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APPLICATION OF NUMERICAL METHODS OF SOLVING
THE SYSTEM OF NORMAL DIFFERENTIAL EQUATIONS
IN THE PROBLEMS OF ELECTRICAL ENGINEERING
AND ELECTROMECHANICS

Kuznetsova Ye. V., Kuznetsova A. V.

INTRODUCTION

In connection with the existing problems of energy saving at
industrial enterprises of Ukraine, more and more attention is paid to the
implementation of measures that can ensure the implementation of basic
technological processes with significant energy savings. When
organizing power supply and electricity consumption, there is one
common and quite serious task — to improve and optimize the quality of
electricity in order to increase the efficiency of its use and ensure the
reliability of electrical equipment.

An unregulated electric drive is widely used in many enterprises, the
main equipment of which is an asynchronous motor (AM) with a short-
circuited rotor in more than 90% of cases. This is due to the simplicity of
the latter, and, as a consequence, its high reliability, low cost and
minimal operating costs.

As is know", the operation of an induction motor in networks with
poor quality electricity leads to negative consequences, namely: the
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temperature of the motor windings increases; its service life decreases;
technical and economic indicators of the latter, such as power factor and
efficiency factor, decrease; losses increase and the amount of reactive
power consumed increases. The analysis of researches allows to draw a
conclusion that work of electromechanical converters in the conditions of
low-quality electric power leads to decrease in working capacity and
reliability of such class of the equipment®.

However, the published research results do not contain an economic
assessment of the resulting losses. The influence of low-quality
electricity on the engine operation considered in them does not affect the
main thing - the financial aspect of the problem. Cost issues have not
been studied so far and, as a result, it is not possible to make a
comparative assessment of the economic damage associated with poor
quality electricity and the costs required to ensure this quality.

The share of electricity costs is the dominant component of the total
cash required for the operation of electrical equipment. According to
various estimates, it is 75-80%°. Therefore, even a small increase in
losses associated with the deterioration of electricity quality indicators
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(EQI) leads to a significant increase in annual maintenance costs of
electric drives.

The aim of the monograph section is the synthesis of a mathematical
analogue of an induction motor, which allows the staff of the enterprise
to quickly assess the energy performance of AM operating in a network
with low-quality electricity.

To achieve the goal in the Mmonograph section the following tasks are
set and solved:

1) improvement of the electromagnetic model of BP, which allows to
determine its energy performance with an arbitrary change over time in
the quality of electricity;

2) calculation of energy performance of an induction motor by
solving a system of differential equations given in the Cauchy form,
which describe its work in the time domain by known numerical
methods, namely: Euler method, modified Euler method and Runge —
Kutta method IV order;

3) search for optimal values of the harmonic spectrum of the input
voltage according to a given criterion nay — max with given restrictions
on the amplitudes of the harmonic components of the input voltage.

1. Theoretical and methodological fundamentals of asynchronous
motor functioning in conditions of poor quality electricity

1.1. About normative documents regulating quality of electric energy
and necessity of rationing of its indicators

As is known®, electromagnetic compatibility (EMC) of technical
means considers the processes occurring in electrical complexes and
systems in terms of generating electromagnetic interference, their impact
on electrical equipment, the degree of protection and correction of
adverse effects. The emergence of new devices for conversion
technology, the modernization of an increasing number of industrial
electrical installations, in particular, the use of adjustable electric drive,
lead to a decrease in the quality of electricity in the supply networks of
enterprises. This necessitates the strengthening of electromagnetic
compatibility requirements for industrial plants. Standardization of

4 Kapxma A.®., Ilamaues C.A. HopmaruBHOE peryIupoBaHHE KadecTBa
JNIEKTPOSHEPTUH B CHCTEMax JIEKTPOCHAOKEHMsI OOIIero Ha3HAYCHUs YKpawWHbI U
ctpa EBpocoroza. Texuiuna erexmpoounamixa. 2007. Ne 6. C. 54-60.
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electricity quality indicators in such conditions is one of the main issues
of this problem.

