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The article is devoted to the creation of a system for generating and
accumulating electrical energy by the electrochemical method in an
autonomous sailing wind power plant (SWPP) with a swinging sail. The
(SWPP) uses new equipment and technology to convert wind energy into
electricity. The technical feature is that the wind energy conversion uses a
parallel SHOLKOR manipulator made up of six actuators with electric current
generators. The technological feature of the wind turbine is that the working
body that perceives wind energy does not perform rotational motion, but
performs spatial rolling in the form of a reverse pendulum. The aim of this
article is to create an efficient electrochemical energy storage system generated
by a wind-powered sailing power plant, which, as indicated, consists of six 3-
phase synchronous alternating current generators. This system provides the
consumer with an alternating electric current of the required power through
the use of an inverter. Based on the developed scheme, an experimental
generation and storage system has been created, containing a subsystem for
automatic protection of batteries from deep discharge. The experimental
system has been tested for the possibility of functioning. The test results
showed that the developed generation and storage system can be used in the
created prototype of a sailing wind power plant.
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Makaaa (CKKBC)
DAEKTPOXMMIAABIK, 9AICIIeH DAEKTP DHEPIUACHH OHAIpY >KoHe >KUHaKTay
KyleciH Kypy¥a apHaaraH. XJKOC xea sHepruschlH 51€KTp SHePIUsIChIHA
aiHaAABIPYABIH  >KaHa
TexHUKaABIK epeKIIeAiri — >kea SHepIrusIChH TypAeHAipyae DAeKTp TOTBIHBIH
TeHepaTOpAapsl Oap aAThl akTyaTopJaH TyparteiH mapaaaear SHOLKOR
MaHMIIYASTOPbl KOAAaHbLAaAbl. bya TeXHOAOIMAHBI >Ky3ere achlpy YIIiH
KeHicTikTe TepOeJeTiH a®pojMHAMUKaABIK ITapyc (kepi MasATHUKKe YyKcac)
KOAJaHbLAaAbl, 04 Oip Mesriaje cyiipey koHe KoeTepy KyIITepiH KaObLA4aii bl
JKOKOC-TiH TeXHOAOIMAABIK epeKIeairi — >Kea SHepIUsAChIH KaOblaJaiThIH

JKeJAKeHAl JKeAKeHAl >Kea DAeKTp CTaHUMACBIHAA

TeXHMKAaCbl MEH TeXHOAOIVISICBhIH KOAJdaHaAbl.
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SKYMBIC OpraHbl aliHaAMaAbl KO3FaABICTHI >KacaMaligbl, KepiciHIe Kepi
MasTHUK TYpiHAe KeHICTiKTiK alHaayAsl opbiHAaiAbl. OChl MakKadada >Kea
JKeAKEeHAL DAeKTP CTaHIMACBL OHAIpeTiH ®DHepIUsHBl CaKTalThIH TUiMAL
9AeKTPOXUMUAABIK KYiieHi Kypy MaKcaThl KOMbIAFaH, OHBIH KYpaMBbIHAA aAThI
3 ¢aszaapl CMHXPOHABI alfHBEIMaAbl TOK TeHepaTopaAapnl Oap. bya >xyite
TYTBIHYIIBIHEL VIHBEpPTOpABI KOA4aHYy apKblAbl Ka’KeTTi KyaTThIH alfHbIMaAbl
TOKBIMEH KaMTaMachI3 eTeai. O3ipAeHreH cxeMa HeTisiHAe aKKyMyAsATOpAapAbl
TepeH paspsATaH aBTOMAaTTHl TypAe KOprayawlH imki >Kxyiteci Oap
SKCIIEPMMEHTTIK TeHepalMsday >KoHe SKMHAKTay >Kyileci KYpBLAABL
DKCIepUMEeHTTIK JKyJieHiH >KYMBIC icTey MyMKiHAiriHe chIHaKTap >Kypriziaai.
CriHak HoTIDKeJepi a3ipAeHreH reHepaluslay >KoHe >KMHAKTay >KylieciH
JKeAKeHA] JKea DAeKTpP CTaHLVCBIHBIH JKacaAfaH IIPOTOTUIIIHAe MalidalaHy¥Fa
602aTHIHBIH KOPCETTi.

