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Theory and practice of numerical-field analysis and refinement of electromagnetic and energy
parameters in the designs of three-phase induction motors

Introduction. The paper is devoted to improving the designs of three-phase induction motors (TIMs) based on the application of
numerical calculations of their magnetic fields. Considering that the classical system for designing TIMs does not always provide
sufficient accuracy of their design parameters, this task is relevant and therefore the developed motors require experimental refinement
and additional time and money accordingly. Problem. In classic design of TIMs, magnetic calculations are performed based on
magnetic circuit theory. The magnetic circuit of TIMs is divided into conditionally homogeneous sections, on which the magnetic
quantities are considered to be distributed evenly, but their real distribution is much more complicated. This approach leads to error in
determining the electromagnetic parameters of TIMs and, as a result, inaccuracies in energy, mechanical, thermal, etc. calculations. The
goal of the paper is to further develop the existing system for designing TIMs by refining it using numerical-field calculations of
electromagnetic and energy parameters. Methodology. The methodology is based on numerical-field verification and refinement of
classical design of TIMs. It is strictly deterministic, despite the complexity of linear and nonlinear interrelationships of its structural,
electromagnetic, and energy parameters, and therefore it is amenable to adequate algorithmization and programming using iterative
calculations. The theoretical foundations of the methodology are reinforced by harmonic analysis of time functions of electromagnetic
quantities and a refined determination of the differential leakage resistance of the stator winding. The tool for implementing the
methodology is the FEMM program in conjunction with the created Lua scripts. Results. Numerical-field calculations of the
electromagnetic and energy parameters of the test TIM developed according to the classical design were performed. This motor has
been tested within the synchronous idle and rated load conditions. This demonstrated a sufficiently high efficiency of the provided
theoretical and practical foundations of numerical-field calculations and revealed that the TIM project does not meet the declared power
and voltage requirement. To reach their nominal values, the method for refining the magnetizing current of the stator winding and the
rotor slip is provided. Scientific novelty of this paper is the system of numerical-field calculations of electromagnetic and energy
parameters of TIMs, which, in conjunction with the iterative process, ensures its output to the specified nominal stator winding voltage
and output power while simultaneously varying the magnetizing current and slip. Practical value. The methodology of numerical-field
calculations of TIMs based on the FEMM program and the Lua script is recommended to be integrated into the automated design system
for these motors. In addition to verifying and refining the parameters of the designed TIMs, the developed methodology and program can
be used to obtain a set of refined operating characteristics in an automated calculation mode. References 29, tables 5, figures 9.

Key words: three-phase induction motor, automated numerical-field calculations, magnetic field, FEMM, electromagnetic and
energy parameters, verification and refinement of design data.

Bcmyn. Poboma npucesauena yO0ocKoHanenuio npoekmie mpugasnux acunxponnux oeueynie (TAJ]) na ochosi 3acmocysanus
YUCenbHUX PO3PAXyHKie ixnix maenimmux nonie. Taxa 3adaua € aKmyanibHOlO, 36aJICAlO4U He me, W0 KIACUYHA CUcmemd
npoekmyeanns TA/] ne 3aeoicou 3abezneuye 0OCMAMHIO MOYHICMb IXHIX NPOEKMHUX RAPAMEmpIs, MOMY PO3POONIOSaHI 08USYHI
nompedyoms eKcnepuUMeHmanbHoi 00800Ku I 8i0nN06iOHO 0odamkosux eumpam uacy ma xowmis. Ilpoonema. Ilpu xnacuunomy
npoexmyeanti TAJ] macHimHuil po3paxyHox UKOHYEMbCA HA OCHOGI meopii mazHimuux xin. Maenimonpogio TA/ posdinaromsv na
VYMOBHO OOHOPIOHT OiNAHKU, HA AKUX MASHIMHI 8EIUYUHU B8AXHCAIOMBCA PO3NOOINEHUMU PIGHOMIPHO, Npome peanivHull ixHitl po3nooin
€ Habazamo ckaadHiwum. Taxuu nioxio npuszgooums 00 NOXUOKU BUSHAUEHHS eleKmpomacHimHux napamempie TAJ], i, Ak HAcHiOOK,
Hemo4HOCMi eHepeemuyHUX, MexXaHiyHux, Menioeux mowjo pospaxyuxie. Memoio pobomu € nooanrbuiuii po36UMOK Ccucmemu
npoexmyeannst TAJ[ winsxom it ymounenHs 3a 00OnoMo2010 4UcCenbHO-NOAbOBUX PO3PAXYHKIE eNeKMPOMACHIMHUX MA eHepeemUYHUX
napamempis. Memoouka nobyoosana na 4uceibHO-NONLOGIN nepesipyi ma ymounenui kiacuuno2o npoekmyeanns TAJ. Bona €
CYBOPO  0emepMIHOBAHOI0,  HE36AMNCAIOYU HA  CKAAOHICMb  JUHIUHUX MA  HeNHIUHUX — 63A€MO36 SI3KI  KOHCIPYKMUGHUX,
CNEeKMPOMASHIMHUX A eHEP2eMUYHUX 1020 NAPAMempie,momy Ri0OAEMbCsl A0eKSAMHIl ANeoOpuUmmMizayii i npocpamyeaHHio i3
3aCMOCY8AHHAM TMepayiunux po3paxyHkie. Teopemuuni 0CHOGU MemOOUKU NIOCUNEHI 2APMOHIYHUM AHATIZ30M HACO8UX (DYHKYIU
ENIeKMPOMASHIMHUX — BENUUUH MA  YMOUHEHUM 6USHAYEHHAM OupepenyianbHo2o Oonopy poscilo6aHHA O0OMOMKU CMAMopa.
Incmpymenmom peanizayii memoouxu € npoepama FEMM y cykynnocmi 3i cmeopenumu ckpunmamu Lua. Pezynomamu. Buxonano
4UCeNbHO-NOALOBI PO3PAXYHKU eNeKMPOMASHIMHUX Ma eHepeemuynux napamempie mecmogozo TAJl, pospobaenozo 3a kracuunum
npoexmom. Lleil 0suzyn nepegipeno y medlcax pedxdcumis CUHXPOHHO20 HepobOU020 X00Yy ma HOMIHANLHO20 Hasanmadicenus. Lle
noKazano O0oCMAamHb0 BUCOKY eQeKmusHiCnb HAOAHUX MEOPeMUYHUX | NPAKMUYHUX OCHO8 HUCENbHO-NONbOBUX DO3PAXYHKIE |
susasuno, wo npoekm TAJ/] He 6ionosioae 3as6ieHum nomysxcnocmi ma wanpysi. [ns euxo0y Ha iXwi HOMIHATbHI 3HAYEHHS HAOAHO
WIIAX YMOYHEHHS HAMASHIYY68ANbHO20 CIMPYMY 00MOmMKYU cmamopa i kog3anis pomopa. Haykoeorw noseusnoio ¢ pobomi € cucmema
YUCENbHO-NONbOGUX PO3PAXYHKIE enekmpomazhHimuux ma enepeemuynux napamempie TA/l, axa y cyxynmocmi 3 imepayiiinum
npoyecom 3abesneuyc 1020 8usi0 Ha 3a0aHi HOMIHANbHI HANpY2y 0OMOMKU cmamopa i 6UXIOHY NOMYAHCHICb NpU 0OHOYACHOMY
eapitoeanni namazHiuloieanbnozo cmpymy ma koesanus. Ipakmuuna yinnicms. Memoouxy uucenvno-nonibosux pospaxynxie TAL]
na 6asi npoepamu FEMM i ckpunmy Lua pexomenoosano 6y008ysamu 8 agmomamu3o8amy cucmemy npoeKmy8ants yux O8UyHi6.
Oxpim nepesipku i ymounenns napamempie npockmosanux TAJ], 3a po3pobaenumu Memoouxoio i npoepamoio ModuCHa oOmpumMamu 8
aA8MoMamu308aHoOMy PO3PAXYHKOBOMY PENCUMI CiM 10 YMOUHeHUuxX 1io2o pobouux xapakmepucmuxk. biomn. 29, Tabm. 5, puc. 9.

