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Development of methods for adapting the parameters of spatial end winding sections in 2D
circuit-field models of induction-synchronous electric machines

Introduction. Recently, the theory of a special class of cascade slow-speed non-contact induction-synchronous electrical machines
(ISEM) has been developed. This allowed to obtain a combination of positive properties from conventional induction and synchronous
electric machines. Problem. The lack of circuit and field models of ISEM imposes restrictions on further research of electromagnetic,
mechanical and energy processes, in transient and quasi-steady modes of its operation. Goal. Development of 3D and adapted 2D
circuit-field models of ISEM, decomposition methods, and dynamic synthesis with adaptation of electromagnetic parameter coupling
conditions at the boundaries of calculated subdomains of ISEM. Methodology. Spatial elements of ISEM design are represented by
separate spatial calculation subareas. The conditions of compliance with electromagnetic processes, which are formed by a complete
calculation area and separate spatial calculation subareas of ISEM, are accepted. The influence of end effects and the parameters of the
frontal parts of ISEM windings are determined by the inequality of the magnetic field energy of separate calculation subareas. These
parameters, including end effects, are displayed as circuit elements in the 2D circuit-field model. Results. The obtained combination of
3D area decomposition methods and dynamic synthesis with adaptation of electromagnetic parameters coupling conditions at the
boundaries of its calculated ISEM’s subdomains. The proposed technique for determining the resistance and inductive resistances of the
frontal parts of the ISEM windings, taking into account edge effects. The accuracy and effectiveness of the proposed methods is
confirmed by the results of an experimental study. Originality. An adapted dynamic 2D circuit-field model of transient processes of
ISEM has been developed, which allows taking into account parameters of the frontal parts of its windings. Practical value. The
proposed methods can be used for various types of electrical machines. References 27, tables 3, figures 12.

Key words: electromagnetic field, end effects, methods of decomposition and dynamic synthesis, circuit-field modeling, electric
machine.

Bcemyn. 3a ocmanmiii uac nabyiu po3eumky meopis cneyianbHo20 KIACy KACKAOHUX MUXOXIOHUX Oe3KOHMAKMHUX ACUHXPOHHO-
cunxponnux enekmpuunux mawiur (ACEM) ma ompumana npunyunosa Hoea ii KOHCMPYKYis, 3a 00NOMO2010 KO 00epIHCAHO NOEOHAHHSA
NO3UMUBHUX 61ACMUBOCTEll G0 36UYAUHUX ACUHXPOHHUX MA CUHXPOHHUX eneKmpudHux mawun. Ilpobnema. Biocymuicmo konosux ma
nonvosux mooenei ACEM naxnadae obmedcenHs oo nooanbuio20 00CHiONCEeHHs eeKMPOMASHIMHUX, MEXAHIYHUX MA eHepeemuyHUX
npoyecis, 8 nepexionux ma keasiycmanenomy pexcumax ii pooomu. Mema. Pozpobka 3D ma adanmosanoi 2D kono-nonvosux mooenei
ACEM, memooig dexomnosuyii i Ounamiunoeo cunmesy 3 a0anmayieio YMo8 CHOIy4eHHs eleKmPOMACHIMHUX NApamempie Ha SPaAHUYsIX
pospaxosanux nioobracmeii ACEM. Memodonozia. Ilpocmoposi enemenmu xonempykyii ACEM npedcmasnsiomvcsi npocmoposumu
OKpeMUMU  PO3PAXyHKosumu nidobnacmsmu. J{ia Koxcwiti i3 yux nidobnacmeii cmasumvcsi y GiONO0GIOHICMb NPOMIKAHHS
E/IeKMPOMASHIMHUX NPOYeCis, AKI YMEOopeHi YiliCHOI0 pO3PAXyHKO80I0 obnacmio. 3a Heg s3KOK eHepzii MASHIMHO20 NONsl OKpeMux
nidobaacmeil 3 YiniCHOIO PO3PAXYHKOBOIO 30HOIO BUSHAUAIOMbCA Ol KpAUosux egekmis 8 mopyesux 30Hax ma napamempu 10008ux
uacmun oomomox ACEM. Lli napamempu 3 eépaxysannsm kpauosux egexmis 6ioo6pasicaiomovcs sk eiemenmu koia ons 2D kono-
nonvosoi moodeni ACEM. Pesynemamu. Ompumana komobinayis memooie dexomnosuyii 3D ooracmi ACEM i ounamiunozo cunmesy 3
adanmayielo ymo8 CHOIYHeHHS eNeKMPOMASHIMHUX NApAMempié HA SpaHuysax 1020 po3paxosanux nioodracmeti, aKa 003601€
3abe3neuumu uucenvny peanizayilo 3D Kon0-nonwbo8020 MOOeN08AHHA eNeKMPOMACHIMHUX NOMI8 8 OKPeMUXx eneKmpudHux ma
MASHIMHUX KOHMYpax ckaaonoi npocmopoeoi koncmpykyii ACEM, a makooic usnauumu 6niue Kpatiogux eghekmis 6 mopyesux 30Hax
nobosux vacmun ACEM 3a neé’ssxoio emepeii macnimnozo nois. 3anpononoeana Memoouxka wjooo GUSHAYEHHS AKMUGHUX md
iHOyKmugHux onopig nobosux uacmun oomomox ACEM 3 epaxyeannsm Oii kpatiosux egexmis. Tounicme ma eghexmusHicmo
3anponoHOBAHUX MEMO0i8 NIOMEEPOIICYEMbCS Pe3yIbmamamu. excnepumenmansiozo oocnioxcenns. Haykoea noeuzna. Pospoonena
adanmosana ounamiuna 2D Ko10-nonb0éa mooenb HecmayioHapHux 63acMono6 A3aHUX eNeKmpOMASHIMHUX MA el1eKMPOMEXaHiYHUX
npoyecie ACEM, axa 003801a€ 6paxyseamu 8 NepexiOHux pexcumax pobomu napamempu 10008UX YACMUH 11020 00MOMOK uepes it
CXeMHY peanizayito, HeNiHIUHICMb MASHIMHUX Ma eleKmpodi3udHUX 61ACTHUBOCHEl AKMUBHUX Mamepianie, NnogepxHesi i Kpaiiosi
epexmu mopyesux 30m tioco akmuenoi yacmunu. Ilpakmuuna winnicms. 3anpononosani Memoou Modxcymos Oymu UKOpucmani Oist
PpisHux munie enexmpuunux mawun. bioim. 27, Tabn. 3, puc. 12.