Karogesrnle caoBa: AHHOTAI VST

VcrioanureabHbIN CraThsl HOCBIIEHa CO3JaHUIO CICTEMBI TeHepUPOBaHIS U aKKyMYAMPOBAHIL
MeXaHI3M, IapycHasi DAEKTPUYECKON DHePTUM DAEKTPOXMMUYIECKMM MeTOA0M, B aBTOHOMHOI
BeTPO®AeKTPOCTaHLILS, napycHoil Berpopoit aekrpocraHuuy (IIBDC) ¢ kavamommmcs mapycom.
apaAAeAbHbINI IBOC ncroapsyeT HOBYIO TEXHUKY M TEXHOAOTHIO ITpeoOpa3oBaHIsI DHEPIUN
Manuiyaarop, KI1A, BeTpa B DAeKTpUIecKylo. TexHudeckass 0cOOEHHOCTD 3aKAI0YaeTCsl B TOM, UTO B
MOIIHOCTb. IpeoOpasoBaHMs SHEPIUM BeTpa IPMMEHseTCs NapalleAbHbIil MaHUITYAs-

Top SHOLKOR cocraBaeHHBINI U3 IIeCTH akTyaTOPOB C TIeHepaTopamu
9AEKTpIIecKoro Toka. TexHoaornmaeckast ocodbeHHocTs IIBOC 3akaiouaeTcs B
TOM, 4TO PabOYMil OpTaH BOCIIPMHUMAIOIINI DHEPIUIO BeTpa, COBepIaeT He
BpalllaTeAbHOEe ABVDKEHNE, a BBHIIIOAHSAET IIPOCTPaHCTBEHHOE KaueH!s B BUAE
0OpaTHOTO MasITHMKA. B HacTosIell cratbe CTaBUTCA I1eAb co34aTh dPdek-
TUBHYIO DAEKTPOXMMUYECKYIO CHUCTEMY aKKyMYAUPYIOIIYIO DHEpPIUIO, BHIpa-
OaTBIBaeMYIO BETPOBOII ITAPYCHOI 9AeKTPOCTaHI[Mel, MMeIOIIel, KaK yKa3bl-
BaA0OCh B CBOeM COCTaBe INecTh 3-X (pa3HBIX CHMHXPOHHEBIX TeHepaTOpOB
ITepeMeHHOTO DAeKTPIIECKOro TOKa. DTa cucTeMa obecrieduBaeT IIOTpeOu-
TeAs TIepeMeHHBIM DAeKTPUIEeCKMM TOKOM TpeOyeMOli MOIIHOCTM 3a CJeT
npuMeHeHMs MHBepTOpa. Ha ocHOBe paspaboTaHHOI cxeMBI cO34aHa DKCITe-
pMMeHTaAbHasI CIICTeMa TeHepUpPOBaHM U aKKyMyAUPOBaHM, coJep Kalrast
MIO/CIICTEMY aBTOMaTHYeCKON 3aIlfUTHl aKKyMyAsATOPOB OT IAyDOKOTO pas-
pAaa. IIpoBeAeHBI MCHBITAaHUSA DKCIIEPUMEHTAABHON CHCTEMBI Ha BO3MOXK-
HOCTb PYHKIIMOHMPOBaHM:A. Pe3yAbTaThl UCIIBITaHUS TTOKa3aAl, 9TO pa3pado-
TaHHas CUCTeMa TeHepUPOBAHIIS Y aKKYMYAUPOBaHIS MOXKET OBITh MCIIOAB30-
BaHa B CO34aHHOM OIIBITHOM OOpa3lie IapyCHOI BeTPOBOI DAEKTPOCTaHIUIA.