Electricity quality indicators (EQI), regulated by state standards, are
the starting point in almost all areas related to electrical installations.
This applies to the design of new facilities, and commissioning, research
of electrical equipment, the decision to upgrade and others.

The international normative basis for the assessment of
electromagnetic compatibility of electrical installations is the well-
known European standard EN 50160: “Characteristics of voltage
supplied by general purpose distribution systems” (1994), as well as the
standard of the International Electrotechnical Commission (IEC) 1000-
2 — 4: Electromagnetic compatibility. EMC levels at industrial facilities
for low-frequency conduction interference.

EQI in the power supply systems of industrial enterprises are
determined by the mode of operation of electrical installations that
introduce distortion, and therefore are constantly changing. Therefore, in
GOST 13109-97 Electricity. Requirements for the quality of electricity
in general purpose electrical networks provides a comprehensive
methodology for assessing the quality of electricity, based on the
assessment of energy performance of the distortion. Normalized EQIs
are integrated indicators that reflect the degree of negative impact of
distortion of electricity on the technical and economic characteristics of
electrical equipment. The maximum allowable values of the electricity
quality indicator are selected for technical and economic reasons and the
impact of distortion on the reliability of electrical equipment.

Thus®, the main document® in force in Ukraine regulates the
following indicators of electricity quality: voltage deviation dUy; the
magnitude of the voltage change (or the amplitude of voltage
fluctuations (VF)); intensity (dose) of flicker P ; the coefficient of

curvature of the sinusoid of the curve of linear (phase) voltage K, ; the
coefficient of the n-th harmonic component of the voltage KU(”) ; reverse

s Kapkun JI.®., Ilanaue C.A. u ap. HopmaTuBHO-paBoBO€ pErylnpoBaHUE
BOIIPOCOB KayecTBa JJIEKTPOIHEPTrUM B YKpauHe M cTpaHax EBpocorosza. Texw.
enexmpoounamika. Tem. eun. «Cunosa eiekmpoHiKa ma eHepeoeheKmueHicmby.
2007.4. 1. C. 74-77.

® TOCT 13109-97 Dnextpuueckas sHeprus. COBMECTHMOCTh TEXHHUECKHX
CpencTB dIeKTpoMarHuTHas. HopMbl KauecTBa 3JIEKTPUUECKOIl SHEPTHU B CHCTEMAx
anekTpocHabkenust obmero HasHauenws. URL :  http://docs.cntd.ru/document/
1200006034 (nara 3BepHeHHs: 01.05.2020).
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voltage asymmetry coefficient K,, and zero K,, sequence; duration of
voltage failure K, ; voltage pulse U, ; temporary overvoltage factor

puls I

K ; frequency deviation. Therefore, consider methods for calculating

ov !

only the main indicators of electricity quality associated with the most
common distortions of the network.

The asymmetry of voltages of a three-phase network is characterized
by the coefficient of their reverse sequence K,,,%, which is determined

by the ratio of the current value of the voltage of the reverse sequence of
the fundamental frequency of the three-phase voltage system U, to the
nominal value of the phase voltage Upom:

U
K,, =—=-100. 11
w=7 CEY

In addition, the value of the zero sequence coefficient is normalized
K,,, %, which is determined by the ratio of the voltage of the zero

sequence of the fundamental frequency U, to the nominal value of the
phase voltage Unom

U
K0U= 0

100 (1.2)

hom.

Non-sinusoidal voltage is characterized by the value of the curvature
coefficient of its curve K, , %, which is determined by the ratio of the

current value of the higher harmonics U, to rated voltage:

N
K, = [Su2 100, (1.3)
Unom n=2

U, - the effective value of the voltage of the n™ harmonic; N=22 —

the number of the last of the considered harmonics. The permissible and
maximum permissible value K, depends on the voltage class.