Knouosi cnosa: enekrpoMarHiTHe moJie, KpaioBi eexkTH, MeTOAN EeKOMMNO3ULII Ta AUHAMIYHOIO CHHTe3Yy, KOJIO-TOJbOBE
MO/IeJTIOBAHHS, eJIeKTPUYHA MAIIHHA.

Introduction. Further improvement of designs and
development of the theory of electric machines (EM) is
directly related to the search for new technical solutions and
technologies. This will enable the creation of devices with
improved technical characteristics and high energy efficiency
indicators of regulated electric drives, autonomous power
supply systems for a number of consumers in industry,
energy, agriculture, and special purpose devices.

Recently, the theory of a special class of cascade
low-speed contactless induction-synchronous electric
machines (ISEM) has been developed and a
fundamentally new and improved design of it has been
obtained [1]. This class of EM is a combination of two
EMs, namely an induction motor (IM) and an inverted
synchronous generator (SG) in a single magnetic core [2].

Here, the stator winding of the first EM is a three-phase
2p;-pole winding, and the stator winding of the second
EM is a single-phase 2p,-pole excitation winding. The
three-phase 2p; winding and the single-phase 2p, winding
are electrically connected to each other and form a single
conductive system on the stator (armature) side of the
ISEM. The rotor combined winding is short-circuited with
the number of mutually independent phase coils n,=p;+p,
[3]. For this class of EM, various configurations of the
combined stator winding with different variants of the
ratio of the number of pairs of poles 2p;/2p, have been
developed in [4], which makes it possible to obtain
different values of the cascade synchronous speed of
ISEM from 125 to 1000 rpm.

© M.I. Kotsur

Electrical Engineering & Electromechanics, 2024, no. 4

9



The latest improvement in the ISEM design puts this
class of EM in terms of ease of manufacture and weight
and size indicators in full compliance with classic induction
EMs with a short-circuited rotor, with a control channel
from the side of the fixed part of the ISEM armature. The
simplicity of the design, the availability of control only
from the side of the armature, the combination of IM and
SG properties make this class of low-speed EM promising
for further development. However, at present, for this class
of EM, there is still no mathematical description and
relevant research on electromagnetic and mechanical
processes in the transient and quasi-steady modes of its
operation, the control properties and characteristics of
ISEM have not been determined. Therefore, in addition to
conducting research on a physical sample of ISEM, there is
a need to develop a mathematical model of ISEM, which
will allow taking into account the design features and
schematic implementation of the armature and rotor
windings, as well as the nonlinearity of the magnetic and
electrophysical properties of active materials, the skin and
edge effects of the end zones of its active part, to obtain
high accuracy and efficiency of the numerical
implementation of electromagnetic parameters with a
moderate use of computing resources, time consumption
and stability of the computation process, with the
reproduction of electromagnetic and mechanical processes
as close as possible to the results of experimental research.

Analysis of research and publications. Modern
methods of EM research are associated with the use of
stationary and transient mathematical models of the
transformation of electric, magnetic and mechanical
energies [5]. Existing mathematical models of EM are
divided into circuit and field models.

Circuit models are based on the theory of circuits and
are based on the EM substitution circuits utilization. The
interdependence between electric, magnetic, and design
parameters of the EM is carried out between the inductive
and active parameters of the EM substitution circuits [6].
Such models are described either by a system of algebraic
equations or by a system of nonlinear differential equations
of the first order. There are methods for designing and
calculating the parameters of EM substitution circuits,
which are based on empirical calculations and calculations
based on catalog or experimental data [7]. In [8], the author
states that in order to obtain a satisfactory accuracy of the
numerical calculation of the parameters, the substitution
circuits must be refined using field simulation. In [9], the
methods of mathematical, structural and physical modeling
in MATLAB of a DC motor with independent excitation
and an induction motor with a short-circuited rotor were
analyzed. The simulation results were compared with real
experimental data. It was established that the disadvantage
of this modeling method is the presence of a high
calculation error, which is associated with the impossibility
of fully taking into account all the features of the EM
configuration, the nonlinearity of the electrophysical and
magnetic properties of active materials.

The development of computer technology and
specialized software complexes, such as ANSYS,
COMSOL Multiphysics, OpenFEM, Impact, SALOME,
Elmer, etc., has expanded the possibilities of practical use
of 3D and 2D field modeling, which is based on the

solution of a system of partial differential equations by
the Finite Element Method [10]. In contrast to 2D field
modeling, the application of 3D field modeling of
electromagnetic processes can ensure the fulfillment of
requirements for the accuracy of numerical calculations of
electromagnetic parameters. For example, in [11] during
the three-dimensional analysis of the magnetic field of a
special spherical motor with permanent magnet with
double stator, in [12] of a two-phase induction motor, in
[13] of electromagnetic processes in the end zones of the
rotor of a turbogenerator in its asymmetric modes of
operation, the authors note an increase in the accuracy of
the calculation in comparison with two-dimensional field
modeling, which is confirmed by the results of an
experimental study. However, depending on the problem
to be solved, the authors use an assumption about the
absence of frontal parts of the windings of their geometric
EM models to reduce in the dimensionality of the
problem itself. In [14], the analysis of the electromagnetic
field in IM with short-circuited rotor is considered in the
frequency and step-by-step time formulation of the
problem for various 2D and 3D models of the rotor core
destruction process and, at the end of this process, the
core damage. The authors note the difficulty in
implementing the 3D field modeling, reduce the
convergence of numerical calculations at the boundary of
two media with different magnetic and electrophysical
properties, especially for complex nonlinear structural
elements, significantly increase the calculation time and
RAM requirements compared to 2D field modeling.
Therefore, authors are proposed cases when the option of
using a 2D model instead of a 3D model is accepted. In
[15], the authors conducted an analysis of the distribution
of the electromagnetic field along the EM, taking into
account the complete design of the EM, that is, taking into
account the frontal parts of its windings. It was
established that in the end zones of the EM, the magnetic
field energy increases in comparison with the value of the
magnetic field energy in the active part, a comparative
assessment of the calculation accuracy was carried out,
depending on the choice of the degree of the Lagrange
shape function when constructing the mesh of finite
elements, the regularities of the increase in the calculation
time were established, as well as RAM requirements. In
[16], the authors performed an analysis of the numerical
calculations of the EM based on its complete
construction, an approach was proposed that would
increase the finite elements using Lagrange shape
functions of the first order within the boundaries of the
calculation subdomains with different physical properties
of the medium, which made it possible to increase the
convergence of numerical calculations.