INTRODUCTION

Due to the adverse environmental climate changes, the widespread replacement of organic
fuels with renewable energy sources (RES) is currently relevant. One of the priority RESs is wind
power stations (WPS) since wind energy reserves amount to about 1.26 x 10° MW (Tong W 2010),
which is 20 times higher than all the energy needs of the world. It is known that turbine wind
power stations (TWPS) with horizontal (Sutherland 2012 — Anup 2018) and vertical rotor axes,
including Darrious and Savonious rotary turbines (Didane 2020 — Banna 2014), are currently
widespread in the world. At the same time, an analysis of research in the field of wind energy
shows that they are mainly aimed at improving the TWPSs. However, the unpredictability of
wind, the speed, and strength of wind gusts, which often change in short periods of time, remains
a problem for both types of TWPSs, as well as the fact that the lower limit of the range of wind
speeds, at which TWPSs operate with rated power, is typically quite high, i.e. about 10 m/s with
a maximum efficiency of 0.3 (Premalatha 2014 — Sholanov 2020). One of the fields in the
development of wind energy in recent years is automatically controlled small sail wind power
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stations (SWPS), as proposed in (Sholanov 2021 — Sholanov 2022). These SWPSs use a new
technology for converting wind energy into electrical energy. In order to implement this
technology, an aerodynamic sail swinging in space (similar to a reverse pendulum), which
simultaneously perceives drag and lift forces, as well as a manipulating transducer (MT) from a
parallel Sholkor manipulator, is used (Alzayed 2021). The MT, due to its topology and the design
of the working body (WB), composed of a sail, mast, and upper platform of the manipulator,
converts wind energy into electrical energy. This is made possible by the fact that the design of
the six-movable MT includes six actuators connecting the upper platform to the lower one.
Moreover, each actuator includes a semi-active damper system, a power take-off system, and an
electric current generator. The studies conducted have shown that small automatic SWPSs (with
a capacity of 1-10 kW) may independently generate electric energy when wind speeds change in
a wide range, starting from 2.5 m/s and higher, regardless of the wind direction. This feature of
the SWPS makes it possible to expand the geography and scope of wind energy applications. It
is known that to identify actual problems and analyze potential solutions in wind power stations,
power parameters are used, for example, the efficiency of turbines (Chen 2023- Wu 2022). An
analysis of these and other studies shows that power indicators are the most effective tool for
assessing the energy efficiency of the SWPS. This paper proposes to investigate experimentally
the efficiency of the prototype actuator since it is the actuator that is the most responsible unit of
the SWPS in terms of functionality, and it determines the energy efficiency of the SWPS as a
whole.

The experimental unit (stand) for determining the efficiency of the actuator (Fig. 1) consists
of a controlled pneumatic system including a cylinder 1 with a diameter of 125 mm, a rod 3, a
device 6 for simulating the load of the working body, as well as a prototype actuator 8 of the
prototype SWPS, a compressor 9, and a 500-watt synchronous alternator 15. The unit includes
control and measuring instruments, such as reed switch 2, pressure sensor 4, throttle 7,
displacement sensor 16, voltage sensor 10, pneumatic distributor 11, Arduino controller 12, and
current sensor 14.

Figure 1. A stand for determining the efficiency of the actuator
Note — compiled by the author based on data from Sholanov, 2024
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MATERIALS AND METHODS

The actuator layout included in the stand and the principle of its operation are described
in (Sholanov 2020 — Sholanov 2022). The stand also includes a controlled pneumatic system that
simulates the power load acting on the actuator from the side of the working body of the SWPS
as a result of wind forcing. The load and speed of the actuator carriage in different wind
situations are preliminarily determined using the Mathcad software (Sholanov 2020). Figure 2
shows a layout of the pneumatic system in conjunction with the control and measuring
instruments. The items in Figure 2 indicate: 1 - double-acting pneumatic cylinder; 2 - 3-position
pneumatic distributor; 3 - electromagnet controlling the pneumatic distributor; 4 - throttle; 5 -
quick-exhaust valve; 6 - digital pressure gauge; 7 - end sensor; 8 - carriage displacement sensor;
9 — generator devices (CS - current sensor, VS - voltage sensor). The movement of the rod
connected to the actuator carriage is set using the end sensor 2 (Fig.1) and is measured by the
sensor 16. The power at the actuator inlet is generated by setting the required pressure in the
pneumatic system (measured by the digital pressure gauge 6) and selecting the speed of
movement of the rod using an adjustable throttle 4. The output power at the outlet of the
actuator is determined by the controller according to the data of the digital voltage and current
sensor 9, which is generated by the electric machine. The cyclic movement of the pneumatic
cylinder rod 1 is provided by the solenoid valves 3 of the pneumatic distributor 2. When the rod
reaches the end position, the normally closed exhaust valves 5 are on, and the rod returns to its
initial position by restoring the compressed spring 17.

Figure 2. Pneumatic system layout with measuring instruments
Note — compiled by the author based on data from Sholanov, 2023

An experiment to determine the efficiency of the actuator is carried out in the case of an
increase in the length of the actuator, at which the upper spring 17 is compressed (Fig. 1).
Experiments are conducted for the predicted pattern of changes in wind speed and direction
within the selected range (up to 5 m/s) of wind speed changes (Sholanov 2024). The input powers
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on the minimally loaded manipulator actuator obtained as a result of calculations according to
the algorithm and program described in (Sholanov 2020) are used as the initial data. In the
experimental unit, the input power (N:) equal to the calculated one is provided by manually
setting the pressure built up by the compressor, as well as the speed of the rod using a throttle.
The maximum movement of the rod is set using the end sensor and is assumed to be 60 mm,
which corresponds to the deviation of the mast from the vertical by an angle of 2°. The pressure
in the pneumatic system is measured by a digital pressure gauge. The force, (P), on the rod is
determined on the controller by the expression