In addition to the non-sinusoidal coefficient, the coefficients of each
harmonic component up to the 22nd separately are also normalized. The
latter are defined by the expression:

U

K, A =—2-100, 1.4

o UH()M ( )

And their allowable and maximum allowable values are also
normalized depending on the voltage class.

Thus, the quality of electricity is determined by the set of its

indicators, at which the electrical receivers can work properly and
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perform their functions. At deviations of their values from admissible,
normal work of electromechanical converters is complicated or is
possible only at considerable reduction of loading. It should also be
noted that the reduction of the efficiency of this equipment often occurs
at the values of EQIs in the ranges allowed by the standards.

1.2. Estimation of influence of quality of the electric power
on indicators of work of induction motors
To date, extensive experience has been accumulated in the field of
studying the impact of power guality on the operation of induction
motors with short-circuited rotor’. So, for example, when studying the
questions connected with a quantitative estimation of damage of the
above-stated electromechanical converters working in the conditions of
asymmetry of supply voltage, authors of work® have concluded that at
value K,,= 3,5% the temperature of the motor windings rises by 25%,

and in® it was found that when increasing the coefficient of stress
asymmetry in the reverse sequence K, up to 4% the service life of the

induction motor is reduced by half.

In works *° it is indicated that during the operation of induction
motors in conditions of non-sinusoidal supply voltage there are such
negative factors as a decrease in power factor and torque on the shaft of
the electric machine. It is established that every 2.5% increase in supply
voltage leads to an increase in losses in the induction motor by 3 ... 3.9%

" Kyswenos B.B., Tpunyrems H.M., Kysmeropa A.B. Tpumyrems M.H.
JnHaMmudIecKkast JIeKTPOMarHUTHAs MOZENb ACHHXPOHHOTO IBUTATeNsI, PAaOOTaromero
B YCJIOBHSX HEKAYECTBEHHOH 3JEKTpOdHeprun. Mamepianu MixcHapoouoi Haykogo-
mexHiuHoi KOHghepenyii Inpopmayiiini MexHoN02ii 8 memanypeii
ma mawuno6yoyeanni. 26-28 6epesns 2019 poky m. duinpo. C. 87.

8 Beaty H. Motors reguire voltage limits. Elec.World. Vol. 189. No. 5.1978.
P. 52-53.

® Shaller D.,Seidler E. Berechnung des Einflusses einer Zweiphasenlast auf die
Strom — und Spannungsunsymmetrie in Energieversorgungsnetzen. Mitt.Inst.Energ.
H. 70. 1965. S. 586-596.

10 Mapnanos ®apur XamuroBuu [lokazaTenu kadecTBa 3JIEKTPOIHEPTHUH,
BIHAIONIE Ha paboTy 3IIeKTpooOopymoBaHus Topona. [Ipobaemwr nayku. 2018.
Ne 5(29). URL : https://cyberleninka.ru/article/n/pokazateli-kachestva-elektroenergii-
vliyayuschie-na-rabotu-elektrooborudovaniya-goroda (mara obpareHus:
02.05.2020).
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and an increase in reactive power consumption by almost 5%, which
negatively affects the energy efficiency of its operation™.

It is also known®? that in the presence of distortions of supply voltage,
special attention should be paid to electric drive systems, as this leads to
a decrease in their reliability and efficiency and, consequently, to a
significant reduction in technical and economic performance of many
industries. When the quality of electricity decreases, there is an increase
in power losses in induction motors, which causes their increased
heating. And this, in turn, contributes to the intensive aging of the
insulation and, as a result, its breakdown.

Thus, during the year, the electric machine converter of low and
medium power consumes electricity, which is 3-5 times more expensive
than the engine’®. At the same time, up to 75% of electricity in
production is consumed by an induction motor of this power (up to
75 kW). Therefore, reducing the efficiency of the engine, due to the fact
that it is powered by poor quality electricity, even one percent means a
significant economic loss for any enterprise.