In most works related to the application of numerical
field analysis, it is not necessary to take into account the
frontal parts of the windings in the geometric model,
which allows using 2D field modeling with sufficient
accuracy. For example, in [17] the authors developed a
method that allows, on the basis of a single approach, to
calculate the geometric parameters of the frontal parts of
the concentric and loop winding of the EM, taking into
account their detailed structure and the sizes of all
constituent elements, which gives much more accurate
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results compared to classical methods of EM design.
Also, in [18], a numerical field calculation and analysis of
active and reactive resistances of IM windings in the
entire range of changes in its slip was performed, with
further calculation of its mechanical characteristics.
However, taking into account the parameters of the
frontal parts of EM windings using the methodology
based on empirical equations is sufficient, provided that
the system of phase currents is used as the initial
conditions, taking into account the geometric direction of
their flow. However, for cases when the distribution of
currents in the conductive parts of the EM is unknown,
especially when studying ISEM, both for 2D and for 3D
field models of the EM, it is necessary to add circuit
models to take into account the peculiarities of the circuit
implementation of the connection of its windings.

In [19], the feasibility of using the circuit-field model
of the EM, which is based on the combination of the 2D field
model of the slot part of the EM with the circuit model of the
stator winding of the EM, taking into account the schematic
implementation of the connection of the coil groups of the
phases of the stator windings of the EM, which makes it
possible to additionally take into account parameters of their
frontal parts is proved. As initial conditions, phase voltages
are used when powered from a sinusoidal or non-sinusoidal
source, which ensures the determination of currents in the
process of numerical calculation. At the same time, it is
possible to take into account the real-life distortion of the
stator winding currents, which occurs even with a sinusoidal
supply voltage.

Thus, taking into account the fact that the constant
use of complex dynamic 3D circuit-field models, taking
into account the schematic implementation of ISEM
windings in the study of electromagnetic and mechanical
processes in transient and quasi-steady modes of its
operation, will lead to significant costs of computing
resources, time and stability of the computational process,
therefore there is a need to develop methods and
approaches that will ensure the conditions of a qualitative
transition from spatial to plane-parallel distribution of the
electromagnetic field in the active part of ISEM while
reducing the time spent on its numerical implementation
and maintaining high accuracy of numerical calculation.

The goal of the work is the development of 3D and
adapted 2D circuit-field models of ISEM, methods of
decomposition and dynamic synthesis with adaptation of
the conditions of coupling of electromagnetic parameters
at the boundaries of the calculated subdomains of ISEM.

Object of study. Based on the MTF-111-6 crane
motor (2.6 kW at duration of operation 100 %), an
experimental sample of ISEM with cascade synchronous
speed of rotation of the rotor n=500 rpm, U,=127 V was
made. The main dimensions of the experimental sample
correspond to the MTF-111-6. The armature core has
2,=36 slots. The combined armature winding is three-
phase-single-phase, two-layer with 2p,=4 and 2p,=8. The
rotor core has z,=30 slots, which are concentrated in 5
slots in a group. The number of slot groups is 6. Between
the groups of ordinary slots, a massive toothed zone is
formed, the number of which is equal to the number of
slot groups. According to this, the groups of slots are
placed at an angle of 60°, and the slots in the groups are

respectively at an angle j=6.66° (Fig. 1,b). The rotor
winding has 6 phase short-circuited independent coils, 3
sections in each coil, which are placed around a massive
tooth (Fig. 1,b).

3D circuit-field model of ISEM. The calculation
3D geometric model of ISEM accurately and in detail
reflects the features of its design structure (Fig. 1), which
includes the calculation subdomains of the components of
its active part: armature core 1; three-phase-single-phase
2p1=4 and 2p,=8 armature winding 2; insulation system in
the slot zone of the armature core 3; rotor core 4;
independent short-circuited rotor winding 5; insulation
system in the slot zone of the rotor core 6 (Fig. 1,b). The
coil sections of the armature winding consist of frontal
and slot parts, which are connected geometrically and
form 12 coils, 2 coils in each coil group (two coil groups
per phase). The coils of the armature and rotor windings
have complete geometric symmetry between them. Each
coil of the armature winding has input 7 and output 8
(Fig. 1,a). The rotor winding consists of 6 independent
phase coils A, B, C, D, E, F (Fig. 1,b). Each phase coil
contains 3 sections — 1, 2, 3 (Fig. 1,b), which are
connected together in a short circuit.

Fig. 1. Complete 3D geometric model of ISEM (a); calculation
3D geometric model of ISEM rotor (b)

The mathematical description of electromagnetic
processes assumes the isotropic nature of the
electrophysical and electromagnetic properties of
materials, the absence of displacement currents and free
charges [20]. In this case, the transient electromagnetic
processes in ISEM in the short-circuit mode can be
described by a coupled system of nonlinear partial
differential equations [21]:

UjaAj/a”Uj(@j)VVj+VX[(ﬂoﬂj(B)f1WAj}=Jej; 0
V- dlee, Vot -v-o,(0,)- vV, - 5)=0,
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where A4 is the magnetic vector potential; V is the electric
scalar potential; B is the magnetic flux density; u, &, a(6)
ate, respectively, the relative magnetic and dielectric
permeability, specific electrical conductivity (for each
calculation domain it is specified separately according to
the magnetic, electrophysical and dielectric properties of
materials); € is the temperature; « is the angular
frequency; J, is the density of the external current source;
subscripts j correspond to subdomains of the geometric
calculation domain. In accordance with [20, 21], the
system of equations (1) is supplemented by the Coulomb
gauge condition div(A4)=0.

Uniform boundary conditions are set on the outer
boundaries of the 3D domain of the generalized ISEM
geometric model [21]:

A= |v/'e(1,6)’ Ay =k 4y (x.2)l),
Vi=o; |v]~e(2,6)’ @
n; '(Jj) 0‘]’:1

and coupling conditions for magnetic and electric fields:

n; p % (Hi —H ) = O|w,ke(1,6),i¢k’

H = (yoy)_lv x A,

3)
”i,k'(Ji_Jk)=O|

Vi ke(1,6)i#k’
J=0(0)-E, E=-VV -odlot,

where H is the magnetic field strength; E is the electric
field strength.

The design of the two-layer three-phase-single-phase
combined winding of the ISEM armature contains 2 coil
groups (2 coils in each coil group) per phase. The first and
third, second and fourth coils are connected in series. The
second and fourth coils are connected in parallel with the
first and third coils. The outputs of the coil groups of all
phases are connected in two independent «stars» — zero
points «0+» and «0-» (Fig. 2). Regarding the inputs of
phases A, B, C, to which the alternating voltage is
supplied, the combined armature winding of ISEM is a
conventional three-phase winding with the number of
pole pairs 2p;=4. Relative to the zero points «0+» and
«0—», to which the constant voltage is supplied, it is
single-phase, with the number of pairs of poles 2p,=8.

