Lighting Engineering & Power Engineering
2023, Vol. 62, No. 3, 79-85
https://doi.org/10.33042/2079-424X.2023.62.3.02

OPEN (5} ACCESS

Mathematical Modeling State Analysis of Multifunctional Energy
Converters with a Solid Rotor

Mykola Zablodskiy!
and Oleg Synelnykov?

, Vladyslav Pliuhin? (), Vitaliy Tietieriev? (1,

1 National University of Life and Environmental Sciences of Ukraine, Kyiv, Ukraine
20. M. Beketov National University of Urban Economy in Kharkiv, Kharkiv, Ukraine

Article History Abstract

Received: Multifunctional energy converters (MFEC) are induction motors with an external hollow solid
09 September 2023 rotor. Structurally, the MFEC is an electric machine in which the stator has the appearance of
Accepted: a conventional winding rotor and is located in a steel tube, which performs the functions of
20 October 2023 the rotor. In normal use for an electric motor, this design is inefficient due to significant losses
. . in the solid rotor due to eddy currents. In the case of the MFEC, all losses go to the heating of
Published online: . . 2.
25 December 2023 ’.che loose .materlal that moves along fhe surface of the SOl'ld rotor, so the eff1c1encfy of the MFEC
is very high. The non-standard design of the MFEC raises a number of questions regarding
Keywords the calculation of such an electric machine and the mathematical modeling of transient modes:

start-up in idle mode, start-up under load, operation during long-term parking under current,
random load change during operation, etc. The complexity is caused by taking into account
the given parameters of the solid rotor during the change of slip and currents. On the one

Energy Converter;
Induction Motor;

lid Rotor;
Solid Rotor; hand, the currents in the rotor affect the parameters of the solid rotor, on the other hand, these
Eddy Currents; . L. .
. currents cannot be calculated without determining the parameters of the rotor. In this regard,
Mathematical Model;

this paper aims to reveal problematic issues in mathematical modeling of transient modes of

T ient Mod . . . . . 9. .
ransient viodes MFEC with a solid rotor and create a basis for further research in this direction.

INTRODUCTION models and methods calculation of induction ma-
chines mainly with an inverted solid rotor [5-8]. The
peculiarity of such a mathematical description is that
the MFEC is considered in connection with the ther-
mal and hydrodynamic processes of the environment,
and the output characteristics are determined by the

target function of the device: they have, along with

In the modern theory of electromechanical energy
converters, the tasks of composing equations are set,
which make it possible not only to explain the work
of energy converters [1-3], which is complicated by
the principle of operation from the point of view of

classical theory, but also to find ways to create new
electric machines [4]. The tasks facing the researcher
are the optimization of the electric machine; obtain-
ing static and dynamic characteristics; choosing the
optimal design; taking into account the restrictions
imposed on the electric machine; drawing up the ex-
periment planning methodology. In connection with
the lack of complex mathematical models of induc-
tion machines with a solid rotor, and even more so of
multifunctional electromechanical energy converters
(MFEC) operating in the environment of loose or vis-
cous materials, there is a logical need to create a gen-
eral approach to the development of mathematical

mechanical and thermal dependences, the heating of
the MFEC nodes and the environment [8].