P =n(d)?/4 x p, H. @8

where: d and p - the diameter of the piston and the pressure in the cylinder, respectively. Based
on the calculation of the input power for the piston movement cycle;

(vi) — speed of the rod movement is determined from v; = N;/P m/s. The time of the piston
movement cycle is determined from the ratio t=2s/v, s is the carriage stroke;

N, — the output power, on the actuator is determined as the power of the generated electric
current equal to the product of the current measured using a digital ammeter and the voltage
measured by a digital voltmeter;

n — the efficiency of the actuator is determined by the ratio of processing and calculation

on the controller, n = %
i

RESULTS AND DISCUSSION
The initial collection and processing of experimental data were carried out by the controller based
on measurements of digital sensor data and processing of the input source data. In order to obtain
a pattern of changes in the efficiency of the actuator, 50 experiments were conducted. Each
experiment included 25 measurement cycles, within which the following summary data were
determined: cycle duration time, ms; pressure value, Pa; carriage movement per cycle, mm;
voltage of phase 1, V; voltage of phase 2, V; voltage of phase 3, V; current of phase 1, A; current
of phase 2, A; current of phase 3, A; pressure per cycle, Pa; applied force per cycle, N; full carriage
stroke, mm; carriage speed, m/s; output power per cycle received from the generator, W; input
power per cycle during reciprocating movements of the rod, W; efficiency value per experience.

—@— Efficiency coefficient

= = = Mathematical
expectation

Efficiency coefficient

- = = Standard deviation

0 5 10 15 20 25

Cycle number
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Figure 3. Diagrams of changes in the efficiency of the actuator
Note — compiled by the author based on data from Zhakipov, 2024

Figure 3 shows diagrams of efficiency changes obtained as a result of three experiments, in
which, according to the calculation results in each experiment, the input power on a minimally
loaded actuator is assumed to be: exp. 1 - Nin=273.79 W, exp. 2 - Nin=159.40 W, exp. 3 - Nin=137.4
W. Similar data was generated in other experiments based on input power values on a minimally
loaded actuator. As a result of processing some of the experimental data, taking cycles (n=25),
diagrams were constructed for three experiments (Fig.3 a,b,c) differing in the input power of a
minimally loaded actuator, Nx. At the same time, statistical characteristics such as mathematical
expectation, 7}, variance, D, and standard deviation, o, are also determined (Table 1).
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Table 1. Statistical data

k — numbers of experiments Nk, W n= A 2771' D= % Zniz - 772 o= \/B

1 273.79 0.57420972 0.037091554 0.192591678
2 159.40 0.583135188 0.027115193 0.164666915
3 137.47 0.561884608 0.036480048 0.190997507

Note — compiled by the author based on data from Gorbunov, 2024

The efficiency values obtained in the three experiments have a fairly large spread of values,
confirmed by the indicators of variance and standard deviation. But at the same time, the
mathematical expectation of efficiency turned out to be very stable within the range of 0.56-0.58.
In order to confirm the reliability of the results obtained, a histogram and graph of the probability
density distribution of the efficiency and distribution of the Weibull function (16) with
parameters k = 3 (scalability coefficient) and c = 0.641758 (shape coefficient) were constructed.
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Figure 4. Histograms of the density distribution of efficiency values
Note — compiled by the author based on data from Tleumbetov, 2024

The histograms (Figure 4) indicate the sufficient reliability of the efficiency data,
7= 0,56 +0,58.

CONCLUSION

The results of the paper are aimed at obtaining a tool for solving the tasks of improving the
design of the SWPS. These tasks are solved with respect to the most functionally important unit,
which is the manipulator transducer actuator. The paper proposes to use the energy parameter,
i.e. the efficiency coefficient, to assess the design parameters of the SWPS prototype actuator.

In order to solve the task of determining the efficiency value of a prototype actuator, an
experimental unit, which includes a prototype actuator, a controlled pneumatic actuator, and
control and measuring equipment, was constructed. The efficiency value of the minimally loaded
actuator is determined at the experimental unit. For this purpose, the predicted input power is
simulated by the pneumatic actuator of the experimental unit, and the power of the electric
energy generated by the generator is determined using instruments. As a result of processing the
experimental data, a confidence value of the efficiency of the prototype actuator was obtained,
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7 = 0,56 + 0,58. This experiment opens up opportunities to improve the design of the SWPS by
selecting the parameters that ensure the greatest efficiency in converting wind energy into
electrical energy, the indicator of which is the highest efficiency.
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