Kniouoei cnosa: TpudazHuii aCHHXPOHHUN ABUI'YH, aBTOMaTH30BaHi 4HCeJILHO-NI0/IL0OBI pO3paxyHKH, MarHiTHe nojue, FEMM,
€J1eKTPOMATHITHI | eHepreTH4Hi NapaMeTpu, nepeBipka Ta yToO4YHEeHHS NPOEKTHHX JAHHUX.

Introduction. Three-phase induction motors (TIMs) One of the productive means of improving the
are diverse and widespread in the technosphere around the  design of TIMs is currently the use of numerical field
world. Their improvement is always relevant and occurs  calculations of their magnetic fields (MFs). For this
due to various factors, including increasing the accuracy  purpose, the publicly available free code FEMM [1],
and efficiency of the design system. © V.I. Milykh
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which is based on the Finite Element Method (FEM), can
be used.

The implementation of this code into the TIM design
system is facilitated by its convenient interface and the
Lua scripting language integrated into it [1, 2]. It provides
the creation of program scripts for the automated
construction of physical and geometric models of TIMs,
reflecting their design, winding currents and magnetic
properties of materials. Based on the calculated MFs, the
program scripts determine the electromagnetic, power and
energy parameters of the designed TIMs.

At present, a combined computational and research
system for the design of TIMs has been developed: first, a
TIM design is created using classical design methods,
such as [3, 4], and then numerical-field studies of TIM are
carried out in order to verify, expand the list and improve
its design parameters. The author has carried out a
number of such various studies, for example, [5-9], etc.
And they were subsequently deepened and improved.
Naturally, those studies that were carried out at the
previous stages were based on larger assumptions and did
not yet take into account the achievements of further
developments. Therefore, the task now has been to adjust
the specified combined computational research system for
the design of TIMs, taking into account the achievements
obtained and increasing its accuracy by reducing
methodological and computational simplifications and
assumptions.

The goal of the work is to further develop the TIM
design system by refining it using numerical field
calculations of electromagnetic and energy parameters.
The FEMM code in conjunction with the created Lua
scripts was adopted as the tools to achieve the goal.

Analysis of recent research. It is known that
induction motors (IMs) have come a long way in their
development, but their intensive research continues, as
evidenced by the review of publications provided below,
although it is far from exhaustive.

Naturally, there are publications devoted to
optimization [10, 11], as well as research on new versions
of IMs [12, 13]. For example, in the paper [10], the
prediction of IM efficiency is investigated using four
optimization algorithms: genetic algorithm (GA), particle
swarm optimization (PSO), whale optimization algorithm
(WOA) and red fox optimization algorithm (RFO). The
algorithms were evaluated based on their convergence
behavior, accuracy and experimentally —measured
efficiency values. In the study [11], the FEM is applied to
optimize a single-phase IM. This work focuses on current,
torque, efficiency and losses using experimental and
simulation methods. In the paper [12], the theoretical
basis and tools for further optimization of the design of a
shaftless IM with a non-contact suspension are presented.
The impact on the starting characteristics of the motor is
identified by an analytical method and confirmed by FEM
modelling. In the paper [13], a double-squirted rotor cage
IM is presented, in which high-temperature
superconducting materials and copper rods are embedded
in different slots. The paper investigates the influence of
the rotor slot structure on the torque, as well as related
parameters such as the air gap magnetic flux and torque
ripple, etc. The computational models based on FEM are

implemented in the Ansys Maxwell software. The study
[14] focuses on analyzing the influence of different rotor
rod designs and materials on the TIM characteristics also
using FEM.

In works [15-17, 8] attention is paid to the
improvement and development of the theory of IMs. In
[15] it is noted that using FEM it is possible to predict the
behavior of electromagnetic fields of TIMs, therefore,
numerical modeling based on COMSOL was performed
as an early tool for studying the interaction between the
distribution of these fields and various parameters. In the
article [16] it is noted that 3D and 2D models of the motor
were created and a 3D finite element (FE) structure was
proposed, and thus a number of motor parameters were
obtained. In [17] a new high-precision model of IM
modelling based on FEM is proposed. The proposed
model allows for fast and accurate modelling of IMs
using an inverter circuit model and a control algorithm
with high accuracy of reflecting non-ideal characteristics
of IMs, such as magnetic saturation, spatial harmonics,
asymmetry, etc.

In works [18-20] various parameters and processes
in IMs are considered. Thus, in the article [18] a dynamic
analysis of a two-phase IM with symmetrical and
orthogonal phase windings is provided. Based on the
geometric dimensions, a model was created for the FEM
analysis using the 2D ANSYS Maxwell software. An
analysis of the transient and steady-state processes of the
machine currents, electromagnetic torque and speed at
idle speed and at full load was carried out. In the article
[19] an adaptive neural-fuzzy inference system (ANFIS)
is presented as a reliable tool for predicting the reduction
of the TIM torque under abnormal conditions. The study
identifies the main factors of the reduction, including
voltage imbalance, harmonic distortion and temperature
increase. In the study [20] a method for calculating
electrical and magnetic losses in a single-phase IM with a
squirrel-cage rotor and non-uniform stator slots is
proposed. The simulation was performed using the FEM
and AutoCAD software for modelling of non-symmetrical
stator slots. The accuracy of the model results was
verified by comparing the rated current, torque and
efficiency with the motor data. The aim of the work [8] is
to further develop the TIM design system by numerical
field calculations of active and reactive resistances of
TIM windings in the entire range of slip variation and
calculation of its mechanical characteristics. The TIM
winding resistances are determined by calculations of MF
dissipation using the FEMM code, and in the rotor core —
with current displacement.