MFEC refers to complex energy converters, in
which the electromechanical conversion of energy is
accompanied by the conversion of electrical P,; or me-
chanical energy Pua into thermal P In its general
form, the EMF can be imagined as a six-pole with an
internal resistance Z.; and two electrical terminals
characterized by voltage U and frequency f with two
mechanical terminals determined by torque M and
frequency of rotation n, as well as a thermal circuit
characterized by the amount of heat Q and tempera-
ture [9-11].
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Traditionally, in MFEC, the energy that is con-
verted into heat is attributed to losses, and the effi-
ciency ratio is the corresponding ratio of electrical
and mechanical powers. It depends on the operating
mode of the MFEC - generator or motor. Along with
this, a new class of MFEC appeared for the imple-
mentation of technological processes in which ther-
mal energy is used along with mechanical energy.
For such a class of MFEC, the issues of optimal de-
sign and areas of effective use require their own so-
lution. Solving these problems will contribute to the
creation of energy-resource-saving technologies [12,
13]. MFEC operating in a closed environment, the
working body (fluid or low-melting materials) is a
kind of cooler, which during its melting absorbs re-
sidual heat energy from the surface of the device. A
complete consideration of the “MFEC - environment”
system is impossible without consideration of the
processes in the working environment. On the one
hand, the cooling of the MFEC and the heating of the
substance violates the consideration of thermal pro-
cesses; from the second, the environment acts as a
load on the rotor of the MFEC [5, 6]. From this, it be-
comes necessary to consider the processes of hydro-
dynamics to obtain the magnitude of the load mo-
ment and mechanical energy losses in a swirling flow
of a viscous mass.

For a complete analysis of the work of the MFEC,
it is necessary to consider models that provide a com-
plex connection between two interconnected objects:
the MFEC - the environment (Fig. 1). It is proposed
to consider the following direction of modeling of the
closed system MFEC - environment: working envi-
ronment - MFEC - internal thermal system of MFEC
- complex environment-heater model.

MFEC

- stop under current
- start mode
- stable rotation

_- dynamic loading

- internal heating

- heating
- fusing

- mixing

Figure 1. Connection of processes in the environment with
the modes of the MFEC operation

The given scheme is explained simply - to reach
the required design power of the MFEC, which en-
sures heating and melting of the given volume of ma-
terial in the allotted time, as well as its mixing, it is
necessary to know the amount of thermal, mechani-
cal and electrical energy for the described processes.
Therefore, one of the first models is the compilation

of the model of the distribution of the thermal field
of the MFEC [14-16]. Such a model as a secondary
problem solves the issue of calculating the melting
time of the calculation point of the medium, as well
as the optimal choice of the trajectory of the move-
ment of the material on the surface of the MFEC in
order to ensure the minimum time of processing the
material [17-20].

Another no less important task, which is a kind of
connection between the environment and the heater,
is the mathematical modeling of the hydrodynamic
processes of the vane swirler in a viscous melt [17].
The obtained dependences of the resistance moment
of the medium on the rotation speed of the MFEC ro-
tor provide the necessary equations for modeling
electromechanical processes in the MFEC, as well as
the amount of power spent to overcome the re-
sistance of the viscous medium.

The simulation results of the two previous models
lead to mathematical models of the processes that oc-
cur in the MFEC itself. These are mathematical mod-
els of transient processes during the start-up of the
MEFEC [21, 22], a model of rotation in a steady state,
a model of random load [23, 24], as well as a model
of the internal thermal field of the MFEC in station-
ary and regular hydrodynamic loads [25, 26] and
thermal modes [27-29].

Completion of the mathematical description of
the MFEC is the compilation of a general model that
combines the considered models of thermal, hydro-
dynamic, electromagnetic and thermal processes of
the MFEC occurring in a closed medium-heater sys-
tem. Such a model makes it possible to obtain a cal-
culation of the main components of the object under
consideration given the given initial conditions and
initial parameters.

The aim of this paper is to analyze the construc-
tion of mathematical models of electromechanical
transient processes of induction machines with a
solid rotor in the context of thermal and hydrody-
namic loads, which are inherent in the functional fea-
tures of MFEC. Solving the set tasks is the basis for
further analytical research of solid rotary machines
for technological purposes and the creation of their
digital twins.

ELECTROMECHANICAL ENERGY
CONVERTERS MATHEMATICAL MODELING

MFEC, which refers to electric machines connected to
the technological process, is a new type of electric
machine. A complete picture of the operation of such
an electric machine can only be given by a complex
calculation, which consists in considering the exter-
nal environment of the closed system heater - envi-
ronment and the transition to the internal system of
the MFEC.
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In [1-5], currently relevant research problems of
electromechanical energy converters are formed:

e improvement of mathematical models of elec-
tric machines, combining field theory and cir-
cuit theory;

e determination of dynamic efficiency and
power factor, active, reactive and exchanged
power;

e creation of new electric machines;

¢ solving the fundamental problems of electro-
mechanical energy conversion.

