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The method of determining and mathematical representation of the relationship of the equivalent circuit parameters of
an induction motor (IM) with its design and operational parameters using the results of field analysis has been
proposed. This method has created a polynomial mathematical model of a system of electromagnetic parameters of a
generalized IM, for design, which together with the IM circular mathematical model is an analogy of a field
mathematical model. On the example of calculation, according to the obtained analogy of the IM field mathematical
model, the IM design condition determines the degree of its adequacy to the results of the field analysis. References 9,
table 1, figure 1.
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Nowadays, the improvement of technical and economic indicators of induction motors (IM) is an
actual task which, despite a fairly high level of improvement of serial IM, can be solved in such areas as:
integrated optimal design of general purpose IM and non-traditional design, optimal design of IM with
functional and constructive the combination of its elements with the working bodies of loading mechanisms.
The IM improvement in these areas is possible subject to the use of highly efficient and adequate software
for optimal design.

Mathematical modeling of IM using methods of field theory are one of the most attractive, based on
the universality and reliability of the results [1]. But the induction motor field mathematical models (MM)
can consist of hundreds of thousands of equations, so the specification of implementing the design even
using modern computational technology is not an easy specification [2,3]. A well-known path to reduce the
dimension of the IM field MM is the creation of IM mathematical macromodels. So, in universal commercial
software systems of the finite element analysis (Ansys, Comsol, etc.) [4,5] focus on methods of reducing the
order (MRO) of model. These methods are designed to build macromodels by lowering the dimension of
high order equations. The use of MRO in the IM design, significantly reduces the requirements for
computing resources, but with a decrease in the adequacy of the IM field MM.

In this paper, attention is focused on the IM macromodels created using the analogy method, which
provides for the availability of fundamental knowledge about the object of study. Since these models are
based on intuitive-logical thinking procedures, the level of their adequacy will depend on the qualifications
of the researcher. For example, the existing widely used macromodel AD is its circular mathematical model
(CMM) [6]. The complexity of the practical implementation of CMM in the IM design with design and
operational features lies in the determination of reliable relationships between the parameters of their
equivalent circuit. Therefore, the purpose of the paper is to develop mathematical tools of IM design, which
take advantage of field analysis and are effective in terms of calculation time, due to the developed method
for determining and mathematical representation of the relationship between the parameters of the IM
equivalent circuit with its design and operating parameters.

The main material and research results.

The IM macromodel was proposed in [7], obtained using equivalenting the quasi-3D field MM of IM
and its analogy. This IM macromodel, due to the use of MM system of IM electromagnetic parameters,
obtained using the field analysis, provides high accuracy calculations of the IM operating condition of
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arbitrary structure. The system of IM electromagnetic parameters is a tabular dependence of the IM
equivalent circuit parameters as function of operating parameters
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where x,, is a inductive impedance on the main field; 7.,x. are the normalized active and inductive

impedance leakage of the rotor bars, respectively; 7;,x; are the normalized active and inductive impedance

leakage of the rotor short-circuiting ring, respectively; x;, is the inductive impedance of the stator slot; Fp is

the resulting MMF of the motor on the fundamental harmonic; s is the slip; / o I ; is a complex of the stator

and rotor current normalized to the stator, respectively.

This is method of determining and representing the relationship of the parameters of the IM
equivalent circuit with its operating parameters, exactly the IM tabular parameterization [7] could be
extended to the region of the formation dependencies of the IM equivalent circuit parameters as a function of
the design parameters and use them already in the IM design. But the creation and use of dependencies of
the IM equivalent circuit parameters as a function of more than two variables in a tabular form is impractical
and uneconomical in design. So, for example, to obtain the approximations of dependencies of the IM
equivalent circuit parameters as a function of four variables (two operating and two design parameters) are
presented in tabular form, with acceptable accuracy, it would take up to several tens of thousands of points
(numerous experiments). The duration of several tens of thousands of experiments would reach, respectively,
several thousand hours, if the duration of one numerical experiment is up to 5 minutes, using a two-
dimensional (2D) field MM of IM.