Based on the above, the study area is the task of assessing the
reduction of energy performance of an induction motor caused by poor
quality electricity in the power supply systems of industrial enterprises,
due to the following reasons:

1. Practice shows™ that in most enterprises the permissible levels of
at least one of the standardized indicators of electricity quality are
exceeded. At the same time, while the integral indices of symmetry and

1 JIyrogoit A.B. Bompochl NPaKTHUYECKOTO SHEPrOCOEPEKEHNs MPOMBIILICHHBIX

npeanpustaid. Bicnux KJITY. —1998. Bunyck 1(4). C. 73-77.

3unoBkrH B.B. MogenupoBanne [00aBOYHBIX TMOTEPh B BIIEKTPO-
000pyIOBaHUH CUCTEMBI IEKTPOTEXHUIECKOTO KOMILIEKCA IIPU HECHHYCOUIATBHBIX
tokax. Bicnux KAITY. Bumyck 4/2007(45). C. 49-52.

1% Energiesparen mit elektrischen Antrieben. — Frankfurt am Main: Zentral-
verband Elektrotechnik- und Elektronikindustrie e.VV. 2007. S. 24; Motoren und
geregelte Antriebe. Frankfurt am Main: Zentralverband Elektrotechnik- und
Elektronikindustrie e.V. 2010. S. 16.

1 Kuznetsov V., Tryputen N., Kuznetsova Y. Evaluating the Effect of Electric
Power Quality upon the Efficiency of Electric Power Consumption // 2019 IEEE 2nd
Ukraine Conference on Electrical and Computer Engineering (UKRCON), Lviv,
Ukraine, 2019. pp. 556-561. doi: 10.1109/UKRCON.2019.8879841; Ky3Heros B. B.
Kyzuenona A. B., Tpunyrens M. H. KonuuecTBeHHas orieHka rnokasaresieil kKadyecTBa
JNMEKTPOSHEPTUH B IEXOBBIX CeTSIX MpeAnpustuil. EneproszOepexenHs Ta
eHeproeeKkTUBHICTh: 30. Te3 MDKHap. HayK.-TpakT. koH®. (Juimpo. HTY «dIl».
28-29 nucromazma 2019 p.). duinpo, 2019. C.14 —15.
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sinusoidality are normal, the coefficients of the individual harmonic
components significantly exceed the maximum allowable values.

2. At the same levels of power quality indicators, the spectral
composition of the voltage can change significantly, as the latter is
determined by the type of voltage-distorting electrical receivers and the
mode of their operation.

Thus™ it is necessary to develop a model of an induction motor
efficient and adequate for any, including distorted stator supply voltage.
The model should allow to analyze transient and established modes, to
receive data on component losses in the engine. The data obtained with
the help of the model will serve as the initial data for estimating the
additional costs for electricity during the operation of induction motors
in the conditions of poor-quality EQI.

It should be borne in mind that the problem of the negative impact of
low-quality electricity is complex, covering the reliability of electrical
equipment, the development of measures to ensure its smooth operation
throughout the regulatory life. Therefore, when considering such issues it
is necessary to take into account the non-stationary indicators of
electricity quality over time.

2. Development of a dynamic electromagnetic model
of an asynchronous motor operating in conditions
of poor quality electricity

2.1. Requirements for the induction motor model
As is known from works'®, mathematical analogues of induction
motors are widely used to assess the effectiveness of control laws, study
electromagnetic processes and predict the energy performance of their
work. However, the situation is complicated when the simulation must
take into account the quality of electricity, such as asymmetry and non-

% Kysneror B.B., Tpumyrens H.M., Kysuemora A.B., Tpumyress M.H.
Pa3paboTka TMHAMHUYECKOH 3JIEKTPOMarHUTHOW MOJEIM aCHHXPOHHOTO JBHUTATes,
pabotaromero B  YCJIOBHAX HEKAueCTBEHHOH  dleKTposHepruu. Mamepianu
Misicnapoonoi  nayxogo-mexuiunoi  kongepenyii  Inghopmayivini  mexnonocii 6
memanypeii ma mawunodyoyeanni. 26-28 6epesnst 2019 poky m. Juinpo. C. 88.