Mathematical modeling of electric machines is
closely related and determined by the development
of the theory of the electromechanical converter
(EMF) in stable and dynamic modes of operation.
The genesis of mathematical models is described in
detail in [4].

The processes of energy conversion in electric ma-
chines in stable modes are described by complex
equations. For induction machines with a short-cir-
cuited rotor at a sinusoidal voltage, they have the fol-
lowing form [5]:

U, =-E, +l,z;

0=E, -}z, -JrjA-s)/s;},

lo=1,+1,

where U,, I,, [} are the voltage and currents of the
stator and rotor phases, respectively; I'0 , Eo are the
current and EMF idling; z, and z, are the full re-
sistance of stator and rotor windings; s is the relative

rotation frequency (slip); [;r;(1-s)/s are the losses

equivalent to useful power on the shaft.

Vector diagrams and substitution schemes are the
geometric representation of the given equations.
With constant parameters - active and inductive re-
sistances or coefficients in front of dependent varia-
bles, circular diagrams have found quite wide use in
the theory of electric machines. In dynamic modes,
electric machines are described by differential equa-
tions. The geometric view of the MFEC of energy is a
model, for example, for the simplest electric machine,
shown in Fig. 2.

A mathematical model based on differential equa-
tions is much richer than substitution schemes and
vector diagrams and has a deeper physical meaning
and adequately reflects the processes of electrome-
chanical energy conversion. As one can see, the clas-
sification of MFEC modeling schemes is quite simple.
The classification of methods used for solving mod-
els of electric machines is much expanded (Fig. 3).
Abbreviations used in the Fig. 3: GEM is generalized
electric machine; GEMC is generalized electrome-
chanical converter; IEM is an ideal electric machine;
IZEM is an idealized electric machine.

2
o—

U, e

o—

/e
&

Figure 2. Model of the simplest MFCE

MFEC
System of Complex Simple math description
Kirchhoff matrix (Cron
equationsin matrix for a
matrix form two-winding - elliptical field;
machine) - non-sinusoidal voltage;

- asymmetric voltage;

- non-linear parameters;
- multi-winding machine

Figure 3. Classification of MFEC modeling methods

Among the methods most commonly used in the
calculation of periodic processes and the electromag-
netic field are the following:

e finite-difference grid method;

e models based on substitution schemes with
distributed parameters;

e models based on substitution schemes with
concentrated parameters;

e method of analog modeling of multilayer
structures (two-dimensional theory);

e methods of orthotropic modeling;

e grid harmonic model (differential and har-
monic method);

e propagation models of plane electromagnetic
waves;

e the method of expanded magnetic and electri-
cal schemes of substitution;

¢ method of conductance of toothed contours;

¢ method of instantaneous values;

e numerical analysis of the field and parameters
of a solid rotor.
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ANALYTICAL METHODS FOR
HYDRODYNAMIC PROCESS CALCULATION

Analytical methods are distinguished by the com-
monality and transparency of the obtained solutions,
which is undoubtedly their great advantage. How-
ever, when using these methods to solve the equation
of the electromagnetic field in a multidimensional
nonlinear environment, which is a solid ferromag-
netic rotor, it is necessary to make significant as-
sumptions that in some cases may affect the reliabil-
ity of the obtained results.

The use of numerical methods significantly ex-
pands the possibilities of researching processes in the
solid ferromagnetic rotor of the MFEC, allows to take
into account the nonlinearity of the medium by ap-
plying the known dependence B = f(H) and thus in-
crease the accuracy of the calculation.

Among the existing methods of numerical analy-
sis, the finite difference method received the greatest
development. The finite element method is widely
used to calculate the electromagnetic field.

