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Multiparametric mathematical model of the stator and rotor of a power ma-
chine, which is capable of describing electrodynamic, mechanical and heat-
ventilation processes occurring in an electromechanical energy converter
(using the example of a turbogenerator), has been obtained. It is substantiated
that any power plant contains an electromechanical energy converter and the
area of research is also within the scope of electrical machines and cannot be
considered separately. The logic and sequence of building a multiparametric
model are shown in matrix form and in numerical form. The mathematical
model uses a parametric mathematical apparatus and is implemented using
sequentially dependent quantities, including geometric dimensions, winding
current indicators, electromagnetic induction, temperature indicators and
mechanical load indicators. The developed model allows to reduce the time
for designing a power machine. Multiparameterization in complex design
significantly expands the intellectual content of models and significantly in-
creases the information quality of mathematical models, which, with a suffi-
cient level of automation, allows for much more efficient adoption of design
and engineering decisions in the design of structural elements of power plants
and power machines as a whole. By modeling processes that are different in

nature, the result of the development of individual power machine units al-
lows to obtain such indicators of the design unit as current load, mechanical
effects from electromechanical torque and rotor mass, and the required level
of heat removal from the structural elements of the power machine.

Keywords: power plant, electromechanical energy converter, multi-

parametric design, turbogenerator, multi-physical processes.

Introduction

The complex equipment of power plants (PP), created on the basis of converters of various types of
energy, such as steam turbine and gas turbine plants, necessarily includes electromechanical energy convert-
ers (EMEC) of various types. EMEC in the broad sense are represented by a large range of power machines
and equipment for the power and machine-building industries. This range includes power machines (PM),
which operate in the mode of converting electrical energy into mechanical energy (engines), mechanical one
— into electrical energy (generators), as well as energy indicators (transformers, compensators, etc.). It is this
equipment that is the key to the technological feasibility and reliability of the work of enterprises both in the
generation of various types of energy (thermal and nuclear power plants), and in the metallurgical and petro-
chemical sectors of industry. In addition, EMEC is an integral part of ground-based energy complexes and is
considered as structural elements of the PP, in which thermodynamic, hydrodynamic, gas-dynamic and elec-
trodynamic processes of energy conversion occur [1-2].

Optimization and improvement of structural, energy, mass-dimensional and regime indicators of the
abovementioned elements of power plants and mechanisms significantly increase the overall level of effi-
ciency, competitiveness and reliability of the abovementioned enterprises, therefore methodological issues of
construction and development of mathematical models of power plants are recognized as an urgent scientific
and technical problem.

The aim of the paper is to develop a mathematical model of the structural parts of a power plant us-
ing the example of a synchronous turbogenerator, which would allow to combine multi-physical processes
(electrodynamic, mechanical and heat-ventilation) that occur during the operation of a power plant, in order
to make the best calculation and design decisions during development.

Problem statement and solution methodology

From the general theory of EMEC it is known that the mathematical model of a separate unit (or element)
of an electric machine should describe its main functions in operating or design conditions and provide the main
information regarding its design. For example, the mathematical model of the stator winding should contain the
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rated current, voltage level and cross-sectional area of the current-carrying part. In some cases, it is possible to
expand the mathematical model with information about the number of parallel branches in a phase, the thickness
of the electrical insulation and the total length of the winding. However, all this belongs to the field of classical
mathematical apparatus, while in the scope of multi-parametric mathematical modeling, mathematical models
become significantly more complicated and provide more information about physical processes (electromagnetic,
electromechanical and heat-ventilation) [3]. In addition, the mathematical model may also contain an operational
element, when it is important, for example, to specify the thickness of the core winding sleeve in the model or to
obtain information about the type of finning and its material or cooling tube used in the heat exchanger, etc.

Such information, embedded in the mathematical model, complicates its calculation, but qualitatively de-
scribes the functional unit of the PM in a new way and provides additional information that significantly changes
the intellectual composition of the model and raises it to a higher level in its design value, about its design and its
inherent physical processes [4]. Therefore, such a multi-parametric mathematical model allows to solve several
problems at once when designing this unit, in particular, to set the limiting current density in the conductor and
determine the maximum ability to remove excess heat from it under given design conditions [5-9].

In order to substantiate the multi-parametric mathematical apparatus, we will develop a mathemati-
cal model of the stator of a powerful turbogenerator, show the logic of its obtaining and highlight the results
that are achieved using such a mathematical model.

Construction of a mathematical model in general form

To obtain a multi-parametric mathematical model of the stator in a general form, we note the neces-
sary conditions [10]:

— elementary representation of the model components without complex differential and integral ex-
pressions (where possible) for the purpose of practical use of the mathematical model;

— for better perception of the mathematical model, we will compile it in a matrix form.