16 Kysmemosa A.B., Cepmox T.M. EeKTpoMarmiTHa CyMiCHICTh HPHCTPOIB
3aTi3HAYHOI aBTOMATHKH 3 CHCTEMOIO TATOBOIO eleKTporocradanus. Cyuacwui
iHGhopmayitini ma KOMyHIKayitiHi MexHON02ii Ha MPAHCHOPMI, 8 NPOMUCIOB0CHI |
oceimi: Te3sm XII MixHapogHoi HayKoBO-TIpakTHYHOI KoH(pepeHmii (dHinpo,
12-13 rpynus 2018 p.). Auinpo : JHY3T, 2018. C. 37.
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sinusoidal electrical quantities. The problem is that given the
assumptions made in this case, the BP model itself often becomes
inadequate. If more complex models are used, the description of the
processes is so complicated that finding the necessary dependencies
becomes too problematic.

However, the assumption of symmetry and sinusoidal supply voltage is
now, in fact, unfounded, because the quality of electricity in the shops of
industrial enterprises almost always does not meet the necessary
requirements’’. Therefore, one of the most important tasks set in the work is
to develop a mathematical analogue of an induction motor that predicts its
energy performance when the quality of the supply voltage changes.

We formulate the requirements for the type, functionality,
characteristics and composition of the input values, which must meet the
model of an induction motor, which we are developing®®:

1. The AM model must be operational at any form of voltage on the
stator, including non-sinusoidal and asymmetry. This requirement is
necessary for most currently used mathematical analogues of the
considered engines.

2. The model we are developing must be adequate in both the
established and transient modes, which are related to the change of load,
quality of electricity, control influence.

3. The initial parameters of the model should be:

— instantaneous values of stator and rotor currents of an induction
motor, their spectrum;

— active (P), reactive (Q) and full (S) powers, including their share,
which is associated with voltage distortions from the stator, which
corresponds to the real indicators of power quality;

— efficiency (%) and power factor (cos ¢);

Y OuenHka BMAHWA ~ KadecTBA  OJEKTPOSHEPTMH HAa  S(h(EKTHBHOCTH

anekrponiotpebnerns / B.B. Kysnenos, E.B. Kysnenosa, A.B. Kysnenosa. [ipruua
enekmpomexanika ma asmomamuxa. HaykoBo-texHiunuit 36ipuuk. 2018. Bumyck 100.
C. 85-95; Kuznetsov V., Tryputen N., Kuznetsova Y. Evaluating the Effect of Electric
Power Quality upon the Efficiency of Electric Power Consumption // 2019 IEEE 2nd
Ukraine Conference on Electrical and Computer Engineering (UKRCON), Lviv, Ukraine,
2019. pp. 556-561. doi: 10.1109/UKRCON.2019.8879841.

18 Kuznetsov V., Kuznetsova A., Truputen M. Dynamic electromagnetic model
of asynhronous motor operating in terms of poor-quality electric power.//
Komnvlomepre modemnosanns ma onmumizayis ckiaouux cucmem (KMOCC-2019):
Matepiamu V' MixHapomHOi HayKoBO-TexHiYHOT KoHpepeHmii (M. JlHimpo,
6-8 mucronana 2019). Juinpo : bananc-Kuny6, 2019. C. 74-75.
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— components of individual losses in the motor: losses in the stator
copper (APy;), in the rotor copper (AP,;,) in steel (AP¢);

— speed (@) and electromagnetic torque (M) of AM depending on the
load on the shaft, including their spectral characteristics.

Thus, the model we are developing should provide the full amount of
data needed to study the operation of an induction motor operating in
low-quality electricity, in order to assess the electromagnetic component,
taking into account the economic damage that occurs.