The history of the development of electric ma-
chines testifies to the presence of two extreme ap-
proaches in the EMF theory of energy: based on field
theory and circle theory. Field theory is developed
based on Maxwell's equations, and circuit theory is
based on Kirchhoff's equations. The third approach
to the analysis of the processes of electromechanical
energy conversion is the combinational approach,
which is combined with field and circuit theories. In
it, based on the picture of the field in the air gap of
the electric machine, the voltage equations are writ-
ten, and the equations of the electromagnetic mo-

ment are expressed through currents or flux coupling.

Many papers are devoted to the analysis of induc-
tion machines with a solid ferromagnetic rotor,
which is a MFEC. All of them describe electromag-
netic processes in a ferromagnetic rotor array and ob-
taining the input (wave) equivalent resistance of a
solid rotor.

The analysis of the electromagnetic field in a
smooth ferromagnetic rotor of an electric machine at
a constant value of magnetic permeability 4 = const
was carried out by many domestic and foreign au-
thors in different settings (using both rectangular
and cylindrical coordinate systems), under different
assumptions.

After the release of the classic work of Neumann
[30] on the solution of the one-dimensional problem
of the propagation of a plane electromagnetic wave
in a ferromagnetic half-space taking into account the
variable value y and hysteresis, in a number of works
[31, 32] there were recommendations regarding the
use of the so-called “Neumann coefficients”, which
take into account the above factors, to clarify the
equivalent parameters of the solid rotor, which were
obtained under the condition u = const. The use of

these coefficients turned out to be quite successful.
They are still used to calculate the characteristics of a
solid ferromagnetic rotor [6]. However, the task of re-
fining the analysis of the two-dimensional electro-
magnetic field in the array of a smooth rotor at u =
const is still relevant.

As is known, the results of such an analysis in a
rectangular coordinate system led to the fact that the
main field characteristics - the electric field strength
along the rotor E, and the tangential magnetic field
strength H, have an identical, exponential law of
change along the y coordinate (depth of the array)
with a complex wave propagation coefficient:

B=y1+i) Kk +a?,

where k= o,y 12=1/A; a=7/t,=p/R,; ©,=0S.

The analysis with u = const in the cylindrical co-
ordinate system gives approximately such data, but
with some deviations from the specified law in the
range of very low frequencies (at s <0.5%), when the
penetration depth A > 0.2R,.

Comparison of these results with test data that
were carried out in various works showed that the
analysis of the field of a smooth solid ferromagnetic
rotor under the condition y = const does not give an
accurate representation of the law of change of E,
and H, along the depth of the array, overestimates
the value of the module H, (at a given E,) on the sur-
face of the solid rotor, distorts the phase H,.

As a result, one of the most important parameters
- the equivalent wave resistance of the active zone of
a smooth solid ferromagnetic rotor is 15-20% lower
than the test values, and its phase angle is greater
than the experimental one and is always 45° (as a re-
sult of & < k). Therefore, the calculation of the start-
ing characteristics of torque T = f(s) and current I =
f(s) of solid-rotor electric machines, performed on
these bases, does not give the required accuracy (by
35-40% lower than the values from experimental
tests).

CONCLUSIONS

This paper analyzes approaches to the construction
of mathematical models of electromagnetic transi-
ents of solid-rotor electromechanical energy convert-
ers of technological purpose, which differ by taking
into account the thermodynamic and hydraulic pro-
cesses that accompany the mixing and heating of
loose or fusible materials that move along the surface
of the solid rotor and are mixed. A key factor in cre-
ating adequate models is taking into account the cy-
clic dependence: the current of the solid rotor on its
parameters, parameters depending on the current
and both of these values on slip. The conducted anal-
ysis raises several questions for further research:
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¢ to develop a mathematical model of the distri-
bution of the thermal field during the opera-
tion of MFEC in the medium of a low-melting
substance;

e to carry out analytical studies of the process of
spreading thermal energy in the medium of a
low-melting substance;

e to develop a mathematical model of hydrody-
namic processes during the rotation of the
MEFEC rotor in the environment of loose or eas-
ily melting materials;

e to investigate the mechanical characteristics of
MFEC depending on the geometric dimen-
sions, electrical parameters of the device and
properties of the working environment;