% E)
U WW—WW, o
—>— 2 L
AA—ANW
/A E
e AWN—WW, o
= 2 4o
A %
v PAMWW—AWN——
—@_‘ Zr 4r
AMM—WY >

Fig. 2. Electrical diagram of the model implementation of power
supply of coil groups of phase windings of the ISEM armature

When studying the processes of electromagnetic
energy conversion in ISEM, it is assumed that it is connected
to a network with unlimited power and a symmetrical system
of phase voltages [21]. Therefore, the initial conditions
correspond to the first commutation law [21]:

iA|0— - iA|0+ =0;
iB|0— = iB|0+ =0;

icly_=icly, =0,

g () =2 U fyge -sin(e-1);
ug(t)=+/2" U fuse sin(@-t +27/3);

uc(t)=~2- U fuse -sin(@ -t —27/3).

The geometric model of the ISEM armature winding
coil (Fig. 1) is implemented in the form of one effective
conductor. The number of turns of the ISEM armature
winding coils is taken into account according to the
equation [21]:

“

J, - n-l
S
where 7 is the number of winding turns; I is the phase
current; S, 1s the cross section of the effective conductor;
e.0i1 1 the vector variable representing the local density of
effective conductors in the coil, length and cross section.

The schematic implementation of the armature
winding (Fig. 2) together with the equations of the
mathematical model of the electromagnetic field can be
performed, for example, with the help of COMSOL
Multiphysics using the multiphysics structure when
combining the «Rotating Machinery, Magnetic» and
«Electrical Circuity interfaces. The connection and
agreement of the parameters of the armature winding,
which are elements of both the field model and the
elements of the electric circuit, is performed with the help
of «External 1 vs. U» terminals. A schematic
implementation for the ISEM rotor winding is not
required, since the connection of sections to each other for
each of the phase coils of the rotor winding is
implemented geometrically.

Decomposition and dynamic synthesis methods
for modeling complex spatial elements of the active
part of ISEM. The application of 3D field modeling of
transient electromagnetic processes in ISEM, taking into
account the multi-component spatial structure, as well as
the nonlinearity of the electrophysical and magnetic
properties of active materials, allows to reproduce with
high accuracy and efficiency the peculiarities of the flow
of transient electromagnetic processes. However, when
taking into account the rotation of the moving part of the
active part of the ISEM, that is, the rotor itself, difficulties
arise in the numerical implementation of the problem of
calculating the 3D transient electromagnetic field, which
is associated with an increase in the degree of freedom of
the electromechanical system, namely, an increase in the
number of independent variables in the general system of
equations, which requires significant increase in
computing resources. Therefore, it is expedient to switch
to the plane-parallel formulation of the ISEM
electromagnetic field with the implementation of rotor

< €coil > (5)

cir
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rotation. This requires the development of special
approaches for 3D modeling of electromagnetic fields,
which will allow for the coordination of field and circuit
models of ISEM.

The mathematical procedure of decomposition of a
complex electrotechnical system of ISEM consists in the
representation of the spatial calculation domain by several
separate subdomains — calculation zones. Each of these
zones should be matched with the flow of electromagnetic
processes, which are formed by a complete calculation
domain. The purpose of the decomposition of a complex
ISEM electrotechnical system is to separate the frontal
parts of the armature and rotor windings from the spatial
model of the ISEM and display them in the schematic
model  while preserving the connections of
electromagnetic processes between them, which will
allow us to obtain grounds for an adaptive transition to
plane-parallel circuit-field modeling.

The ISEM spatial calculation domain (Fig. 1) can be
divided into 6 separate calculation subdomains (Fig. 3):
a — core and slot part of the ISEM armature winding
(7=1), b — respectively, left (j=2) and right (j =3) front
parts of the armature winding; ¢ — core and slot part of the
rotor winding (j=4); d — respectively, left (7=5) and right
(j=6) front parts of the phase coils of the rotor winding.

Fig. 3. Decomposition 3D ISEM calculation zones:
the core and slot part of the armature winding (a);
left and right front parts of the armature winding (b);
core and slot part of the rotor winding (c);
left and right front parts of the phase coils of the rotor winding (d)

Then, in integral relations, the volume of the area of
electromagnetic energy conversion of alternating and
direct currents for ISEM can be represented as the sum of
the volumes of the above-mentioned six subdomains:

j ”dxdydz = Zﬁ:” j dxdydz . (6)

In this case, electrical losses and magnetic energy in
the domain of the active part of the ISEM are defined as
the sum of their values for the corresponding subdomains
in the form:

=
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mo,] 1\1\ dedydz,  (7)
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When decomposing the three-dimensional domain of
the active part of ISEM in the zones that form it,
electromagnetic processes are described by differential
equations (1) with conditions (2), (3), but they can be
considered separately from each other. At the same time,
appropriate conditions must be set at the boundaries of
their connection.

For the slot zone of the armature core and the rotor,
the plane-parallel field conditions are set:

{n xH =0, ©)

i,i+1

At the junction of the surfaces of the frontal and slot

parts of the armature and rotor windings, the following
conditions are accepted:

Az,i = Az,i+l| »

' Si+l

(10)
an

Also, the condition of equality of electric potentials
is assumed at the junction of the surfaces of the frontal
and slot parts of the armature winding:

v,=u

A=A, _0\

1 t+1

= const js

(12)

as well as the condition of equality of currents for the
sections of the phase short-circuited coils of the rotor
winding:

i+ }|Qi,i+1

(13)

The currents in the coil groups of the armature
winding are determined for the given values of the short-

circuit voltage Us.:
AU, =3 {au,,
i

{]rm :]Vm+1}|_(2

'm,m+1

=const,, .

(14)

where {AUi J} is the voltage drop; i, j are the number of

series and parallel branches of the armature winding.

In conjunction conditions (14), const; values are
«freex». Therefore, the potential at the outer boundaries of
the conjugation of the subdomains of the frontal and slot
parts of the armature winding, as well as the values of the
currents at the boundaries of the conjugation of the slot
and frontal parts of the sections of the phase coils of the
rotor winding cannot be specified in advance. They are
determined from the solution of the optimization problem.