Considerable attention is paid to the diagnostics of
IMs [21-23]. In [21], a method for detecting and
diagnosing stator short circuits, rotor core breaks, and
eccentricity in large IMs by analyzing the frequency
spectrum of the stator current was provided. To study the
effects of various fault conditions, a time-stepped FEM
simulation was performed on a 2D IM model. This leads
to more accurate results than other models, since the
design geometry and winding scheme of the machine are
reflected. In [22], a FE model was developed to study
interturn short circuits of the stator winding. Using the
developed FE model, simulations were performed to
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understand the behavior of wvarious electrical and
magnetic quantities in the time and frequency domains. A
prototype machine with short circuits was tested in an
experimental setup and the results were compared with
simulation and analytical calculations. In [23], it is noted
that FEM offers a deep understanding of the fundamental
principles and physical operation of the machine. It can
model complex topology of magnetic circuits, discrete
winding schemes and properties of nonlinear magnetic
materials of the machine. It determines various
parameters of the machine and can model localized
magnetic saturation caused by faults with a high degree of
accuracy. This article also provides a literature review on
methods for diagnosing faults in IMs using FEM.

There are a number of works, for example [9, 24, 25],
which are related to the analysis of active and reactive
parameters of the stator winding, the wuse and
improvement of equivalent IM circuits, and their
operation. In the article [24], a simplified method for
estimating the parameters of the IM T-circuit is described,
which is based on their design data and on the interaction
of numerical and analytical dimensionless approaches
using Thevenin theorem. The work [25] provides an
estimate of the electrical and mechanical parameters of
AC based on the differential evolution algorithm. A
comparative study is carried out using different input
signals. Such an algorithm is able to estimate the
parameters of the equivalent electrical circuit: stator and
rotor resistances and leakage inductances, magnetization
inductance, and some mechanical parameters. The
purpose of the work [9] is to further develop the TIM
design system by numerical-field calculation analysis of
the differential leakage reactance of the stator winding, as
well as a comparative check of the corresponding
empirical formulas inherent in the methods of traditional
design calculations.

In the article [26], expressions are given for
determining the rotor currents of the circular TIM model
using field analysis with the existence of spectral
harmonics of the stator magnetomotive force. Expressions
are developed for determining the winding data and the
feasibility of using the calculation model of the sinusoidal
stator winding in order to increase the efficiency of
mathematical modeling using the equivalent field model
with a fixed rotor and slip frequency using the circular
model.

The aim of the work [27] is to develop and verify a
method for taking into account, using a weakly coupled
circuit-field model, the effect of current displacement in
the rotor circuit of an induction motor with a squirrel-cage
rotor and an IM with massive ferromagnetic elements of
the rotor magnetic circuit. The research method consists
in iteratively solving the equations of the loop and field
mathematical model by refining the parameters of the IM
equivalent circuit based on the results of field analysis
and in iteratively adjusting the calculated electromagnetic
torque to take into account the effect of current
displacement obtained on the basis of equivalent currents
in the conductive parts of the rotor. The proposed
approach makes it possible to increase the reliability of
the results of modeling electromagnetic processes in IMs
in starting modes.

It can be summarized that the mentioned scientific
publications are devoted to various aspects of the
development and research of IMs. And it can be noted
that a common research tool is numerical calculations of
magnetic fields by FEM using various software products.
At the same time, this contributes to the improvement of
engineering education: the integration of this method for
the study of the efficiency of IMs. This is what the article
[28] focuses on the implementation of FEM into the
engineering curriculum.

A similar modern approach, that is, the use of FEM
for the study and improvement of TIMs, is adopted in this
article. But here we consider a relevant aspect that has not
yet been sufficiently reflected in the scientific literature.
Namely, this concerns the problem of numerical-field
analysis and refinement of electromagnetic and energy
parameters in TIM projects and their verification in
principle.

True, there is a work [5] in which this question is
raised. But it did not fully reveal this problem, so here this
topic is considered in a more complete volume, taking
into account the updated system of knowledge and
capabilities. Moreover, the work is structured in such a
way as to provide TIM researchers with all the
opportunities to use the acquired experience of theoretical
and practical skills for independent assimilation and
application of the presented material.

The object for demonstrating the research
performed is the TIM with a short-circuited rotor winding
designed in [4], which has a nominal power Py = 15 kW
and a rotation axis height of 160 mm. The main design
data of the motor also include the nominal phase voltage
Uy = 220 V, the nominal phase current of the stator
winding Iy = 28.8 A, the frequency f; = 50 Hz, the slip
sy = 0.0261 and the power factor cosqg,y = 0.889. The
motor has the number of pole pairs p = 2 and the number
of phases m, = 3. The main dimensions include the outer
cores diameters of the rotor d. =184 mm and the stator
dee = 272 mm and their length /, =130 mm, air gap
0 = 0.5 mm. The stator has O, = 48 slots, the rotor —
O, = 38 slots. The stator winding is single-layer,
diametrical, distributed. The rotor slots are made closed
and without bevel. The core material is steel grade 2013.

For numerical field studies using the FEMM code, a
2D computational model was adopted, which is given in
Fig. 1 and reflects its electromagnetic system in cross
section.

The computational model of the TIM is
automatically converted into a physical-geometric model
by the created Lua script, as explained in [7]. The
geometric model presents the design of the TIM, the
physical model carries the distribution and directions of
currents in the windings, as well as the magnetic
properties of the cores. In Fig. 1, the phase zones of the
stator winding are highlighted, which are indicated by
phase current labels.

The FEMM code adopts a rectangular coordinate
system x, y, but additionally uses polar coordinates r, a.
The directions of the rotor rotation frequencies » and of
the MF n, coincide with the direction of the coordinate «.
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Fig. 1. TIM electromagnetic system with current distribution
in the stator winding and the pattern of the lines of force of its
magnetic field in the synchronous idle mode

Preparation of the magnetization curve of the
TIM core material. On the way to calculating the MF of
the TIM by the FEMM code, it is important to set the
magnetization curves of the electrical steel from which its
cores are made. This, at first glance, trivial task should be
performed with an understanding of its essence.

In classical design, the magnetic calculation of the
TIM is performed on the basis of the theory of magnetic
circuits (TMC). That is, the magnetic core is divided into
homogeneous sections, and within each, the magnetic
quantities are assumed to be the same. To reduce the
error, to take into account its heterogeneity, the main
magnetization curve (MMC) of the electrical steel is
replaced by special curves — different for the teeth and
backs of the cores [3, 4].

Changes in the magnetization curves occur very
significantly, as shown in Table 1. For MMC of the steel
grade 2013, GOST 21427-83 provides the values of
magnetic flux density (MFD) B and magnetic field
strength (MFS) H at five reference points. At the same
values of the magnetic flux density for the teeth and backs
of the cores, the values of H of special curves used in the
design methods of TIMs are presented [3, 4]. The
differences are obvious.