¢ to develop mathematical models and investi-
gate the MFEC in the main modes of operation,
taking into account the influence of the work-
ing environment on thermal and mechanical
characteristics.
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MaremaTidHe MO e/II0BaHHs aHaJIi3y cTaHy OaraTodyHKIIiOHaIbHMX
epeTBOPIOBAaYiB eHeprii 3 CyIIUIbHUM POTOPOM

Muxkora 3abmonceknit, Biranmcnas Imroris, Bitanin Tetepes, Oner CrHeTbHMKOB

Amnoranis. bararodyHskiiionanbsHi mepersoprosadi eHepril (BPIIE) sBiIsI0Th 0000 aCMHXPOHHI IBUTYHM i3 30BHIITHIM
HOPOXHUCTUM CyLIiTbHMM poropoM. KoHcrpykTusro BDIIE sBiisge cob0I0 eJIeKTpUYHY MaIIMHY, B gKill CTaTOp Ma€ BU-
IJISIT 3BMYAlIHOL OOMOTKY poTOpa i po3rammosaHui B cTasleBiit TpyOi, sika BuKoHye dyHKILT poropa. [Ipu HopMmamsHOMY
BUKOPVCTaHHI eJIeKTPOIBUTYHa 111 KOHCTPYKIIis HeedDeKTMBHA Yepe3 3Ha4Hi BTPAaTU B CYLIJIBHOMY POTOpI Yepe3 BUXPOBi
crpymu. Y Bunagky BOIIE Bci BrpaTut T1y Th Ha HarpiBaHHs CUIIKOTO MaTepiaily, SKUV PyXa€ThCs 110 ITOBEPXHi CYLiTbHOTO
potopa, Tomy KK BDIIE nyxe ucokuit. HecranmapthicTs KoHCTpYKIil BOIIE BUK/IMKae HM3KY NUTaHb 1010 PO3pa-
XYHKY TaKoOl eJIeKTPMIHOI MaIllMHV Ta MaTeMaTUIHOTO MOJIeTIOBaHHS IIepexiTHMX PeXMMiB: ITyCK B peXMMi XOJI0CTOTO
XOfy, IyCK IIiJl HaBaHTakKeHH:M, poboTa IIif, 9ac TpuBajIol CTOSHKM IIiJ] CTPYMOM, BUIIaJKOBe 3MiHeHHs HaBaHTaKeHH:
mifg, vac poboTn Ta iH. CxtagHicTh 00yMOBIIeHa BpaxXyBaHHSAM 3a/laHMX ITapaMeTpiB CYIIIbHOTO pOTOpa IIpY 3MiHeHHi
KOB3aHH: i cTpyMiB. 3 ofHOTO OOKY, CTpPyMM B POTOPI BIUIMBAIOTh Ha IIapaMeTpy CYIIJIbHOIO poTopa, 3 iHIIoro 6oy, i
CTPYMM HEMOXJIVMBO po3paxyBaTy Oe3 BU3HaUeHHd ITapaMeTpis poTopa. Y 38'43Ky 3 1[1IM JlaHa poboTa Mae Ha MeTi po3K-
puTH TpoOIIeMHI ITMTaHHS MaTeMaTUIHOTO MOJieTIoBaHH: Iepexigaux pexxumis BOIIE 3 cyITbHUM pOTOPOM Ta CTBO-
PWTI OCHOBY IS TOAAJIBIIVIX HOCII/IKeHb Y I[bOMY HaITPAMKY.

Kirro4oBi cs10Ba: IiepeTBOpIoBad eHeprii, acCMHXPOHHWY ABUTYH, TBePAWII POTOP, BMXPOBi CTPyMM, MaTeMaTIIHa MOJIeb,
HepexigHi peXXnMu.
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