Let’s assume that the conditional matrix of the
parametric data array has a size of 3x3 and contain ele-
ments a1 ... as3, then we will denote the series of quanti-
ties dependent on « as a set b; ... b,. We will assign the
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form of the mathematical model of the stator of the PM in
a multi-parametric representation [11, 12].

Fig. 1 shows an array of variables a, a number of
dependent secondary variables b(a), parametric design
criteria and a multi-parametric matrix modifier, which,
during its further calculation, will help organize a Boolean
function for programming a mathematical model [13].
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Fig. 1. General view of the mathematical model
of the PM stator in multi-parametric representation

The purpose of building a multi-parametric mathematical model is to obtain functional dependencies
of the PM stator, among which it is proposed to establish the following criteria.

1. Electromagnetic: Bs — value of induction in the air gap, Gn; Fs — value of magnetomotive force in
the air gap, A.

2. Electromechanical: @ — magnetic flux per pole at nominal voltage level (in this case, with a “star”
phase connection scheme), Wb; S; — cross-sectional area of the stator core, mm?.

3. Heat-ventilation: v; — speed of movement of the cooling medium in the radial ventilation channels
of the stator core, m/s.

4. Operational (or energy): cos ¢ — indicator of active power utilization as part of the full power of
the PM, p.u.

The abovementioned indicators were selected as those that substantiate the economic, technological
and functional feasibility, which should be relied on when designing a competitive electromechanical energy
converter of any type [14].
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Based on the needs of establishing these dependencies, the composition of the multi-parametric ma-
trix is determined, in which we have collected:

a) indicators specified by the project: nominal PM level (U,), preliminary value of stator winding
current (/,) and desired value of active PM (P,);

b) indicators inherent in typical electric machines from previous design experience: outer diameter of
the stator core (D,), inner diameter of the stator core (D)), depth of the stator core groove (/1);

c) indicators of the first approximation (as generally recommended) of the geometry of the stator
core ventilation channels: thickness of the stator core package (b,), width of the radial ventilation channel of
the stator core (b,1), i.e. the distance between the stator core packages, and the diameter of the axial ventila-
tion channels of the stator core (d.).

Development of a mathematical model in numerical form

Having performed the mathematical transformation and simplification of the mathematical calcula-
tions, we obtain a numerical mathematical model, which is shown in Fig. 2, which contains a personalized
multi-parameterization matrix, dependent quantities on the a-elements that participate in the calculation of
functional dependencies, and simple mathematical expressions with which it is possible to establish the val-
ues of the abovementioned design criteria (Bs, @, Fj, S, v; and cos ¢).

About Fig. 2: it should be noted that when calculating the magnetomotive force in the air gap (£3),
the induction index in the air gap (Bs) is expected to be used, therefore, in general, the dependence Fis takes
on the following form: F; = f(a,; as,; a,;; a,, ). In addition, to calculate the speed of movement of the cool-

ing medium in the radial ventilation channels of the stator core (v;) the model does not contain data on the
volumetric flow rate (Quir) of this medium, and therefore, additional calculation is required [15]:
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Fig. 3. Multi-parametric mathematical model of a turbogenerator rotor

The purpose of building a multi-parametric mathematical model is to obtain functional dependencies
of the PM rotor, among which it is proposed to establish the following criteria [16]:

— heat-ventilation: 4> — equations of the rotor thermal load, W;

— operational: A4S, — linear rotor load, A/mm.
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Based on the needs of establishing these dependencies, the composition of the multi-parametric ma-
trix is determined, in which we have collected:

a) indicators specified by the project: the preliminary value of the rotor winding current (i,) and the
number of pairs of poles of the stator winding (p);

b) indicators inherent in typical electric machines from previous design experience or information
from similar projects: the outer diameter of the rotor shaft (D), the depth of the rotor shaft groove (%,2) and
the width of the rotor shaft groove (b.2);

¢) first approximation indicators (as generally recommended, or reference ones): the number of
wound rotor slots (z2), the rotor toothed distribution along its outer diameter (#;), the number of parallel
branches of the rotor winding (a2) and the ohmic resistance of the rotor winding, when the rotor winding is
constructed as a bar, wire, die-cast, cast (7).

When considering Fig. 3 in detail, it should be noted that when calculating the cross-sectional area of
the rotor shaft toothed zone (Q:), the model does not contain data on the sum of the projections of the rotor
slot width onto its transverse axis (Xsin o)) and requires additional calculation [17]:

where cos 7 is the projection of the rotor slot width onto its transverse axis, p.u.; z» is the number of rotor
slot distributions, p.u.