Therefore, when synthesizing calculation zones in the
3D domain of the contour, the synthesis accuracy criterion
and the corresponding objective function are determined by
the sum of the squares of residuals of the current amplitudes
in the armature and ISEM rotor windings:

2
min{ M (D,R) =Y AI'5; :Z(Zii —isc] . (15)
j I j

In the general case, the objective function M(D,R) is
a function of vectors of independently varied D and
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dependent R parameters. The voltage drops on the
sections of the armature winding contours are considered
as projections of the vector of independently varied
parameters D. This makes it possible to transform the
objective function M(D,R) into the function M (D) and
bring the optimality condition (15) to the form:

2

min M (D)= | > 1,(D)-1, (16)
J\i j
To implement task (16), it is advisable to apply the
well-proven method of dynamic programming [22] for a
similar class of tasks.
When constructing a recurrent system of Bellman

equations the vector of optimization parameters with
components AU[ ; should be represented as a sum of

initial approximation vectors [22]:
v, 1= a0, | +la0,, (17)
This will allow representing the objective function as:
M({AUU}):M({AUU}O +{5AUi,j}‘1): (18)
ZMO + AA}(DO,éDl)=A7[0 + AA}].
Let us represent the optimality condition (16) as a
system of recurrent Bellman equations [22]:

minAA7[2 = @(DO) = min...min|_(A]\7[1(D0,5Dl)+...
oD, oD, (19)
...+AMk(Dk,l,aDk))]

Relationships (16) and (19) determine the dynamic
adaptation of electromagnetic field coupling conditions
(9) — (14) between the frontal part of the calculation zone
and the active part of the slot of 3D calculation zone of the
ISEM armature and rotor. The iterative computation
process is implemented by means of dynamic programming
[22] with specified accuracy of current amplitude modulus
g < 0.1 % and phases ¢, < 0.5 %. For direct current,
accuracy is specified only in absolute value.

Figures 4, 5 show the results of field modeling of the
decomposed calculation zones of the active part of ISEM
in the form of the distribution of the z-component of the
magnetic vector potential 4, and the magnetic field

E, J/m®x10* A,,Wb/m x107

3.93 405
3.72 363
3.51 322
3.31 281
3.1 239
2.9 198
2.69 156
2.49 115
2.28 73.3
2.08 31.9
1.87 -9.53
1.66 -51
1.46 -92.4
1.25 -134
1.05 -175
0.84 -217
0.64 -258
0.43 -300
0.23 -341
0.02 -382

energy E using the method of dynamic adaptation
according to the criterion of current errors. The results of
the numerical calculation were compared with the results
obtained for a complete calculation zone, both for the
ISEM field model (Fig. 1,a) and with separate field model
of the active part of the ISEM armature [21]. Table 1
shows the errors of calculations by the method of
dynamic adaptation of field models during the synthesis
of the electromagnetic circuit of the decomposed zones of
the active part of ISEM. Here, discrepancy for active
losses power is 0.042 — 0.109 % for alternating current,
and 0.015 — 0.0184 % for direct current, depending on the
calculated subdomain of the structural elements of the
active part of the ISEM.

Discrepancy by voltage drop in the frontal and slot
parts of the armature winding is 0.74 — 0.98 % (for
alternating current) and 0.0211 — 0.091 % (for direct
current), respectively.

Based on the results of the numerical calculation, the
components of the magnetic field energy of the
decomposed zones of the active part of the ISEM armature
were determined, and the discrepancy between the total
value of the magnetic field energy and the value of the
magnetic field energy in the numerical calculation of the
integral calculation zone of the active part of the armature
was calculated (Table 1). Since the energy of the magnetic
field is a dependent parameter during the optimization of
individual calculation zones when applying (15), the
significant discrepancy in the value of the magnetic field
energy for alternating current 0E,|4c = 14.841 % and for
direct current 0E,|pc = 4.587 % is caused by not taken into
account the action of edge effects, which leads to
magnetization by the frontal parts of the winding in the end
zone of the armature core. To take into account the effect of
edge effects for numerical calculation problems with
separate 3D zones for the optimization equation (15), the
magnetic field energy parameter must be assigned to the
group of varied parameters D. At the same time, the error
in the magnetic field energy will be reduced by alternating
current to 0E,|4c = 0.274 % and by direct current up to
OE,|pc=0.0831 %.

E T x10* A, Wb/m x10™
, J/m

b

Fig. 4. z-component of the magnetic vector potential 4, and the energy of the magnetic field £ in the active part of the ISEM armature:
a — slot zone of the active part of the armature (j = 1); b — the frontal zone of the active part of the armature (j = 2,3)
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a
Fig. 5. z-component of the magnetic potential vector 4, and the magnetic field energy E in the active part of the ISEM rotor:
a — slot zone of the active part of the rotor (j = 4); b — the frontal zone of the active part of the rotor (j = 5,6)

E, J/m’x10* A, Wb/mx10™

E. J/m’x10° A, Wh/mx10™

Table 1

Calculation errors by the method of dynamic adaptation of field models in the synthesis of an electromagnetic circuit
of decomposed zones of the active part of ISEM

Calculation subdomains (zones)

slot zone of the active
part of the armature

frontal zone of the active
part of the armature

slot zone of the
active part of the

frontal zone of the
active part of the rotor

G=1) (=2.3) rotor (j=4) (=5.6)
Losses of active power (from 0,042 % /0,015 % 0,064 %/0,0168% | 0,096 %/0,019% | 0,109 % /0,0184 %
alternating / direct currents)

Voltage drop (module / phase) 0,74 %/ 0,091 % 0,98 %/ 0,0211 % — —

DC voltage drop 0,184 % 0,156 % - -

Energy of the magnetic field of

when modeling the active part of the armature (when separating the active part of the rotor)

(from AC/DC currents)

the active part of the armature

5Ea‘AC/DC = 14,841 % / 4,587 %

Energy of the magnetic field of

when modeling the active part of ISEM (when separating the active part of the rotor)

(from AC/DC currents)

the active part of the rotor

OF , |acpc=6,33 % /1,71 %

In another case, for the tasks of replacing the spatial
elements of the front parts of the armature winding with
elements of an electric circuit (in the tasks of adapting 3D
to 2D numerical calculations), the effect of edge effects,
in relation to magnetization by the front parts, can be
taken into account through the addition of mutual
inductance between the slot and front zones of the
armature winding, which can be determined using the
following expression, according to [21]:

Lj|=2-Wj/1j2. (20)

At the same time, the energy of the magnetic field,
which reflects the manifestation of the edge effect, can be
defined as:

3
E|end.a - Eres|a a ZEJ ’ @D
Jj=1
where E; is the energy of the magnetic field of the j-th
calculation subdomain; E,., is the energy of the magnetic
field when modeling the active part of the armature (when
separating the active part of the rotor).

By the same method, it is possible to determine the
mutual inductance between the slot and frontal zones of
the sections of the phase coils of the rotor winding. At the
same time, the energy of the magnetic field, which
reflects the effect of magnetization of the frontal zone in
the end region of the rotor core, can be defined as:

6
E|end.r = E”“'em _Eres|a - %E] 4 (22)
j=

where E,.l., is the energy of the magnetic field when
simulating the active part of ISEM.