Table 1
Parameters of magnetization curves of steel 2013
B, T 1,54 | 1,65 | 1,75 1,85 2,05
Main | 1000 | 2500 | 5000 | 10000 | 30000
H,A/m | Teeth | 763 | 990 | 1330 | 1770 4400
Back | 608 | 940 | 1500 | 2811 14390

Therefore, the question arises — which magnetization
curve should be used in numerical field calculations of
TIMs? It is logical to use MMC, because in such
calculations the distribution of MFD and MFS in the
cores is already inhomogeneous.

Test calculations of the magnetic field by the
FEMM code in the synchronous idle mode. In the
classical design system, the magnetic calculation of the
TIM, as noted, is performed on the basis of the TMC.
According to its terminology, this is a straightforward
task: the magnetizing current of the motor /, is calculated

based on a given magnetic flux, which is set in the three-
phase stator winding. And this is done without the
participation of the rotor winding currents, which is called
the synchronous idle mode (SIM) [3, 4].

In general, the article is aimed at identifying the
shortcomings of the classical design of the TIMs, which
arise due to the use of the TMC for electromagnetic
calculations. Therefore, the main assumptions on which
the classical design is based are retained in the article in
order to concentrate on achieving its specific goal and to
identify the role of the TMC in the insufficient accuracy
of the calculation of electromagnetic quantities. That is, in
this article, by analogy, the sinusoidal nature of the rotor
and stator currents is assumed, which is common in many
publications, although they note that these currents may
have a complicated harmonic composition.

Numerical-field calculation using the FEMM code
can verify the adequacy of the calculation of the SIM
mode, but such a problem, using the same terminology, is
the reverse: the magnetizing current /, is set in the stator
winding, and the MF is calculated, and on its basis — a
number of other electromagnetic parameters of the TIM.

The currents in the phase zones of the stator winding
(Fig. 1) are given as for a three-phase symmetrical
system:

iy = Ipygcos(ogt);  igp =1, c08(0f — %n) ;
isc zlmscos(cost%r%ﬂ) , (M

where 1, :\/ZIS is the amplitude of currents; I is

their effective value; w,=2nf; is the angular frequency; ¢ is
the time.

In the model in Fig. 1, the values of phase currents
are given by (1) for the initial time # = 0, and then their
instantaneous values: iy = 1, i = i;c = —0.51,,. This is
the indicated instantaneous directions, which are set
according to the indicated conditional positive directions.
That is, the signs «+» or «—» before the symbols of the
currents are also added to their indicated instantaneous
values.

As is known, in all TIM excitation modes, the
FEMM code solves a large system of algebraic equations,
which are formed on the basis of the FEM and the
differential equation describing the MF in the cross
section of the TIM electromagnetic system, namely:

1 - -
rot| ——rot(k4,) |=kJ, , 2
Ll( 5) ( z):| z (2)
where J,, 4. are the axial components of the current
density vector and the magnetic vector potential (MVP);

k is the unit vector of the axial axis z; A is the magnetic
permeability: either the magnetic constant y, for non-
magnetic areas, or determined for MFD B from the
magnetization curve of the material.

The result of solving equation (2) by the FEMM
code is the coordinate distribution of the MVP A4.(x, y).

The calculation of the MF was performed at the design
magnetizing current of the stator winding /, = 7.75 A,
the value of which is substituted in (1) instead of I,
The calculated picture of the MF in the SIM mode is
given in Fig. 1.
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To compare the design data and the results of
numerical-field calculations, the magnetic flux was first
taken, which is defined as

D = (Az,l _Az,2) la s 3)
where A4, A, are the values of the MVP at two points
through which the sides of the circuit for which the flux is
determined pass.

To determine the magnetic flux at the pole pitch, the
points are located in the interval: the first of them is
where the MVP has the maximum positive value 4.;, the
second one is where the maximum negative value 4.,.
In the SIM mode, the location of these points is shown
in Fig. 1.

In this way, we obtained 4,; = 34.859 mWb/m;
A, = —34.857 mWb/m and by (3) &, = 9.063 mWhb.
This is close enough, although with a clarification: the
magnetic flux in the TIM design has a value of
9.005 mWb.

However, if special separate magnetization curves
for the stator teeth and backs were used in the numerical-
field calculation (see Table 1), then a less acceptable
magnetic flux would be obtained ®, = 9.703 mWb
(a difference of 7 % is too large).

In the numerical-field calculations of TIMs,
magnetic flux linkage (MFL) plays a significant role.

For the phase winding of the stator, which has N;
consecutive turns, according to Fig. 1, the MFL

Yo =Ng -1, x

1 1 1 1 0
x| — [A,dS—— [A,dS +— [A,dS —— [A4,dS
Si s, 28, 35, 4, J
where integration occurs over the cross-sectional areas
S1—S4 of the conductive part of the slots of the phase
zones with the currents markings +i;4 Ta —i;4 of the phase
winding 4.

This MFL is created by a magnetic field on the
active length of the cores, i.e. on the slot part of the TIM
stator winding. The determination of areas and integrals
for (4) in Lua scripts occurs automatically using special
functions. And thus the MFL of the stator phase winding
¥, = 0.9843 Wb was obtained.

In the position of the phase winding A4 considered in
Fig. 1, this is the maximum value of the MFL, so it is
possible to calculate the effective value of the phase EMF

Eg=\2nf, ¥, =2187V, (5)
where the winding distribution is automatically taken into
account.

In the TIM design, the similar value is 214.5 V, and
the existing EMF error, as a result, gives inaccuracies in
further design calculations.

The refined calculation of the phase EMF of the
stator winding. The considered definition of the MFL
and the EMF of the phase winding of the stator can be
considered as a first approximation, because the
amplitude of the MFL is taken at one position of its phase
zones. It is more justified to use a discrete angular
function of the MFL on its period.

Specifically, according to the distribution of the MVP
in the cross section of the TIM, according to (4), the values
of the MFL of the phase winding 4 are «collected» with a
conditional movement of its phase zones in the angular

direction. The process of moving of the conditional «mask»
of the phase zones in the angular direction along the slot
structure of the stator is shown in Fig. 2 (the first three and
the last 24th positions are shown).

Fig. 2. Movement of the «mask» of the phase zone of the stator
winding for collecting the MFL within the period of its angular
function against the background of the calculated magnetic field

Thus, the discrete angular numerical function of the
MFL appears (Table 2):

Yi(ag); oy =>k-Drg k=12,3,..K, (6)
where k is the counter of the positions of the conditionally
movable «mask» of the phase zone; K= Qy/p is the number
of such positions within two pole steps t,, which is the
period of function (6); 1,=360°/Q; is the tooth-slot step of the
stator core.