Using the multi-parametric rotor model (Fig. 3), the following results are achieved:

— determination of the basic rotor geometry, in the area of which the winding will be laid;

— determination of the electromagnetic parameters of the rotor winding, which will be further used in
the design of the current-carrying elements of the winding and rotor coils;

— determination of the electromechanical parameters of the rotor, which can be used in the develop-
ment of the end parts of the rotor shaft (the interface zone with the PM load, or with the turbine, as well as
the interface zone of the rotor with the bearing);

— clarification of the rotor slot distribution and the geometry of the slot as a whole;

— clarification of the overall dimensions of the rotor and its mass indicator by calculating the cross-
section of the rotor shaft (barrel);

— information on the degree of efficiency of the rotor use in terms of its linear load indicator and in-
formation on the general temperature state of the rotor for its further analysis and optimization of the PM
cooling system indicators.

In addition, the use of the obtained results is appropriate when creating the unification of rotor parts,
such as winding insulation sleeves, band rings, fan rotor attachment parts, the geometry of places on the rotor
that are connected to the oil trap and bearing.

Conclusions

1. An approach is proposed that allows to structurally and consistently organize the calculation of the
main units of the EMEC, determine the main indicators of the calculation unit. A matrix form of a mathemat-
ical multi-parametric model of the basic model of the stator, rotor and turbogenerator is compiled. The use of
these models provides the determination of:

— the main geometry of the EMEC structural unit;

— the main electromagnetic indicators in the EMEC air gap;

— electromechanical indicators of the EMEC and the level of permissible mechanical loads;

— indicators of the thermal state of the EMEC; as well as clarification

— previously accepted (preliminary or reference) values of individual indicators, such as the thick-
ness of the stator core package, the thickness of the insulation of the windings, the length of the rotor shaft
and its mass, etc.;

— overall dimensions and mass indicators of the PM;

— informativeness of the utilization coefficients of individual PM units.
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2. Further development of the multi-parametric mathematical apparatus will allow to improve the
quality of design decisions at the initial stages of development of structural elements of the electric power
system, in particular, when determining the layout of such equipment as the coupling of the rotor with the
bearing assembly, the joint operation of the heat exchanger and the stator ventilation channels, the determi-
nation of critical current loads in the windings of the electric power system, etc.

3. To increase the level of automation and reduce the time for modeling multi-physical processes in
the scope of multi-parametric design of structural elements of the electric power system, it is necessary to
develop a software calculation block that would simultaneously cover all types of processes: electrodynamic,
mechanical and heat-ventilation, which is a separate problem and requires additional consideration.
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IloOynoBa MynpTHIIApAMETPHYHOI MATEMATHYHOI MOJIeJIi CTPYKTYPHHUX eJIeMeHTIB
eHepreTH4YHOi YCTAHOBKH

O. M. Miuko

HamionansHuii aepokoCMiYHHI YHIBEpCUTET «XapKiBChbKUH aBiallitHUN iHCTUTYTY,
61000, m. XapkiB, Bys. Baguma Manbka, 17

Ompumaro mMyabmunapamempudny MamemMamuiry mMooeib cmamopa i pomopa eHepeemuyHol Mauuny, 30amuy
onucysamu eiekmpoOUHaMIYH, MEXAHIYHI U MenI0-6eHMUIAYIUHI npoyecu, Wo 6i00Y8AIOMbCS 8 eNeKMPOMEXAHTUHOMY
nepemeoprogayi emepeii (ha npuxnadi mypboeenepamopa). Iloxazano 102iky il nOCIIO08HICMb N0OY008U MaKoi Modeni 6
MAMPUYHOMY | YUCETbHOMY 8U2TA0L. YV Mamemamuutil MoOesi 8UKOPUCTIOBYEMBCA NAPAMEMPUYHULL MAMEMAMUYHULL ana-
pam, a peanizyemvcsa 860HA 3a OONOMO20I0 NOCTIO0BHO 3ANEHCHUX BEUUUH, ceped AKUX 2eOMempUdHi po3mipy, NOKA3HUKU
cmpymy 06MOMOK, eneKmpoMacHimuol iHOYKYii, memnepamyp i MexaniyHo2o HasanmasicenHs. Po3pobnena moodens 00360-
JIAIE€ BMEHWUMU YAC HA NPOEKMYBAHHS eHEPLeMUIHOT MAUIUHU.

Knrwouogi cnosa: enepeemuyna ycmanoexa, enekmpoMexaniutull nepemsopiosay eHepeii, My1omunapamempuine
NpoeEKmysanis, mypbocenepamop, bazamo@izuyni npoyecu.
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