Thus, the reliability and accuracy of modeling
results using methods of decomposition of 3D active part
zone of the ISEM and dynamic synthesis of electrical
parameters in its circuit can be ensured provided that the
distribution of electric potentials on the boundaries of the
connection of zones is close to uniform, and the
distribution of the magnetic field corresponds to a plane-
parallel field. In this case, the sum of active losses and
energy of the magnetic field, taking into account edge
effects in the area of conjugation of slot and frontal parts
in the calculation zones, will correspond with high
accuracy to active losses and magnetic energy losses for
the 3D domain of the entire active part of ISEM.

Determination of active resistances and
inductances of end parts of windings when modeling
complex spatial elements of the active part of ISEM. In
the case when the speed of rotation of the rotor n > 0, the
active resistance and total inductance of the rotor winding
will depend on the rotor slip s of ISEM. Therefore, for the
adaptive transition from 3D to plane-parallel circuit-field
modeling, it is necessary to additionally take into account
the change in active resistance and inductance of the
frontal parts of the sections of the phase coils of the rotor
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winding in the form of dependencies R“‘=f(s) and
Le”d,:j(s). To do this, for the calculation domain of the
frontal parts of the armature windings and the ISEM rotor,
we will use the wvariational formulation of the
electromagnetic field equations (1) [23], which allows us
to set the equation of rotation of the electromagnetic field
in the calculation domain of the frontal part of the rotor
winding coils relative to the stationary magnetic field of
the calculation domain of the frontal part of the armature
winding. In this case, when solving the boundary value
problem for the first equation of the system of equations
(1), it is necessary to multiply the left and right parts by
the trial vector function w from the space of trial functions
H' on the boundaries of the inner S, and outer S surfaces
Q of the frontal part of the rotor winding (upon fulfillment
of the condition nx = 0 ) and must be integrated over the
volume of the calculation domain Q:

jijy, : [v x (ygly;lv x A)]dxdydz 4.

ot my/ (jowd +oVV )dxdydz = my/-.ledxdydz. @
14 V

To reduce the order of differentiation in the
integrand expression of the first volume integral, it is
necessary to use the relation for the cur/ operator

v~V><u—u-V><v:V-(u><v).

Let’s accept that

v=y, u=uVxA, and u=puy' ",
then the relation (23) will have the form:

J.J‘J‘,u A(Vx ANV xy)dxdydz +...

...+”jV-[(,uV><A)xq/]dxdydz+... (24)

ot [[[w-(Gowt+ovy - J, )dvdydz =0.
V

Next, we convert the second volume integral into a
surface integral using the Gauss—Ostrogradsky formula [24]:

[[[V-(w)dvdydz = [[u-nds ,

taking into account that
u= (,uV x A)x v,
and
(uxv)-w=—(wxv)-u.
Then equation (24) can be represented as:

mﬂ'(VXA)(VXW)dxdydz—H(nXl//)(WxA)dS+...

...+”jl//~(j0'a)A+aVV—Je)dxdydz:0. @
V

Since only the boundary condition of the first kind,
for which nx = 0, is set on the surfaces S, and S;, which
limit the calculated domain of the frontal parts of the
phase coils of the rotor winding €, then for equation (25)
in its final form it can be represented as:

”jy . (V X A)(V xy/)dxdydz+...

...+j”t//~(j0'a)A+O'VV—Je)dxdydz:0. 20
4

We multiply the second equation from the system of
equations (1) by the function N from the space of trial
scalar functions @ with simultaneous integration over the
volume V' [24]:

—I”N-[V~(j0a)A+(fVV—J€)]dxdydz =0. (@27
Vv

To reduce the order of differentiation, we will use
the relation for the divergence operator

V-(fu)=fV-u+uvf.
If we make the assumption that
f=N, u=J,
where the total current can be defined as [26]:
J=0VV+jowAd-J,,
then according to (27) we get that

m(J'VN)dxdydz —mV (NJ)dxdydz=0. (29)

(28)

Let’s transform the second volume integral into a
surface integral, and make the assumption that
u=N-J,
then:

Hj(J VN )dxdydz —”(NJ n)dxdy=0.  (30)

In its final form, the equivalent variation formulation
for equations (1) will have the form:

I”,u(V x ANV x ¥ )dxdydz +III(J‘Y’)dxdydz =0;

[[[(r- v )axdydz - [[ (W, Jdxdy =0, (€]

To solve the variational equation (31), the sought
scalar potential V is represented in the form of expansion
by quadratic Lagrangian basis functions, and the magnetic
vector potential by second-order basis vector functions.
Figure 6 shows the results of the numerical calculation in
the form of lines of force of the magnetic vector potential,
as well as x-, y-, z-components of the magnetic vector
potential A4,, A,, A. for the calculation domain of the
frontal parts of the armature windings and the ISEM rotor.

Based on the found distribution of potential A, full
current J and electric field strength E, it is possible to find
the active resistance and inductance of the frontal parts of
the sections of the phase coils of the rotor winding, taking
into account the speed of rotation of the electromagnetic
field relative to the frontal parts of the ISEM armature
winding [25]:

IJ RelJ - E* dvdydz

iz |

1

L:L%J'ij(/i..l*)dxdydz,

(32)

where /; is the current in the i-th circuit of the calculation
domain; E", J* are the complex-conjugate quantities of
electric field strength and full current, respectively.
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Fig. 6. Components 4, (a), 4, (b), A. (c) of the magnetic vector
potential in the domain of the front parts of the armature
windings and ISEM rotor

Inductance and mutual inductance of the front parts
of the armature winding:

1
Livij=-—73— [[(a-7)dxdyez . (33)
v\ y o jo0
! 2
v I;-1; J‘I.U( J)dxdydz i i [ , (34
inj=0

where [;, I; are the currents in i and j phases of the
armature winding.

If during the rotation of the front parts of the rotor
windings, the total inductance of the front parts of the
armature winding L; does not change, that is, its value
corresponds to the value when the front parts of the rotor

winding are statically placed relative to the armature, then
the total inductance and active resistance of the front parts
of the rotor winding will depend on the sliding of the
ISEM rotor (Fig. 7).

R 1 1.15
P . L, p.u.
095 e,
. 2
'-(_ 1 11.1
09 .
.
"o 41.05
0.85 Y
e
‘...
.,
0.8 =)
0 0.2 0.4 0.6 08 s,p.u.