2.2. Analysis of existing models of induction motor

Let us evaluate the possibility of using known mathematical
analogues of an induction motor with a short-circuited rotor for this
purpose or compiling a single combined model based on them. There are
two approaches to modeling an electromechanical energy converter:
based on field theory and the theory of electric circuits, based,
respectively, on the equations of Maxwell and Kirchhoff. But the most
advanced method of process analysis currently used in the considered
energy converter® is based on a combination of these approaches,
combining these two theories. In this case, based on the picture of the
field in the air gap of the electric machine, the equations for voltages are
formed, and then through the current or flux coupling the equations for
the electromagnetic moment are written.

To date, there are fairly complete mathematical models of
asynchronous motors. The behavior of which in different operating
conditions is considered in already classical studies?, but the issue of
modeling the work of AM pressure when they are supplied with low-
quality electricity has remained unresolved.

The most common mathematical analogue of the model of
asynchronous electromechanical energy converter is given in work 2. It
is a spatial model of a three-phase idealized machine (Fig. 1a), based on
a number of assumptions: the latter is bipolar, has a smooth air gap, all
its parameters are linear, and the supply voltage is sinusoidal.

¥ Kombimos W.II. Maremarnueckoe MOJEIUPOBAHUE JIEKTPUUYECKUX MAILIMH.
Mockaa : Hayka, 2001. 327 c.

2 Kompimo W.II. MareMaTHueckoe MOACIHPOBAHHUE SIEKTPHUECKHX MALIHH.
MockBa : Hayka, 2001. 327 c. Koau K. Ilepexoansie mporuecchl B MalIMHAX
nepeMeHHoro Toka. MockBa-Jlenunrpan : ['ocanepronznar, 1963. 744 c.

2! Kompimo WL.II. MareMaTHIeCKOE MOJENHPOBAHHUE SIEKTPHIECKHX MALIHH.
Mockaa : Hayka, 2001. 327 c.
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Fig. 1. Spatial models of a three-phase idealized asynchronous machine
with unconverted (a) and braked (b) coordinate systems

In fig. 1 (a) presents three windings of the stator and rotor with the
number of turns wa,wg,Wc and w, Wy, W, respectively, shifted by 120°. In
an unconverted coordinate system, when moving the windings, the
mutual inductances between them change, and the derivative angle
between the axes of the stator and the rotor over time gives the angular
velocity of the rotor - (d6/dt)=c;.

For the considered machine in the unconverted coordinate system 4,
B, C, a, b, c a fair system of differential equations of the form®*:

vy . avy .
u, = th +i,R;uy =73+13RB;
LI R.;u _a¥, R,;
C dt C a dt a’ta (2 l)
u, = %H},Rb;u‘, = d;;c +i.R;
M, o+ 7%y
dt

where R — active resistance of stator and rotor phase windings;
¥ — the resulting flux couplings of these windings. Here, the flux

2 Konpmos W.II. Maremaruueckoe MOJIETIUPOBAHHE DIEKTPUIECKUX MAIIIHH.
Mockaa : Hayka, 2001. 327 c.
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coupling of one, such as phase A, depends on the currents and other
phases of the stator and rotor:

V,=i, L, +igM,, +i-M,.+i M, +iM, +iM,. (2.2)

By analogy, flux couplings are recorded for the other five circuits.

In this coordinate system of inductance (L), the mutual inductances
(M) in the equation for flux coupling are periodic coefficients that
change according to the harmonic law when the rotor of the machine
rotates. To eliminate this, the transition to the so-called braked
coordinate system, where the circular field in the air gap is represented
by the resulting vectors.

