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Abstract. The use of graphs is proposed for the research of
operation of autonomous low-going wind-driven power plant,
which is assigned for work under conditions of weak and mild air
flows. Calculation scheme is formed on the basis of graph of
structure of the vehicle constructive scheme. Further, the graph
of level structure of couplings of generalized coordinates of
mathematical model is written. It allows writing a mathematical
model of the corresponding difficulty depending on the set tasks
of the research. Equations make it possible to research and
forecast mode of its work under various conditions of the wind
loading as well as selection of power.
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1. INTRODUCTION

The problem of energy supply becomes topical in the
modern world. It is interwoven with issues of ecology and
economical consumption of the existent resources. Special
place among alternative resources of energy is given to the
energy of air masses, which is widely used in the world
practice.

The characteristic feature of air masses (AM) of Ukraine is
their relatively small power density that does not allow
extensive usage of world practice experience of wind-driven
energy plant building (WEP). That is why the elaboration of
cheap WEP of small single power supply which works by
weak average annual winds is urgent now. They can be
important for small enterprises with technological processes of
low energy consumption. They can also be proposed as the
alternative to the electricity transmission lines for the
development of green tourism, hotel business in the mountain
area and outside cities.

II. THE ANALYSIS OF RECENT STUDIES

The principle of operation of profile (specific) rotating
blades of wind wheel (WW) in the air flow is examined in
works [1-6]. The classification of wind turbines is proposed in
works [7-11], taking into consideration tendencies of their
development. The comparison of characteristics of wind
turbines with blades of screw and sail types has been carried
out. There is also defined power, which is chosen by the
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section of blade of elementary area of low-going wind wheel
of sail type. Experimental researches of wind speed change in
the plane of WW rotating under the full-scale conditions have
been conducted depending on the frequency of the WW
rotation. It is done for the detection of dependency of wind
speed distribution on the winded area of WW [12-14]. The
algorithm of control that provides a maximal power of WEP in
the scheme “generator-rectifier-inverter” with the variable
frequency of the generator rotation, has been elaborated and
examined on the imitative model. All the above-mentioned
can be seen in the work [15,16].

III. GENERAL PART

It is necessary to solve the task of power balance — during
arbitrary energy consumption — for the provision of work of
WERP in the typical modes. Similarly, it is necessary to provide
conditions of work of electric generator in the wide range of
wind speed change. The use of low-going wind wheel with
spring regulator of blade rotation and electrodynamic brake
can be considered a possible variant for the solving of the
task. The use of low-going wind wheels within the
construction of WEP makes it possible to use them in districts
with low and medium speeds of wind flows, as well as setting
directly near the dwelling houses. Spring regulator, besides
regulating functions, provides protection of wind wheel blades
from damages during squally rushes of wind.

Two tasks appear by the projecting of autonomous WEP.
Firstly, it is necessary to ensure work conditions of electric
generator during high speeds or wind rushes simultaneously
with little selection of generated capacity or its absence.
Secondly, it is important to support energy supply under the
conditions of low speed of wind or calm wind. All these
problems can be solved, by using a circuit of feedback with an
element of regulation of reverse redirection of power and
accumulator of electric energy in the chain of transmission of
power from the wind wheel to the customer. The amount of
energy, detached from wind stream for the saving of general
balance, is carried out with the help of spring regulator that
changes the angle of wind wheel rotation with regard to
direction of wind. Structural scheme of WEP with
electrodynamic brake and spring regulator of wind wheel is
presented in the Fig.1
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Fig.1. Structural scheme of WEP:

WW — wind wheel; EDB — elecrodynamic brake; EG — electric generator; IT — intermediate transformer; RBL — regulator of the blade location; SR — spring
regulator; IR — inertial regulator; FR — force regulator; RB — rechargeable battery; TT — tachotransformer; CR — central regulator.

Wind stream at the speed Vo acts upon wind wheel
(WW) on the structural scheme. Rotational moment Mo is
transmitted on the electric generator (EG) through the shaft of
eletrodynamic brake (EDB). Produced by an intermediate
transformer (IT), electric energy is formed into the qualitative
sinusoid voltage Uux that is transmitted to the customers.
Little excessive voltage is used for the charging of
rechargeable battery (RB), which creates reserve energy
supply at the absence of generated capacity. During the breach
of power balance that excels the norms of initial voltage Ur of
electric generator (EG) or excels the calculating speed of
rotation@Ws«  of wind wheel, signals come into the central
regulator (CR) from the tachotransformer (TII) and initial
outlets of electric generator (EG). The central regulator (CR)
produces a control signal for the force element (FE), which
transmits part of the initial power of electric generator (EG) to
the electrodynamic brake (EDB). Electrodynamic brake
(EDB) creates additional braking torque Mr on the shaft of
wind wheel (WW), stabilizing speed of its rotation on the
account of blades turning against resistance of elements of
spring regulator (SR). Autonomous WEP that is built on the
basis of structural scheme and designed for the average
statistical speed ¥ #75 for the place of its erection can provide
reliable and qualitative electrical energy generation.

