autonomous wind
turbines
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Annotation. The article discusses the development of a mathematical
model of a combined wind turbine of a multi-modular wind power plant,
which makes it possible to control the operation of wind turbines with the
greatest efficiency, changing the operating modes of the installation
depending on the wind flow entering the inlet. The implementation of the
developed model at a multi-module wind station allowed us to obtain a
maximum wind utilization factor of 0.35-0.47 at any wind speeds, as well
as at low wind speeds to increase the initial torque of the wind wheel by 4
times in comparison with typical power plants.

1 Introduction

A significant part of the territory of Russia is located in the zone of decentralized power
supply, and in most regions the average wind speed does not exceed 4 m/s, so the use of
traditional wind power plants (WPP) becomes economically inexpedient [1]. Using the
huge wind potential of Russia (more than 50,000 billion kWh/year) can provide about 30%
of the country's electricity generated [2, 3, 4, 5, 6].

The problem of a more complete use of the wind potential can be solved by using multi-
modular wind power plants, consisting of modules, which are combined reconfigurable
wind turbines (CRWT), combining the advantages of low-speed (multi-blade) and high-
speed (low-blade) wind turbines (WT) [7, 8].

2 Materials and Methods

With an increase in the number of blades, the WT starts to rotate at a lower wind speed.
However, a wind wheel with a small number of blades makes a higher number of
revolutions. This is an important advantage, as it simplifies the transmission of power to the
generator. In addition, high-speed WTs have a lighter weight and a higher utilization rate of
wind energy in comparison with low-speed WTs [9, 10].

The combined wind turbine, which is part of the multi-modular wind farm, structurally
consists of three independent wind turbines: two high-speed three-bladed and one low-
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speed six-bladed. The wind wheels are fixed on one shaft, and the rotary blades of each of
them are fixed on the bushings, which allows the blades to rotate freely [11].

WT operating modes depend on the speed of the wind flow [12]. At a low wind speed
(3-4 m/s), all twelve CRWT blades, combined in one plane, operate in order to ensure the
maximum torque at a sufficiently high coefficient of wind energy utilization (Fig. 1, a).

At an average wind speed (4-7 m/s), the bushing of the six-bladed WT is disconnected
from the bushing of the main WT, shifts to the right and stops working. Two WTs remain
workers (Fig. 1, b).

At a high wind speed (7-13 m/s), the bushing of the three-bladed WT is disconnected from
the bushing of the main wheel, shifts to the left and stops rotating. In this case, the main WT
continues its work with the maximum rotation speed, and the inoperative WT do not interfere
with the rotation of the main one, but act as guides for the wind flow (Fig. 1, c).

a) b) C)

Fig. 1. Modes of CRWT operation at low (a), medium (b) and high (c) wind flow velocities

As a result, in all modes of WPP operation, the main WT bushing remains stationary on
the shaft, and the extreme bushings move along the longitudinal axis of the shaft, depending
on the wind speed.

In order for the multi-modular wind turbine to work with maximum efficiency, it is
necessary to alternately turn on the wheels included in the CRWT, which have a different
number of blades. For this purpose, a mathematical model of the CRWT was developed,
which allows to control this process [13].

The efficiency of the wind wheel is characterized by the speed Z and the coefficient of use
of wind energy C, [14].

The wind wheel coefficient C, is the ratio of the energy converted into mechanical work
to the total energy of the wind flow. The maximum value of C, can be obtained only at a
certain speed, that is, for each wind speed there is a single value of the number of
revolutions at which Cpmax is reached [15].

The dependence of C,max 0n the design parameters of the wind wheel is approximated
by a quadratic parabola [16].

Cpmax = (—0,1098% + 0,1851462 + 0,4283) - 0,825 (1)
2tpbe
8 == @

here 1y is the number of WT blades; b. — section chord at the end of the blade, m; D is the
diameter of the WT, m.
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The dependences of the optimal Zo, and maximum Zmax Speed on the WT parameters on

are approximated by hyperbolic relations [17].
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Thus, the calculated parameters were obtained for the WT of an experimental multi-
modular installation with three, six and twelve blades (Table 1).