Fig. 7. Results of the numerical calculation regarding the
dependence of the active resistance (1) and total inductance (2)
of the front parts of the sections of the phase coils of the rotor
winding on the sliding of the ISEM experimental sample

Taking into account the conditions of dynamic
adaptation of the parameters of the spatial elements of
the active part of the ISEM during the transition from
3D to 2D field modeling. The three-dimensional domain
of the frontal parts of the armature windings and ISEM
rotor can be represented as active and inductive elements
of an electric circuit. Figure 8 shows the principle of the
structure of the circuit-field model, where the slot parts of
the armature and rotor windings, which are elements of
the geometric calculation domain of the active part of the
ISEM field model (€21 — subdomain of the armature core;
Q2 — subdomain of the upper and lower layers of the slot
part of the armature winding; 23 — subdomain of the rotor
core; 24 — subdomain of the slot part of the rotor
winding), connected respectively to the frontal parts of
the armature and rotor windings, which are represented by
elements of electric circuits: mutual inductance between
the frontal and slot parts of the armature winding section
M,,,, which takes into account the edge effect regarding
the magnetization of the end zone of the armature core by
the frontal parts of the winding; the active resistance of
the frontal part of the section Ry; the total inductance of
the front part of the winding section L. For rotor winding
sections — M., Ry, L, respectively. The active resistance

R, and the total inductance L, are presented as a function
of the slip s.

ol

Ls Ry Mim Q2 Main R Ls
Li  Re Mm Min R, L

- v Q4 4
Li(s) Ri(s) Mm Min  Ri(s) Li(s)

Q3

Fig. 8. yz cross-sectional plane of the active part of ISEM
showing the frontal parts of the sections of the armature
windings and rotor as elements of an electric circuit

The combination of the frontal and slot parts of the
section of the armature windings and the rotor (i.e., the
electric circuit with the spatial subdomain of the
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geometric model) can also be performed, for example,
with the help of «External I vs. U» terminals when
combining «Rotating Machinery, Magnetic» and
«Electrical Circuit» interfaces in the structure of
COMSOL Multiphysics tools.

After the edge effects were taken into account, as
well as the change in the active resistance and inductance
of the front parts of the rotor winding due to ISEM
sliding, it is reasonable to switch from the spatial to the
plane-parallel formulation of the electromagnetic field
distribution. At the same time, the spatial slot active part
of ISEM can be represented as its projection in the xy-
plane at a given equivalent depth L, of the calculation area
[10, 12, 14]:

Ai,j :LZAZI,]’ Bi,j :i'Bxi,j+j'Byi,j;
. . = 04i .
Hi,j =l.HXi,j+].Hyi,j’Bxiaj =" Ox ? (35)
— aﬂi,j — Exi,j — Yi,j
vij =g, = iy =
y Hi, j Hi,j

This reduction of the geometric dimension allows us
to use flat triangular elements of the calculation mesh and
significantly increase the efficiency of the numerical
implementation. In this case, the electromagnetic field
description model for transient operating modes will
correspond to (1), and the gauge condition is
automatically fulfilled.

Thus, the adapted 2D circuit-field model of an
induction-synchronous electromechanical converter can
be represented as shown in Fig. 9, where the solid lines
show the electrical connection of the ISEM armature
winding inputs to the power cells, and the dashed lines
show the electrical connection of the armature winding
terminals, which form two independent «stars», which are
connected according to the anode and cathode groups of
the rectifier (the connection of the front and slot parts of
the sections, as well as the coils in the coil groups of the
armature winding is not shown in Fig. 9).

In order to carry out an ISEM study in the modes of
non-operation and under load, the equations of the
transient electromagnetic field must be supplemented with
a system of equations of the angular speed of the rotor
and the electromagnetic torque [26, 27]:

dw,, M,-M,
dt J
dg
E:C(Jm; (36)

e L

= B.B, rdS .,

S(l

g

where M, is the electromagnetic torque, N-m; M, is the
load moment, N-m; J is the moment of inertia of the rotor,
kg'm’; w,, is the rotor angular speed, rad/s; ¢ is the rotor
position angle, rad; r is the outer radius of the rotor core,
m; L, is the length of the armature and rotor package, m;
B,, B, are the radial and azimuthal components of

magnetic flux density, T; R, is the outer radius of the air
gap, m; R; is the inner radius of the air gap, m; S, is the
cross-sectional area of the air gap, m”.
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Fig. 9. Schematic-geometric interpretation of the adapted
2D circuit-field model of ISEM

Thus, an adapted dynamic 2D circuit-field model of
ISEM was developed, which with high accuracy and
efficiency of numerical implementation allows for
transient modes of operation to take into account
interconnected electromagnetic and mechanical processes,
taking into account both design features and schematic
implementation of the winding system, nonlinearity of
magnetic and electrophysical properties of active
materials, skin and edge effects of the end zones of the
active part, as well as changes in the active resistance and
inductance of the front parts of the rotor windings
depending on its sliding in the transient and quasi-
transient modes of its operation.

Experimental study of the ISEM test sample. In
order to confirm the adequacy of the studied
electromagnetic and mechanical processes and the
accuracy of numerical calculations based on the
proposed adapted 2D circuit-field model, physical tests
of the ISEM experimental sample (Fig. 10) in the short-
circuit and non-operation modes were carried out in the
laboratory  conditions of  National  University
«Zaporizhzhia Polytechnic». The experimental ISEM
sample itself is shown in Fig. 11. Currents in the phases
of the armature winding, as well as in its parallel
branches, were measured using an oscilloscope type
OWON XDS3202E.
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Fig. 10. Experimental stand of the ISEM test sample

I =S

Fig. 11. Active part of the armature (a) and rotor (b)
of the ISEM experimental sample

Table 2 shows the results of data validation of 3D
and 2D circuit-field modeling and physical testing
according to phase currents with simultaneous supply of
the phases of the armature winding 4, B, C, and ISEM
excitation current in the short-circuit mode. When
measuring the excitation current, the phase inputs of the
armature winding were disconnected from the network.
DC voltage from the excitation system was applied
alternately to each phase 4, B, C with the terminals of the
winding phases open, forming two separate «starsy
(points «0—» and «0+»), and immediately behind all
phases of the armature winding at connecting the winding
terminals into separate «stars». As the analysis of
experimental data (Table 2) shows, the current
discrepancy for the 3D circuit-field model does not
exceed 3.45 %, and for the 2D adapted circuit-field model
— 4.34 %, which confirms the high efficiency of the
proposed methods of dynamic adaptation of complex

spatial elements of the active part of ISEM, as well as the
high accuracy of the numerical calculation of the 3D
circuit-field model itself. The most difficult task in the
development of a 3D spatial geometric model (not only
ISEM, but also any EM) is the implementation of a
symmetrical arrangement of the coils of the armature
winding (rotor) among themselves, as well as the
movement of their frontal parts. This is further
complicated when the armature winding is two-layered,
that is, the left part of the section is placed in the lower
layer of the slot, and the right part of the section is placed
in the upper one. To confirm the condition of symmetrical
placement of the armature winding coils of the ISEM 3D
geometric model, there is a measurement of the ohmic
resistance in each phase. At the same time, the resistance
of each phase coil group must be the same. Thus, the
validation of ohmic resistance data in each of the phases
was carried out using 3D numerical modeling and an
adapted 2D circuit-field model as well as the results of
measuring the ohmic resistance of the phases of the
armature winding of the ISEM experimental sample.
According to the results of numerical calculation and
actual measurement, the discrepancy by ohmic resistance
of phases 4, B, C of the ISEM armature winding does not
exceed 6R,<0.00694 %.