Let us write kinematic scheme of WEP with the use of
graphs of its structure [17]. The graph of constructive scheme
structure of vehicle is such a graph that shows couplings of
vehicle elements taking into consideration its constitution and
external influence. The element of scheme — chain — is
depicted as a circle, and the rigid kinematic coupling between
two elements — as the straight line, spring coupling — as the
wavy line (Fig. 2).

It is necessary to use a graph of structure of the level
couplings of coordinates of mathematical model for the
determination of complexity of the model and its structure [18,
19]. The graph of structure of generalized coordinate
couplings of the mathematical models is the one that displays
enumeration of generalized coordinates in mathematical
models and couplings between them. These coordinates are
placed according to the levels of dependencies. These levels
are marked one after another from the bottom to the top,

starting at zero. It is done for the representation of the level of
dependencies of the one generalized coordinates on the other.
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Fig. 2. Graph of structure of WEP

Such marking is used in the graphs of structure of
generalized coordinate couplings:

-0

i-ta generalized coordinate of O level that
corresponds to the absolute coordinate;

i-ta generalized coordinate of j-level that
corresponds to the relative coordinate;

subordinate  connection (indicator shows
direction of the subordination of the generalized
coordinates: i-ta coordinate of j- ro level of
dependency is subordinated to the i-ii (j-1)-ro of
the dependency level)
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The structure of levels of couplings between generalized
coordinates is displayed in Fig.3.
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Fig.3. The graph of structure of level couplings between generalized
coordinates of the projected mathematical model.

The process of calculation and construction of autonomous
WEP, which is carried out according to the beforehand set
technical characteristics corresponding to the conditions of
territory of their erection, is impossible without the analysis of
the typical modes of work. Nominal WEP parameters are
calculated under the conditions of generating the pominal
power by the average annual wind speeds Bllnox
Calculations on the reliability are carried out under the critical
conditions or in specific modes. The parameters of modes are
set into the generalized system of equations for the calculation
of the basic characteristics and for the constructive
calculations. Analyzing conditions of WEP work, four typical
modes can be distinguished: minimal, nominal, excessive and
critical.

Upon the minimal mode, speed of the wind stream Vin is
insufficient for the minimal possible operational voltage on
the outlets of the electric generator (EG).

Energy supply of customers is maintained owing to the
charge of the rechargeable batteries (RB), and the duration of
work on such mode Tp is determined 9, by the capacity of
rechargeable battery Lo and average current of consumption:

rp= 245 1)
1 cn

The capacity of the rechargeable battery (RB) is calculated
according to the set values Tp and £,