Table 2

Angular discrete function of the MFL W, of the phase
winding 4 at 24 angular positions, Wb

k 1 2 3 4 5 6
w,| 0,9843 | 0,9430 | 0,8337 | 0,6685 | 0,4617 | 0,2349
k| 7 3 9 10 11 12
.| 0,0001 |-0,2347[-0,4614 | -0,6683 | -0,8335 | -0,9428
k| 13 14 15 16 17 18
¥, —0,9843 [ -0,9430 | -0,8337 | -0,6685 | ~0,4617 | —0,2349
kK| 19 20 21 22 23 24
w,|-0,0001 | 0,2347 | 0,4614 | 0,6683 | 0,8335 | 0,9428

The angular function (6) is converted into a time
function by the relationship a= Q, where QQ; = o,/p is
the angular velocity of the TIM rotating magnetic field.
The time function obtained in this way preserves the
values of the MFL according to Table 2, and it is depicted
in Fig. 3 (curve 1).

Wb

0.8/,

0.6

0.4\ 2

0.2
0

-0.2

-0.4

-0.6

-0.8

-1.0
Fig. 3. Time function of the MFL of the stator phase winding

within its period 7 1 — synchronous idle mode; 2 — nominal load
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The function W) is periodic, therefore it is
decomposed into a harmonic Fourier series on its period
in two pole steps (Fig. 3), on which the MFL is calculated
at K points (in this TIM K = 24).

Considering that cosine functions (1) are taken for
the stator winding currents, a harmonic series of similar
functions is determined for the MFL, i.e. a harmonic time
function is obtained, which corresponds to a stationary
phase winding 4:

Ng
Y= 2 Y, COS(V(Dst""Y\yv): (7
v=1,3,5...
where the amplitudes of ¥, and the arguments of vy,
(initial phases) of the harmonics v are determined by well-
known mathematical rules, which was shown in [6, 9] and
other works.

It is known that the number of the highest harmonic
N, cannot exceed K/2. In (7) the values of vo,f and v,,, are
measured in electrical radians or degrees.

From the MFL function (7) based on the law of
electromagnetic induction by the expression e = —d¥/d¢
we proceed to the harmonic time function of the EMF of
the phase winding:

Ng
e, = > vo,¥,, cos(vcost+ Yyv — n/Z), ®)
v=1,35...
where the amplitudes of the v-th EMF harmonic are
separated

Ep v, P, 9
as well as its corresponding initial phase
YEv:va_n/z' (10)

Also, according to the known relationship for
harmonic functions, the effective value of the EMF of the
v -th harmonic is obtained through the amplitude, namely:

Esy = \/Enfsvlymv : (11)
Time functions (7) and (8) in Table 2 and Fig. 3,
respectively, have a semi-periodic asymmetry:
lIjs,k (Of,k) = _\Ps,k(ak + Tp); k= l’ 2> 3:K 5 (12)
therefore, their harmonic series contain only odd
harmonics, i.e. for these functions we get N, = 11.
Taking into account the entire harmonic

composition, we find the equivalent effective value of the
phase EMF of the stator winding

(13)

The considered method was transformed into a Lua
script, which was combined with the calculation of the
MF using the FEMM code, and as a result the following
results were obtained: amplitude and initial phase of the
first harmonic of the MFL Y¥,,= 0.9630 Wb; v,,=0,
effective value and initial phase of the first harmonic of
the phase EMF E; = 213.9 V, yg, = —n/2; effective value
of the total EMF according to (13) E,, =214.3 V.

The harmonic composition of the MFL (7) and EMF
(8) in relative units (p.u.) is given in Table 3 (take the
values of their first harmonics as the basis), and the
effective values of the EMF harmonics E;, according to
(11) are also given.

Table 3
Harmonic composition of MFL and EMF in the SIM mode

v | — | 1 3 5 7 9 11

¥, | p.u. | 1,000 | 0,0203 | 0,0003 0,0010]0,0009]0,0002
E,, |p.u.| 1,000 0,0610 | 0,0013 |0,0067]0,0078]0,0027
E, | V [2139] 13,04 | 029 | 1,44 | 1,66 | 0,58

Note that here and after that there are harmonics,
multiples of three, which supposedly contradicts the
classical theory of three-phase electric machines. But this
theory is built on the step functions of the distribution of
the MMF of the stator winding under the conditions of a
toothless rotor and a completely unsaturated magnetic
circuit. Under such conditions, the numerical-field
calculation and formulas (7), (8) also gave zero third
harmonics as well as multiples of it. However, when the
magnetic circuit and, first of all, the stator teeth are
saturated, these harmonics appeared, and in the load
mode, the presence of current in the rotor winding also
contributes to such harmonics. The specified features of
the harmonic composition are also confirmed in work [29]
on the example of a three-phase stator winding of a
turbogenerator.

And another significant difference between the
classical harmonic analysis methods and the one used in
the article is that the first is done according to the
conditional stepwise distribution of the MMF and
magnetic flux density in a «smooth» interval (in reality,
this is nowhere near the case), and the second is done
according to the MFL of the winding directly in the slots,
taking into account the real geometry of the TIM
electromagnetic system and core saturation.

Refining of the magnetizing current of the stator
winding. To determine the balance of voltages in the
electric circuit of the stator winding and further clarify the
magnetizing component of its current, the voltage
equilibrium equation in vector form is useful:

gs = _Es + QRS +gscdif + Qscfh > (14)

where the vectors are applied: EMF E,; voltage drop
across the active resistance of the stator winding U, and
across the inductive resistances of its differential Ussyy
and frontal U, dissipation (the inductive resistance of
the slot dissipation is already taken into account in the
EMF E; due to the definition of the full MFL of the stator
winding (4) within its active part along the length of the
TIM cores); the stator winding current vector has a zero
initial phase according to (1).

The phase relations of the quantities with (14) are
illustrated in Fig. 4 by a vector diagram (VD) of a general
form (without observing the scale of the vectors, because
it will be used in different calculation modes). We also
note that equations (14) and VD in Fig. 4 correspond to
the first harmonics of the quantities, because they are also
used in TIM designs.

The inverted EMF vector —E; is shifted by an angle
¢gs = 180° + g, with respect to the current, and it has the
effective values of the active and reactive components:
E.= Ecosog; E,= Esineg. The effective values of the
voltage drops on the specified resistances are calculated
by the formulas URs: Rs‘[n chdif = dei/]s; (Jscfh = ‘X;‘UfhlS'
These resistances are determined when designing the TIM
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and have the values R= 0.402 Q, X = 0.253 Q;
KXo =0.234 Q.

Fig. 4. Vector diagram of voltages in the stator phase winding

Through the components of the vectors according to
equation (14) and Fig. 4, the active and reactive
components of the phase voltage U, are obtained:

Usa = Esa + URS ; Usr = Esr + Uscd[f + Uscjh >

as well as its effective value and phase shift relative to the
current /;:

2 2
Us = VUsa +Ug 5 ¢y =arctgUs, /Uy,) -

Considering the SIM mode, it is necessary to
substitute the corresponding current /, everywhere instead
of .

Substitution of all values into the above formulas
gives an effective voltage value of 217.7 V, which does
not «reach» 220 V, that is, the nominal Uyy.

Therefore, to reach the nominal voltage of the stator
winding, an iterative search for the corresponding
magnetizing current was used.