Table 3 shows the results of the validation of 2D
circle-field modeling and physical testing based on the
available spectra of harmonics (k = 1,2,3,6,7) of the phase
currents of the armature 4, B, C, in the non-operation mode
at the excitation current /r = 0. Experimental oscillograms
of ISEM phase currents are shown in Fig. 12.

As the data analysis (Table 3) shows, the
discrepancy of the fundamental harmonic current in
numerical calculations based on the adapted 2D circuit-
field model and the results of the experimental study of
the experimental ISEM does not exceed 8.61 %. At the
same time, the current spectra of the digital current
signals of the experimental ISEM during the test fully
correspond to the harmonic composition of the phase
currents according to the adapted 2D circuit-field model,
and also have a negligible value of discrepancy in the
amplitude values of the current spectra of higher
harmonics (2.06 % —4.33 %).

Table 2

Validation of 3D and 2D circuit-field modeling and physical testing by phase currents and ISEM excitation current
in the short-circuit mode

Discrepancy by current 6/,,,] 4.5 and 0l 4.5.c, %o
ISEM armature winding power suuply options by 3D circuit-field model .by ?D adapted
circuit-field model
With simultaneous power supply of phases 4, B, C without excitation current 3,18-3,45 3,96 —4,34
Power supply with rectified current of phases 4, B, C of the armature winding 258262 3.03_3.24
when opening zero points «0—» and «0+» ’ ’ ’ §
Power supply with excitation current of phases 4, B, C of the armature winding at 239278 311-33]
connecting the winding terminals into separate «starsy» («0—» and «0+» points) ’ ’ > i
Table 3

Validation of data based on the spectra of phase currents of 2D circuit-field modeling and physical testing of the experimental ISEM
in the non-operation mode without the presence of excitation current

Discrepancy by amplitude values of phase current harmonics
Olyilap.cs Olgilarprcr, Oluilazsrca %o
k=1 k=2 k=3 k=6 k=1
Armature current (phases 4, B, C) 7,96 —8,61(2,06—-2,12 (4,11 —4,33| 2,8 -3,09 |3,66 —3,96
Armature current in the first parallel branch (phases 41, B1, C1) 7,38-17,98(2,54-2,62|4,18—-427(2,18—-2,25|3,22 3,81
Armature current in the second parallel branch (phases 42, B2, C2)|7,89 —8,26| 2,42 —-2,5 [3,96 —4,05[2,89 -3,13| 3,9—-4,21
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Fig. 12. Oscillograms of ISEM armature currents in the non-operation mode in the absence of excitation current:
a) 1 — armature current of phase 4, 2 — phase A1 current (branch 1), 3 — phase 42 current (branch 2);
b) 1 — armature current of phase B, 2 — phase B1 current (branch 1), 3 — phase B1 current (branch 2);
¢) 1 — armature current of phase C, 2 — phase C1 current (branch 1), 3 — phase C2 current (branch 2)

Thus, the high efficiency and accuracy of the
numerical implementation of the mathematical adapted 2D
circuit-field model of ISEM in the non-operation mode are
confirmed, as well as the convergence of the reproduction
of the armature phase current curves. In addition, according
to the obtained data of current discrepancies of the
experimental ISEM, the high accuracy and efficiency of the
proposed methods of decomposition and dynamic synthesis
are confirmed, as well as the methodology for determining
the active resistances and inductance of the end parts of the
windings depending on the ISEM rotor slip, which
provides the conditions for dynamic adaptation of 3D-2D
circuit-field model of ISEM

Conclusions.
1. Based on the developed 3D circuit-field model of
transient electromagnetic processes of the ISEM

experimental sample, a decomposition method is proposed,
which consists in separating its multi-component spatial
structure into several separate subdomains (calculation
zones): the core and the slot part of the armature winding;
the left and right front parts of the armature winding; core
and slot part of the rotor winding; respectively, the left and
right front parts of the phase coils of the rotor winding.

2. A method of dynamic synthesis is proposed with
adaptation of the conditions for combining electromagnetic
parameters at the boundaries of the calculation subdomains
of the frontal and slot parts of the armature and rotor
windings of ISEM, which allows to match the flow of
electromagnetic processes in the decomposed subdomains
of ISEM to the electromagnetic processes in its integral
calculation domain.

3. On the basis of the proposed methods, the share of
the magnetic field energy determined by the action of
edge effects in the end zones of the ISEM is determined.
For problems of adaptation of 3D to 2D numerical
calculations, it is proposed to take it into account through
mutual inductance when replacing the spatial elements of
the frontal parts of the armature winding with elements of
the electric circuit.

4. For separate calculation subdomains of the frontal
parts of the armature and ISEM rotor windings, when
applying  the variational formulation of the
electromagnetic field equations taking into account the
movement of the frontal parts of the ISEM rotor winding,
the dependence of the active resistance and inductance of

the frontal parts of the armature and rotor on the ISEM
rotor slip has been determined.

5. Based on the developed methods, a new principle of
the structure of the 2D circuit-field ISEM model is
proposed, which consists in the fact that the slot parts of the
armature and rotor windings are elements of the geometric
calculation domain of the active part of the ISEM field
model, and the frontal parts of the armature and rotor
windings are represented by elements of electric circuit.

6. Due to the validation of the results of the numerical
calculation with the data of the experimental study of the
ISEM test sample, the high efficiency of the proposed
methods of decomposition and dynamic synthesis and the
accuracy of the numerical implementation of 3D and 2D
circuit-field models of the ISEM have been confirmed. In
the short-circuit mode, the discrepancy by armature
current for the 3D circuit-field model does not exceed
3.45 %. For the adapted 2D circuit-field model — 4.34 %.
In the non-operation mode, the discrepancy by the
armature current of the main harmonic in numerical
calculations based on the adapted 2D circuit-field model
and the results of the ISEM experimental study does not
exceed 8.61 %.

7. The proposed methods can be used for different
types of electric machines.
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