Nominal mode corresponds to the calculating average
statistical speed of the wind. The selected bZ]the wind wheel
voltage is equal to the nominal, and voltage Y r on the outlets
of the elgctric generator (EG) equals nominal voltage U Ton
current {45 equals charge or discharge of the rechargeable
battery (RB), and current 2 of electrodynamic brake (EB)
feeding is equal to zero. Thus, in the generalized system of
equations values are substituted:
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Excess mode is characterized by the higher than nominal
wind speed ¥ 87, but such speed that doesn not come outside
the possible calculating values. In such a mode speed of the
wind wheel @« rotation is higher than the nominal value,
voltage U of the generator gives the possibility to create
current that goes to the charge of rechargeable battery, and the
excessive current of the generator is transmitted to the
elecrtodynamic brake (EDB); braking torque and the action of
the stream squeezes spring elements, turns blade under the
lower angle of the turning to the wind stream, approaching
speed of the wind-wheel rotation to the nominal value:
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Critical mode corresponds to the squally wind rushes with
the speed of wind stream ¥ #7, Upon the sudden increase in
the angle speed @« of the wind wheel rotation, the central
regulator (CR) opens the force element (FE) in full and the
whole generated power of the electric generator (EG) is
transmitted to the electrodynamic brake (EDB) that produced
maximum explicit braking torque Mr on the shaft of the wind
wheel. Wind stream, while acting on the blades of the wind
wheel, overcomes the resistance of spring elements, rotating
their planes along the direction of the wind stream. The speed
of the wind wheel rotation and voltage on the outlets of the
electric generator are lower than the nominal values. Energy
consumption is carried out on the account of rechargeable
battery (RB). Values of the calculating quantities are
substituted into the generalized system of equations:
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Regulation of the flows of power in the WEP is carried out
by the spring regulator and electrodynamic brake, whose
moment of resistance is the function of the angle speed @s of
the rotation of the rotor and current = that flows along the
stator winding. Voltage on the outlets of the generator depends
on the angle speed of the rotor rotation, current of the
excitation and the output current. That is why general moment
of the resistance on the shaft of the wind wheel is described by
the power function of the secondary order from the angle
speed @« and other parameters. By using Lagrange equation
of second genus, it is possible to write equation of the blade
motion: wind wheel, speed of the wind wheel rotation, rotors
of the electrodynamic brake and generator (5) as:
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In the system of equations /7, 1K | TEA IEI _ moments
of inertia correspondingly to the blades, wind wheel, rotors of
the electrodynamic brake and electric generator as to its own
axes of rotation; ~ , @x, Pu | Por — correspondingly angles of
blade rotation as to amplitude of wind wheel, rotors of
electrodynamic brake and electric generator as to its own axes
of rotation; C» — rigidness of the spring elements of the
reverse motion of the blades; Cw, Corer — correspondingly to
the rigid spring elements, with the help of which wind wheel
and electrodynamic brake as well as elec,g;odynamic brake
with electric generator are interconnected; /7 — initial angle

of the blade setting; ¥ — specific air mass; \ speed of the
air flow; hi _ arm of the resultant force of the air flow
relatively the axis of amplitude; R, R» — correspondingly
internal and external lengths of blades; r — variable radius; Vr
— angle of the blade profile on the distance r; AW, Er—
external mechanical parameters correspondingly and
electrodynamic brake and electric generator; BK B
correspondingly rotational, and braking torques and
electrodynamic brake; Ler, Len ZAE, Len — momentary values
of currents corresponding to the electric generator,
electrodynamic brake, rechargeable batteries and loading of
the WEP; U: — voltage on the outlets of the electric generator;
CM, C: — constructive constants of the electrodynamic brake
and electric generator correspondingly; Ro — resistance of the
force winding of the electric generator.

The given system of equations (5) is the mathematical
model of the WEP work, and that is a collection of
interconnected of the non-linear differential equations,
analytical solution of which is problematic. That is why the
block of applied programs “WindMod” was elaborated for its
numerical solution.

The results of the numerical modelling are represented in
the schemes (Fig. 4). Values of theoretical power P, voltage on
the terminals of rectifier Ur are presented by different
intervals of variation of the regulated parameters and by
different modes of WEP work.
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Fig.4. The results of the numerical modelling
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IV. CONCLUSIONS

The proposed methodology of creation of mathematical
models with the use of graphs of the necessary difficulty will
allow describing of physical processes of WEP work quickly
and qualitatively. By the use of mathematical model, it is
possible to calculate (sufficient for production accuracy)
characteristics of elecrodynamic brake, spring elements and
central regulator correspondingly to the WW of the
autonomous WEP and conditions of its operation. It allows
increasing the efficiency of its usage up to the 5 — 18%
depending on the area of usage on the territory of Ukraine.
The created programs of the numerical analysis allow
automation of these calculations, analyzing operation of WEP
in all modes of its exploitation.
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Ir piedavata grafu izmantoSana autonomas léngaitas v&ja energétikas iekartas darba pétisanai, kas domata darbam vajas un mérenas gaisa plismas apstaklos.
Aprekinu shéma tiek veidota, izmantojot masinas konstruktivas shémas struktiiras grafu. Iekartas konstruktivas shémas elementus apzimé ar apliem, kas skaitas
grafa virsotne. Saikne starp elementiem tiek apziméta ar dazada veida linijam, atkariba no saiknes fiziskas dabas. Struktliras grafs lauj analiz&t iekartas
konstrukciju un noteikt parametrus, kas ir nepiecieSami izmanoSanai matematiskaja modeli. Turklat ir npemta véra argjo izraisitaju ietekme, kas tiks ieklauti
autonomas léngaitas vEja energétikas iekartas darba matematiskaja modeli. Matematiska modela veido$anas nakamaja posma tiek ierakstits matematiska modela
visparinato koordindtu saiknu limenu struktiras grafs. Grafa izmano$ana lauj ierakstit atbilstosas sarezgitibas matematisko modeli atkariba no pétjjumam
izvirzitajiem uzdevumiem. Taja pasa laika tiek ietaupits laiks matematiska modela ierakstiSanai un noregul&Sanai. Matematiska modela vienadojumi dod iesp&ju
PpEtit un prognozet autonomas leéngaitas véja energétikas iekartas darba rezZimu pie dazadiem v&ja slodzes apstakliem, v&ja rata apgriezieniem, tadiem v&ja rata
geometriskajiem parametriem ka sparnu slipuma pret gaisa plismu lenkis, iek§€jais un ar&jais radiuss, sparna platums, elektroenergijas patérina jauda, ka ar
nemt vera dazadus jaudas atlases reZimus.