As the dependences of the IM parameters are sufficiently smooth, this allows to use the polynomials
for their approximation,which will be the MM system of electromagnetic parameters of the generalized IM
in a given area of the design parameters variation. The combination of the equations system of IM electric
equilibrium and the approximation polynomials for determining of the equivalent circuit parameters as a
function of operating and design parameters is an analogy of the field MM of generalized IM. The number of
approximating polynomials will correspond to the number of the IM equivalent circuit parameters. The
method of obtaining a polynomial MM system of electromagnetic parameters of the generalized IM in a
given area of the design parameters will be named to as polynomial parametrization of the generalized IM.

The methods of the experiment planning theory will use to obtain approximating polynomials with a
acceptable accuracy of their approximation for the design, with the minimum number of numerical
experiments performed [8]. This allows to represent the relationship between all input (design and operating
parameters) and output (IM equivalent circuit parameters) parameters in the form of algebraic equations
(polynomial dependencies), that is, in a comfy form for solving design specifications using the results of
field analysis
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where Y,,Y5,...,Y,, are parameters of IM equivalent circuit; X;,X,...,.X, are design and operating parameters;
BowsBims s Bums s Biom oo Bu-tnm o B1im -, Bunm are  coefficients of a power series.

The list of design parameters is determined by the designer at the initial stage of the IM design.

It should be noted that the features of formation the experiment plan are necessary to obtain
approximating polynomials should include the requirements for the choice of operating parameters, the
functions of which determine the IM equivalent circuit parameters. These parameters should be independent
variables, each of which could be changed within certain limits without changing others. Such independent
parameters are not the magnetomotive force and the rotor current MM of the IM (1). The need to form the
parameters of the equivalent circuit as the slip function, stator current, rotor, and magnetomotive force in [7,
9] is associated with the implementation of equivalented the IM field quasi-3D model.

The IM independent operating parameters, besides the slip, include the stator current or electric
voltage (depending on the specified source of the electromagnetic field). It is possible to form a " rigid "
dependence of all IM equivalent circuit parameters as a function of the stator current only if the calculated
field MM is used in 3D, or in 2D, with required binding to the parameters of short-circuited rings sections.
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To carry out field analysis using the IM calculated field MM in 2D setting with binding to the
parameters of short-circuited rings sections in the COMSOL Multiphisics package provide the ability to
connect electrical circuits to the field MM of the IM (using TheElectricalCircuit interface) in order to solve
them together.

Figure 1 presents the scheme of such a circle-field model with z, short-circuited rotor contours where
the unit FEM Z, is a field MM z, bar with active-inductive properties, 7, L; is an active impedance and leak-
age inductance of the section of the short-circuited rotor ring, respectively, which are calculated using the
results of field analysis in the plane to which the motor axis belongs [7].

Thus, the parameters of the IM equivalent circuit are defined by the following expressions, which
differ from [7] taking into account the parameters of the short-circuited rotor rings
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where ¥, is the first symmetrical component of the amplitude values the time
FEM_Z, complexes of full flux linkages of the stator phases ¥;, (i=A,B,C); P,, P, are powers

of electrical losses in the rotor bars and in both regions of the rotor ring ; /_ is a

complex of stator current, which according [7] has only really component; / 5,1 rI are

real and imaginary components of the rotor current complex I ! by the operating

harmonica with the number of pairs of poles p normalized to the stator. The
FEM 2 @ impedance of the the frontal parts leakage of the stator x;, is determined by known

methods [6]. The obtained parameter from expressions (3) are based on the integral
characteristics of the field analysis
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the intersection area i-th bar sci; .; are effective values of currents time complexes of all rotor bars
(i=1,...z,), what is determined by integrating over the conductor area sci of current density I mi s Veo is the
specific conductivity of rotor winding; / is the length of the motor's magnetic circuit; K, W, S is the winding

coefficient and the number of stator phase turns and the area occupied by one of the parties ; &, =27/ z, is the

angle between neighboring bars.

The degree of the polynomial MM system adequacy of IM electromagnetic parameters is determined
due to the example of comparing the results of calculating the IM 4A80A2U3 design condition with its use,
according to the results obtained by the IM circle-field MM and catalog data.