In this way, after three iterations, the refined value of
this current /, = 8.09 A was determined, and the values of
the remaining quantities mentioned were ¥,,; = 0.9725 Wb;
E, =216V, Upy =33 V; Uy =2 V5 Ugpy = 1.9 V;
U;=220 V.

Additionally, the ratio of the phase voltage to the
phase EMF of the stator winding was obtained during
synchronous rotation of the rotor and the TIM magnetic
field

kyp =Uy | Eg =1,028 (15)

where E =\/ES2‘,+(ES,,—USOW)2 =214.1 V is the phase

EMF without all dissipation components, U= Xiouls =
= 1.9 V is the voltage drop across the slot leakage
reactance; E,, = 0; E,, = 216 V is the active and reactive
components of EMF E (in the SIM mode, according to
calculations, @z, = 90° was turned out).

The value of kyj is important for further calculation
of the TIM loading mode (in the design from [4] its value
is 1.026).

Calculations of the TIM magnetic field in its
loading mode. For this mode, a strictly deterministic
interconnected system of stator and rotor currents is
required. The calculation model of the TIM with the
system of these currents is given in Fig. 5.

The angular positions of the rotor slots are fixed by
the coordinate of the first slot o,;, which is closest to the
left to the y axis (in Fig. 5 a,; = 0). The remaining slots
are numbered by the counter & and they are shifted from
each other by the angle of the rotor tooth pitch
o, = 360°%/Q,.

Fig. 5. Distribution of currents in the TIM windings in the rated
load mode and the corresponding picture of the power lines
of the MF

For calculating the TIM MF in the loading mode, the
key is to set the corresponding currents in the windings,
taking into account the phase shift between them. For
their determination, calculations are used according to the
formulas that are given below in the text based on [4].

The basis of such calculations is the slip s, for which
its design value sy is initially given, as well as the
magnetizing current of the stator winding /,, which is
determined in the SIM mode. But then their values are
refined.

The SIM mode current [, has a reactive component
I, which is practically equal to /,, as well as an active
component /g, which is determined under the condition
Isas<<]p:

. Prags +mRI;

sas — >
mg Us

(16)

where P, are the magnetic losses in the stator core.

The currents in the phase zones of the stator winding
in Fig. 5 are determined by the formulas of their
symmetrical system (1) and are distributed as in the SIM
mode (Fig. 1).

To determine the rotor currents and explain their
distribution over the slots, the L-shaped equivalent circuit
of the TIM (Fig. 6) [4] and the corresponding VD, which
is constructed in Fig. 7, are used. The basic one is the
phase current vector /;, which, according to (1), has a zero
initial phase.

Fig. 6. Converted L-shaped equivalent circuit of the reduced IM
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Fig. 7. Vector diagram of phase relations of TIM winding
currents

Important for calculating currents and other
electromagnetic parameters of the TIM are the active and
reactive resistances of its windings. They are reflected in
the equivalent circuit, and their values are found during
design. To the already given values of the stator winding
resistances Ry, Xyouir; Xsom We add the total reactance of its
dissipation X5, = 0.725 Q.

For a short-circuited rotor winding, the active
resistance on its phase part is R, = 53.9-10° Q. This
active resistance R', = 0.196 Q and the leakage reactance
X &= 1.02 Q reduced to the stator winding are also used.

Reactance of the magnetizing branch of the
equivalent circuit:

Xmag ZUSN/[p —Xos»

active resistance R,,;<<X,,,; due to condition /y,,<<I,,.

All of the indicated resistances for the equivalent
circuit (Fig. 6) have an additional transformation:

’ _ . ’ _ . " _ 2 ’ . " _ 2 ’
Xos =1 X Ry=cRy; Xop =1 X, Rsr =i R,

oS> or

(17)

where ¢; = 1 + Xy / X, is the coefficient characterizing
the ratio of the voltage vector to the EMF vector of the
stator winding during synchronous rotation of the rotor —
this is an analogue of the coefficient &y (15).

Based on the design data of the TIM and in
accordance with the equivalent circuit of the combined
TIM (Fig. 6) and the VD (Fig. 7), the reactive and active
resistances of the load branch:

X5 = (X +a1X5,) 5 Ry = 1R +612Rr /s.(18)
The rotor current of such a motor and its phase shift

with respect to the stator winding voltage Uj

ro U

S
p
R+ X

and then the effective value of the real (not reduced) rotor
winding current

¢, =arctg(X,; /R.), (19

L=cl,Kp (20)
where the reduction factor of the rotor winding current to
the stator winding current [3]

— N s K ws Mg 1

- . 1)
N, Ky, m, K,

Irs
which includes N, = 112 — the number of consecutive
turns in the phase winding of the stator; Ky, = 0.959 — its
winding coefficient; for a short-circuited rotor winding,
the number of phases m, = Q,, and for each number of
turns N, = 0.5, the rotor winding coefficient Ky, = 1; the
bevel coefficient of its slots K, = 1.

Based on the above, the reactive and active
components of the stator phase current are obtained

I =1, +1,8inQ, 5 Iy, =1gs+1.0080,, (22)

then its effective value and phase shift angle relative to
the phase voltage Uj:

Iszwﬂsza-i-]sz,; o =arccos(ly, /1) .  (23)

Thus, according to the VD (Fig. 7), the electrical
phase shift angle between the currents /; and 7, (in
degrees) is obtained:

Py = 180° - P+, (24)
which in the motor design is converted into a geometric
angle

Og =@y /P (25)

On the basis provided, a multiphase system of
instantaneous current values in the rods of the short-
circuited rotor is formed, namely:

I =Imrsin{p~[B+(k—1)-ocrn +0o, +(xr1]} , (26)
where k = 1, 2,...,0, is the numbering of the rotor slots
adopted in Fig. 5; I, =x/5'1r is the amplitude of the

phase current in the rotor rods; f=0 is the initial phase of
stator current.

The calculations yielded the following values:
I, = 28.8 A; ¢, = 27.25% o, = 12.23°%; ¢, = —164.98°;
K =16.9; 1, =446 A; o, =—-82.49°.

The distribution of currents along the slots of the
stator and rotor at pole pitches 1, in dimensionless form is
shown in Fig. 8 (the indicated points are meaningful for
the currents, the lines are drawn for their visual
connection).

In accordance with the presented methodology and
the design parameters of the TIM in the nominal load
mode, its MF was calculated. The distribution of currents
in the TIM slots and the MF picture calculated by the
FEMM code are given in Fig. 5.

According to the calculated MF, a number of TIM
parameters were determined using the same method as for
the SIM mode.

The magnetic flux in the gap per pole pitch
according to the formula (3) @, = 8.781 mWhb, i.e. it
turned out to be 3.1 % less than in the SIM mode.

The time function of the MFL of the stator phase
winding in the nominal mode is shown in Fig. 3 (curve 2)
in comparison with the similar function in the SIM mode.