Poman 3uHko. MojesupoBaHue paGoThl BeTPOIHEPreTHYeCKOH YCTAHOBKH MAaJIOH MOLIHOCTH

IIpennoskeHO HCIONb30BaHHE IpadoB IpU CO3NAHMH MATEMAaTHUSCKOH Mojen (yHKIMOHHPOBAHUS AaBTOHOMHOM THXOXONHOH BETPO3HEPreTHYECKOU
YCTaHOBKH, KOTOpas IpeiHa3HadeHa Uil paboThl B YCIOBHSAX clIa0BIX W yMEPEHHBIX IIOTOKOB BO3JyXa. PacdueTHas cxema MaTeMaTHYeCKOH MOJENH
(dopmupyercst Ha ocHOBe rpada CTPYKTypbl KOHCTPYKTHBHOM CXEMBI MAIIHMHBI. DJIEMCHTBI KOHCTPYKTHBHOH CXEMbl YCTAHOBKH O0O3HAYAIOTCS KPY:KKAaMH H
cuuTaloTes BepmHuHaMu rpada. CBsA3H MEXIy dJIEMEHTaMH 0003HAYAIOCs JIMHUSAMHU Pa3HOTO Pojia 3aBUCHUMO OT (u3uueckol mpHpos!l cBsa3u. ['pad cTpyKTyps
NI03BOJISIET IIPOAHATM3UPOBATh KOHCTPYKIMIO YCTAHOBKH U ONPEIENUTh IIapaMeTphl, HEOOXOMMBIE JUIS MICIIOJIb30BaHMS B MaTeMaTHIeckoi Mozeny. Ilpu atom
YUMTBIBACTCS BIMSHHE BHEIIHUX BO30yaUTENIECH, KOTOPBIE OYAyT BHECEHBI B MATEMaTHYECKYIO MOJIENb PabOThl aBTOHOMHOM THXOXO/HOM BETPOCHEPIeTHYECKOM
ycraHoBKH. Ha ciemyromeM dSTame co3JaHHS MaTeMaTHYeCKOH MOJENH 3aluChIBaeTcs rpad CTPYKTyphl YpOBHeEH CBsi3eil 00OOIIEHHBIX KOOPAMHAT MOJENH.
Hcnonp3oBanne rpada 1o3BOIISIET 3alicaTh MaTEMaTHYECKYI0 MOJENIb COOTBETCTBYIONIEH CIIOKHOCTH 3aBUCHMO K IIOCTaBJICHHBIM 33/laHHAM HCCIIE0OBAHUMH.
Ilpu 5TOM eKOHOMHTCS BpeMs Ha 3alHCh M OTIIAJAKy MATEMaTHYECKOH MOAENH. YPaBHEHHS MAaTEMaTHYECKOH MOJENH AAI0T BO3MOXXHOCTh HCCIEAOBATH H
IPOTHO3UPOBATh PAa0OTy aBTOHOMHOH THXOXOAHOH BETPOCHEPreTHYECKOW YCTAaHOBKM IPH pa3HBIX IIOTOKaX BO3MyXa, 0o0OpOTaX BETPOKONECa, TAKUX
reOMETPHYECKHX I1apaMeTpax BEeTpoKojieca, KaK yroJl HaKJIOHa JonacTel K II0TOKY BO3/1yXa, BHYTPCHHHMII ¥ BHEIIHUH paJuyChl, ITHPUHA JONACTH, MOIIHOCTH
HOTPEOICHNUS FMEKTPOIHEPTHH, a TAKXKE YIUTHIBATH PA3HBIC PEXKUMBI 0TOOPA MOILHOCTH.
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