The procedure for obtaining the MM system parameters of CMM IM 4A80A2U3 is the following:

1. An orthogonal central composition plan of the second order is formed [8] with the following

interval of variation of the regime parameters: 152(2.5+3.75)A, S=(0.016+0.045). The IM

constructive parameters in this case will be unchanged, therefore, this group of variables is absent in the
CMM system parameters of generalized IM in MM (2).

2. According to the second-order central composition plan, it is enough to conduct 9 numerous
experiments using the circle-field MM of the IM 4A80A2U3. The parameters of the equivalent circuit are
calculated using the results of numerous experiments and according to expressions (3, 4).
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3. According to the algorithm [8], polynomials of the parameters of the equivalent circuit in the
function /; and s are formed, the totality of which is the MM system of parameters CMM 4A80A2U3 IM in
the given range of change the regime parameters /; and s

Xy, =101.4502+39.9504-5 -34.0767-1+15.1169-5*+5.0412-1,7-18.2837-5-I
X;, =2.4363+0.0455 -5-0.1144-1+0.0012-5*+0.0124-1,+0.0092s"I,
7= 3.0987 +0.0014 -5-0.0007-I, + 0.0009-5+ 0.0002-1-0.0009-s-I,

x5 =4.6109 +0.1651-5-0.2574-I+ 0.1438 -5°+0.0322-1,-0.1668"s"I,

The table shows the comparison of the calculating results of the IM operating condition parameters
for the polynomial MM system of the IM electromagnetic parameters with the catalog data and with the
results for the IM circle-field MM.

ConSidering Psa Vins Xin kst EXCIUding Psa Vins Xin kst
Parame- - coalog Polynomial MM

ters of data Polynomial MM system A, Calculation using a torill Oaram ters of A,
regimes parameters of IM % circle-field MM of IM syste pIM clers o %

1, A 3.3 3.298 0 3.3 3.3 -

n, 0.81 0.814 0.5 - 0.854 -

cos @, 0.85 0.841 1.0 - 0.833 -
M, Hum 4.98 4.98 - 5.38 5.35 0.5

To compare the calculation results using a polynomial MM system of IM electromagnetic parameters
losses with catalog data, the MM of IM takes into account losses in the magnetic conductor Py, parameters of
the frontal parts of the stator winding r;,, x;, steel fill factor k. According to the calculation results at the
design condition, the parameters deviations of the IM operating condition using the polynomial MM system
of the IM electromagnetic parameters in relation to the catalog data do not exceed A= 1%.

The error of the calculated moment on the shaft M in the IM A80A2U3 design condition for the MM
polynomial system of the IM electromagnetic parameters is A = 0.5% (Table), compared with the moment by
the IM circle-field MM.

Conclusions

A necessary condition for the implementation of effective optimal design of IM is the use of highly
efficient and adequate mathematical modeling. In this paper proposes a method for forming a polynomial
MM system of electromagnetic parameters of a generalized IM for the purposes of design, which is called
the polynomial parametrization of a generalized IM in a given region of change the constructive parameters.
This method provides the creation of a polynomial MM system of electromagnetic parameters of generalized
IM, which, in complex with CMM of IM, is an analogy of the field MM of generalized IM.

The duration of the IM polynomial parametrization is hundreds of times less time consuming
compared to the table parameterization of IM. So, to obtain a generalized IM, MM system of IM generalized
electromagnetic parameters in a given range of variation of both two regime and two design parameters,
using a polynomial parameterization, up to 100 numerical experiments will be required. For the formation of
dependences of the IM parameters in a tabular form will require up to several thousand numerical
experiments. With repeated use the system of equations (2), the efficiency of the IM optimal design will
certainly be significantly higher compared with the direct use of IM field models, while maintaining the
accuracy of the obtained results at the level of accuracy of the field analysis results.