Fig. 8. Angular discrete distributions of winding currents of the
rotor i, and stator i, of the TIM along its slots on the sweep of
the circular line passing through the gap
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Table 4 gives the harmonic composition of the time
functions of the MFL ¥,,, and the values of the EMF
amplitudes E,, (in relative units), as well as the absolute
effective values of the EMF E|, of the stator winding,
which can be compared with the data in the similar
Table 3 for the SIM mode.

Table 4

Harmonic composition of MFL and EMF in the rated

loading mode

v 1 3 5 7 9 11

¥, [ p-u.| 1,000 | 0,0216 | 0,0069 | 0,0031 | 0,0001 | 0,0011
E, |pu.| 1,000 | 0,0648 | 0,0347 | 0,0217 | 0,0011 | 0,0117
Ey | V [2069] 1341 | 7,18 4,49 0,23 2,42

Amplitude and initial phase of the first harmonic of
the MFL ¥,,; = 0.9313 Wb; vy, =—56.55°, effective value
and initial phase of the first harmonic of the phase EMF
E; =206.9 V; v = 33.45%; full EMF by (13) E,,,=207.5V;
by (17) phase voltage Us = 224.7 V and the phase shift of
the current relative to it ¢, = 34.84° (Fig. 7); voltage drops
Ups =T V; Usoiy=7.4 V; Uy =69 V.

Using all higher harmonics the effective value of the
differential EMF of the stator winding is obtained [9]

Ng

2 _

Esdgf: Y EL =16.05V,
v=3,5...

as well as the refined differential resistance of the stator
winding

(22)

Xsodif = jl

N

=0.61 Q.

(23)

Note that this resistance is found here in compliance
with its mathematical and physical essence, as discussed
in [9], and it differs significantly from the design value
(see above in the text), which is found using the
approximate method. Therefore, further calculations will
be performed with the updated value X4

In loading mode, the energy parameters of the TIM
are important:

- input electrical power of the TIM:

n =mgUgIcosQy ; (24)

- electromagnetic torque, which is determined by a
special Lua function through Maxwell magnetic tension
tensor

la

=<4 25
Ho(ry —17) 2

em J-BrBa rds,
S§
where B, B, are the angular and radial components of the
magnetic flux density vector; S; is the cross-sectional area
of the non-magnetic gap; r, and 7, are the radii of the
circles bounding this plane on the sides of the rotor and
stator;

- electromagnetic power transmitted by the rotating
magnetic field from the stator to the rotor:

Fopp = M €2, (26)

where € is the angular velocity of this field which has
already been mentioned;

- electrical power losses in the stator and rotor
windings

2 2
Py =mRJI;; Py =m.R.I..

s 2 e

27)

The values of the remaining power losses in these
calculations do not change and are taken from the TIM
design [4]: P, — magnetic losses in the stator core,
P,ec — mechanical losses, additional losses Puy, Puagr —
magnetic losses in the rotor core, which consist of surface
and pulsation losses.

Taking into account the losses related to the rotor,
the output useful power of the TIM is determined:

PoutZ})em_Pelr_Pmagr_Pmec_Pad' (28)
And finally, the efficiency of the TIM:
N="Foy/By. (29)

The mentioned power losses have the following
values: P, = 1046 W; P = 407.7 W; Pues = 270 W5
Pragr =873 W; Py = 117 W; Py =843 W.

According to the provided formulas, the integral
energy parameters of TIM were obtained: M,,, = 97.72 N'm;
P, = 16.667 kW; P,, = 15350 kW; P,,, = 14.741 kW;
cos@, = 0.821; 1 =0.884.

The phase voltage based on (14) U, = 224.7 V
turned out to be greater than the nominal, but the motor
should operate at the nominal voltage of 220 V.

To eliminate the excess U, it is necessary to reduce
the magnetizing current of the stator winding I,
Therefore, by iterative method, numerical-field
calculations using the provided method found /, = 7.25 A,
and accordingly, the stator winding current reached
I, =29.22 A. Of course, not only the voltage changed, but
also the remaining quantities, which acquired the
following values: ¥,; = 0.9101 Wb; y,, = —57.17%
E; =202.4 V; yp =32.83% a, = 83.10°%; E,, = 207.5 V;
Ups =T V; Uggy = 74 V; Uy = 6.8 V; U= 220 V;
¢, = 34.28°% M,, = 9545 N-m; P, = 16.288 kW,
P,,=14.988 kW; P,,~=14.379 kW, cosp,~0.826; 1 =0.883.

From all of this, it can be noted that the voltage Uj
has become nominal, but the output power P,,, does not
reach the nominal value, which is 15 kW.

It is clear that the task of simultaneously providing
nominal voltage and output power is complex, and for its
solution, an appropriate method has been developed based
on the methodology from [4] and the development of [5].

The complexity of the problem lies in the fact that
the input values s, /, and the output values U, P, are
interconnected, that is, it is a four-parameter problem, and
therefore it is solved by an iterative method. For this
purpose, a strictly deterministic method is provided, the
essence of which is described further in the text, and then
the results of calculations performed by a program on a
Lua script, which provides interaction with the FEMM
code, are provided.

Iterative determination of the slip and
magnetizing current of the stator winding for
simultaneous output to the rated voltage and power of
the TIM. For a visual representation of the technique, a
graphical model is used, given in Fig. 9. It is based on a
coordinate system with the desired parameters: rotor slip s
and magnetizing current of the stator winding /..

This coordinate system is represented in axonometry
by the plane s, /,, in which the point 0 is placed with the
coordinates of the slip sy and the magnetizing current /,,
which are given in the current iteration for calculating the
voltage U, and the power P,,,.

Electrical Engineering & Electromechanics, 2026, no. 1
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AUy

Fig. 9. Diagram of the varying current /, and slip s
and the deviation of the desired values U, and P,,,,

In the first iteration, the values of the slip s, and the
current P, are taken directly from the TIM design [4]. In
essence, this is the first approximation of the values of the
varied quantities of the iterative process to be performed.

Around the coordinate point sy, 1,9 in the specified
plane there is a rectangle with reference points 1, 2, 3 and
4. The corresponding lines 1-2 and 3-4 have the slip
coordinates s; and s,, lines 1-3 and 2-4 have the current
coordinates /,; and /.

Then the sides of the rectangle have dimensions

As=s,—s1; A=l — 1. (30)

These dimensions are chosen such that it is possible
to allow within their limits a linear dependence of the
voltage U, and the power P,,; on the slip s and the current
1,. For example, for the first iteration, it is possible to set
As = 0.05sp; Al = 0.05/,, based on experience of
calculations, and then for each subsequent iteration these
dimensions are halved.