Table 1
Number of wheels Comax| Zopt Zimax
3 0,47 3,5 9,2
6 0,44 2,6 7
12 0,35 1,2 2,7

The dynamics of rotation of the CRWT can be described by the differential equation [18]

d
Jevk d_(:) = Meyg — My — M,, )

here Jcvk is the moment of inertia of the wind wheel-generator system; o is the angular
frequency of rotation of the wind wheel, rad/s (the angular frequency of rotation of the
wind wheel is equal to the angular frequency of rotation of the generator rotor, since the
wind wheel is connected to the generator according to a gearless scheme); Mcwk -
mechanical moment of rotation of CRWT at optimum speed, N-m; M, is the
electromagnetic moment of the generator rotor, N-m; My is the moment of resistance of the
shaft, N-m.

Consider the moment characteristic of the device without taking into account the
electromagnetic moment of the generator rotor and the moment of resistance of the shaft.
We obtain the following equation for the dynamics of the CRWT [19]

dw
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Fig. 2. Model of a 3-blade WT in Autodesk Inventor
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To determine the moment of inertia of the combined wind turbine Jw we used the
Autodesk Inventor program, in which a simplified model of a three-bladed WT with blades
made of high-strength polystyrene was created. Initial parameters of the wind wheel: mass
m = 79.127 kg; area S = 4.894 m?; volume V = 0.077 m3, material density po = 1.022 g/cm?;
moments of inertia along the X, Y and Z axes were Jx = 38.456 kg'm?, Jy = 10.942 kg-m?,
Jz =29.218 kg'm?, respectively. The position of the center of gravity along the axes: gx = 0,

gv =0, gz = —0.208 ° (Fig. 2).

3 Results and Discussion

The results of calculating the dependences of the angular speed of rotation and power
of the WT on the speed, torque and coefficient of use of wind energy at different wind
speeds for three types of wheels are presented in the form of the power characteristics of
the WT for wind speeds from 3 to 13 m/s (Table 2).
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The obtained characteristics make it possible to determine the number of revolutions of
the WT, at which the maximum for each value of the wind speed will be reached, which
makes it possible to adjust the operation of the WT to obtain a high utilization of wind
energy.

To describe the dynamics of rotation of the wind wheel depending on the wind load, a
mathematical model of the CRWT was developed, consisting of five blocks: "Calculation
of wind speed”, "Calculation of the generator operating mode™, “"Number of working blades
of a wind generator"”, "Calculation of the moment of a wind generator”, "Description of
dynamics rotation of the rotor". The diagram of the mathematical model of the CRWT is
shown in Fig. 3.
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Fig. 3. Scheme of the mathematical model of a combined wind wheel of a multi-modular wind farm

Let's consider the operation of one of the blocks of the presented model. The block
"Calculation of the generator operating mode" (Fig. 4) is designed to select the generator
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operating mode (12, 6 and 3 blades of the WT are active) depending on the calculated wind

speed.
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Fig. 4. Diagram of block "Calculation of the generator operating mode"

Based on the results of the block's operation, graphs of the dependence of the operating
mode of the wind wheel on the input wind speed are built (Fig. 5) at each moment of time.
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Fig. 5. Graphs of operating modes of WT and wind speeds
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At the maximum wind speed (range from 7 to 13 m/s) three blades of the CRWT
operate, at an average speed (range from 4 to 7 m/s) - six blades of the CRWT and at the
minimum speed (range from 3 to 4 m/s) — all twelve blades of the CRWT. In this case, the
combined wind turbine in each mode operates at optimal speed, which increases the torque
and the number of revolutions of the shaft.

Conclusion

The developed mathematical model of the CRWT allows you to control the operation of
the wind turbine with the greatest efficiency, changing the operating modes of the wind
wheels, depending on the incoming wind flow. The software implementation of the
simulation model made it possible to obtain at the wind power plant the maximum wind
energy utilization rate of (0.35 - 0.47) in the range of wind speeds from 3 to 13 m/s and the
initial torque is 4 times greater than that of typical 3-blade wind power plants at low wind
speed.
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