On the example of calculating the IM 4A80A2U3 design condition, was determined the discrepancy
between the results obtained by analogy of the IM field MM, with the results for the circle-field MM did not
exceed 0.5%.
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METOJ TAPAMETPU3AINN OBOBIIEHHOTI'O ACHHXPOHHOI'O IBUT'ATEJIA 11O PE3YJIbTATAM
MMOJIEBOI'O AHAJIM3A JJIS1 HEJTEU ITIPOEKTHOI'O CHHTE3A
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B pabome no pesyismamam noneeo2o ananua npeodnodicet cnocob onpeoenenus u MamemMamuiecko2o npeoCcmaeieHis
C6A3U NAPAMEMPOB CXeMbl 3aMeUeHUsl ACUHXPOHHO20 O8UCAMENA C €20 KOHCMPYKMUBHIMU U PEHCUMHBIMU napamem-
pamu. [ns yeneil npoekmHo2o cunmesa no OAHHOMY CROCOOY CO30aHA NOTUHOMUATLHAA MAMEMAMU4ecKas Mooes
cucmemsl INEKMPOMASHUMHBIX NAPAMEMPO8 000OWEHHO20 ACUHXPOHHO20 O8U2AMENs, KOMOPAsL 6 COBOKYHHOCMU C
YenHoU MamemMamuiecKkol MoOebio ACUHXPOHHO20 O8U2AMEN AGIACMCA AHAIO2Uel NOeBOU MAMeMamuyecKou Mooe-
. Ha npumepe pacuema no nonyyenou anano2uu noieeoll Mamemamudeckoti mooeiu Al HoMUuHarbHo20 pexcuma
ACUHXPOHHO20 O8U2aMeNs OnpedeneHa cmenetb ee adeK8amHOCU HO Pe3yabmamam noiegoeo anaiusa. buoim. 9, Tadmn.
1, puc. 1.

Kntouesvle cnosa: aciHXpOHHBIN IBUTATENb, ONTHMAaIEHOE NPOEKTUPOBAaHUE, MAKPOMO/IEb, TapaMeTpU3anus, IIaHu-
pOBaHME SKCIIEPUMEHTA.

METO/] TAPAMETPU3AIIII Y3ATAJIBHEHOI'O ACHHXPOHOT'O IBUI'YHA 3A PE3YJIbTATAMH
MMOJIbOBOI'O AHAJII3Y JJISI IIJIEU ITIPOEKTHOT'O CUHTE3Y
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TncrutyT enekrpoannamiku HAH Ykpainu,
np. [lepemoru, 56, Kuis, 03057, Ykpaina,
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B po6omi 3a pezynbmamamu noiv0o8o2co ananizy 3anponoHO8aHUTl CROCIO GUSHAYEHHS | MATNEMAMUYHO20 NPeOCMABieH-
H5l 38 13Ky NAPAMEmpi6 3aCMynHoi cxemu aCUHXPOHHO20 0BUSYHA 3 1020 KOHCMPYKMUGHUMU | DEHCUMHUMU NAPAMENT-
pamu. /[ns yinei npoeKmno2o cunmesy 3a OGHUM CROCOOOM CMBOPEHO NOTIHOMIANLHY MAMEMAMUYHY MOOelb CUCTHEMU
€eKMPOMACHIMHUX NAPAMEMPIE Y3a2dIbHEHO20 ACUHXPOHHO20 O8USYHA, SIKA 8 CYKYNHOCMI 3 K008O MAMEMAMUYHOIO
MOO€INI0 ACUHXPOHHO20 OBUSYHA € AHANOZIEI0 NONLOBOI MamemamuyHoi modeni. Ha npukiadi po3paxyuky 3a ompuma-
HOI0 AHAN02IEI0 NOMLOBOT Mamemamuunoi mooeni A/l HOMIHATLHO2O PEeNHCUMY ACUHXPOHHO20 OBUSYHA BUHAYEHO CMY-
nemw i adekeammnocmi 00 pe3yibmamis noivosoco ananizy. bion. 9,tabmn. 1, puc. 1.

Knwouoei cnoea: acMHXpOHHMH JBHUTYH, ONTHMAJIbHE NPOEKTYBaHHS, MaKpOMOJENb, MapaMeTpu3allis, IJIaHyBaHHSI
€KCIEpUMEHTY.
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