Thus, in Fig. 9 the coordinates of four points 1-4 are
given:

S1:S()*AS/2; S2:S()+AS/2; Im:[uofAI/Z; 1H2:IH0+AI/2' (31)

For each of the given points (31), the MF calculation
is performed in the TIM loading mode. According to the
results of these calculations, the corresponding values of
the phase voltage U; (14) and the output power P,,; (28)
are determined at these points using the method given
above:

Usiks Powre» K=1,2,3,4, (32)

as well as the mismatches of these quantities relative to
their nominal values:

AUy =Ugy —Ugy ;s AB =By — Py, k=1,2,3,4.(33)

The specific coordinates of the points according to
(31) and the values of the mismatch of the phase voltage
U, and the output power P,,, according to (33) are given
in Table 5.

Note that Fig. 9 is of a general illustrative nature for
the sake of clarity and does not correspond to the data in
Table 5, which change with iterations.

The values of the discrepancies (33) are plotted in
Fig. 9 at the corresponding points 1-4 as conditional
vectors perpendicular to the coordinate plane s, /.

As noted, within the coordinate rectangle 1, 2, 3, 4, a
linear dependence of U, and P,,, s and I, is allowed. Then
it is possible to draw straight lines in pairs through the
ends of the vectors AU, and AU,, AU; and AU,, and
similarly through the ends of the vectors AP, and AP,
AP; and AP, (see Fig. 9).

At the intersections of the formed lines with the side
lines of the quadrilateral in its plane, the voltage AU} and
power AP deviations at points 5, 6 and 7, 8 are equal
to 0. Then it is possible to write the linear equations of the
formed straight lines, which are shown by a dotted line,
and from these equations to determine the coordinates of
the intersection points:

Al
> lwe =1 —AU3L;
AU, — AU, AU4—AU;

Al
APy —AP; -

Between points 5 and 6 and similarly between points
7 and 8, straight lines are drawn (in Fig. 9 these are dash-
dotted lines), which have analytical expressions:

Iys =1, — AU,

ps =

Al
Iu7:[u1_APl “AR > Iu8:IHI_AP3

Tye —1ys
ooy DTS 34
w=lus + == (s =) (34)
lyg =17
IHZIH7+%(S—S1). (35)

On line 5-6 AU, = 0, on line 7-8 AP,,, = 0, then at
point 9 at their intersection the conditions AU, = 0 and
AP, = 0 are fulfilled together.

From the system of linear equations (34), (35) we
obtain the desired slip and magnetizing current at point k:

Tys =17
Ky - K,
Ie—1 Io—1
where the coefficients K| =20 ——#5 . g, = B8 “W7
As As

Substitution of the values of known quantities into
these formulas gave s, = 0.0274 and I, = 7.135 A, which
is in Table 5.

Such values should simultaneously provide the
nominal voltage Uy and power P, of the TIM.
To verify this, with the found values of s, and /,, the MF
is calculated using a known method and at point £,
the values of voltage (14) and output power (28)
are determined, respectively: U, = 220.19 V and
P,,, = 15.019 kW. The corresponding deviations AU and
AP according to (33) are only 0.19 V and 19 W, which is
reflected in Table 5.

In principle, for practical design, this is already close
enough to the specified nominal design parameters of the
TIM U,y and P,,.y. The residual differences AU, and AP,,,
can be explained by the fact that the functions U(s, 1,)
and P,,(s, 1,) actually differ somewhat from the linear
ones adopted in Fig. 9 and in the accompanying formulas.

Table 5
Mismatches of values on the first iteration
Variation s;=0.0248 s, =0.0274
_ AU =259V AU;=-3.17V
[ =6.849 A AP, =1311W AP;=-218 W
B AU, =5.19V AU, =483V
Lo =T3TLA AP, =787 W AP,=37TW
Control point k: s, = 0.0274; I, = 7.135 A;
discrepancy AU, =0.19 V; AP, =19 W
12
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To demonstrate the theoretical capability of the
developed method in terms of reducing the deviations AU
and AP and refining the slip s and magnetizing current /,,,
the iterative calculation is repeated.

But in the second iteration, the initial values of slip
so and current /,o are taken as the values of s, and /,
which are determined in the first iteration. And now the
coordinate rectangle 1-2-3-4 is constructed around the
new coordinate point k, and at the same time its
dimensions As and A/ are halved by (30, 31).

After the third iteration, the deviations at the new
control point k£ decreased to AU, =0.01 V and AP, =4 W.
Therefore, the further iterative process did not make
sense, and the calculation results are considered final.

As a result, we obtained sy = 0.0274; I, = I, = 7.12 A;
In=299 A; I. = 469.5 A; o, = 83.41°; M,,, = 100 N-m;
U, =220V, P, =17.1 kW, P, = 15 kW. That is, the
calculation results of the third iteration provided sufficient
refinement of the TIM design parameters. If not, it would
be possible to continue the iterative calculations.

It should be noted that the presented iterative
process is fully automated and its execution, together with
the current MF calculations by the FEMM code, is
provided by a compiled Lua script.

Thus, the numerical-field verification of the
considered TIM design showed the degree of its
adequacy, and here it provided its noticeable refinements.
At the same time, the refinement of the power factor
from 0.889 to 0.898 was revealed; efficiency from 0.875
to 0.878.

In addition, it is important that the application of the
presented method to verify not very high-quality designs
of other TIMs is able to detect and unacceptable errors
and help correct them.

Conclusions. A theoretical basis for numerical-field
support, verification and refinement of the classical
design of three-phase induction motors has been formed.
Based on this basis, practical calculations of their
electromagnetic and energy parameters have been
performed, which became possible thanks to the creation
of Lua control scripts using the FEMM code.

The developed theoretical basis is strictly
deterministic, despite the complexity of linear and
nonlinear  relationships  between the  structural,
electromagnetic and energy parameters of the TIMs.

Therefore, this basis is amenable to adequate
algorithmization and programming using iterative
processes.

The general structure of the theoretical basis is
reinforced by a harmonic analysis of the angular and time
functions of electromagnetic quantities, specifying the
definition of the differential leakage resistance of the
stator winding.

The developed theoretical and practical bases for
checking and refining the design electromagnetic and
energy parameters of the TIMs were tested on the
example of its published classical design in a full cycle of
calculations, which includes both the synchronous idle
mode and the rated loading mode.

The results of the test showed a sufficiently high
efficiency of the provided theoretical and practical bases
of numerical-field calculations, which showed that the

TIM design with power of 15 kW is calculated for 225 V
instead of 220 V, and the output power reaches only 14.4
kW. It was determined that to reach the nominal values in
the design, it is necessary to reduce the magnetizing
current of the stator winding from 7.75 A to 7.12 A, and
the rotor slip during operation of the TIM will have a
value of 0.0274 instead of 0.0261. At the same time, such
important motor parameters as torque, efficiency, power
factor, stator winding current, etc. are refined.

Given the software implementation of the method of
numerical-field calculations of three-phase induction
motors based on the FEMM code and the Lua script, it
can be built into automated methods for designing such
motors.

If the output power of the designed TIM is varied,
then according to the developed method and code, a
family of its refined operating characteristics can be
obtained in an automated calculation mode.
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