The spatial model of a three-phase idealized machine in a braked
three-phase coordinate system is presented in Fig. 2.1b. The equation
corresponding to this model in the coordinates a, B, v, fixed relative to
the stator, have the following form:

vy .
U, = -+ lsarsa;
dt
L{m _ d‘ys[} + is[}’;[}!
dt
us - dLPX‘/ +is rs s
v dt vSsY
lera H (_\{J"Y + \P"B) . (23)
U, = +lrarra to0,—F=;
dt NG
d\PrB (_lpm + \Pry)
urﬁ = d_ + I,BI;B + 0, \/g N
avy,, . (=¥, +¥,,)
Llry = ) + lryr’,y + B \/g
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Flux linkages:

¥, =i,L, - 0.5Mi, —0.5Mi_ +(i, —0.5i, —0.5i_ )M;
¥, =i,L, —0.5Mi, —0.5Mi, +(i,, —0.5i, — 0.5 )M;
¥, =i L —0.5Mi,-0.5Mi, + (i, —0.5i, —0.5i,)M;
¥, =i,L, —0.5Mi, —0.5Mi, +(i, —0.5i, - 0.5, )M;[ (24)
¥, =i, L, ~0.5Mi —0.5Mi, + (i, —0.5i, —0.5i )M;
¥, =i L —0.5Mi, —0.5Mi + (i, —0.5i, —0.5i,)M.

When there is electromagnet energy, this electromagnetic energy is
concentrated in the repeated gap:

We =0.5) vy, xi,, (2.5)
k=1
and electromagnetic torque
Me = ? pM(iryisa + irais[i + l.rﬁisy - ir[iixa - l.ryisB - iraisy) . (26)

This system consists of fourteen equations, in which the dependent
variables are six currents and flux couplings, electromagnetic torque and
speed. The system in the general case is nonlinear.

This model, as mentioned in works?, should be used to study an
asynchronous electric machine in dynamic mode at sinusoidal voltage.
To analyze the same set mode, as a limit case of dynamic, the equations
for voltages can be obtained from the original equations of
electromechanical transformation by replacing the differentiation
operator d( )/dt on jw.

The disadvantage of this model is that it is designed to power an
induction motor only from a symmetrical system of sinusoidal voltage.
With voltage asymmetry, it is necessary to decompose them into a
straight, inverted and zero sequence, and consider the moment on the
shaft as the sum of each of these sequences. Thus, to analyze the
operation of an induction motor under the conditions of its supply of
low-quality electricity requires a significant complication of the
original model.

2 Konpmos W.II. Maremaruueckoe MOJIETIUPOBAHHE DIEKTPUIECKUX MAIIIHH.
Mockaa : Hayka, 2001. 327 c.
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In works 2* the problems which are connected with nonlinearity of
parameters of the electromechanical converter that as a result promotes
identification of the last and definition of a resource of the car are
considered. According to the authors, the models they use are suitable for
electric machines that have been repaired and are in intensive use. They are
also not of particular interest due to the inconsistency of the research task.

Of interest are the works®®, where the author proposed a mathematical
model that describes an induction motor with a short-circuited rotor as an
object of regulation. But it is made with the assumption that the electrical
parameters of the machine are symmetrical, and the voltage at its inputs
is sinusoidal. The specified mathematical analogue allows to carry out
only the partial analysis of losses in the electromechanical converter.

In most cases, the development of mathematical models of induction
motors does not take into account the saturation of the magnetic circuit
and the loss in steel. In works® it is shown that at the specified
assumptions it is not possible to reach high accuracy of calculations at
modeling. Thus, the task of developing a mathematical model of an
induction motor taking into account the saturation of the magnetic circuit
and losses in steel is relevant.

24 28. OueHka KauecTBa NPEOOPA3OBAHMS SHEPIMH B WIEKTPUUCCKUX MALIMHAX C
ydetoM mapaMetpoB mmTaromero Hampsokerust / AL Yepnsni, A0l Kammxos,
B.A. KupnakoB. Bicnux K/AITY. 2007. Bumyck 4/2007 (45). Yactuna 1. C. 67-69;
OrmpeneneHre MOCIEPEMOHTHON MAacHOPTHOH MOITHOCTH ACHHXPOHHOTO JIBUTATENS C
KOpOTKO3aMKHYTBIM poTtopoM / M. Pompxun, W.H. 3mop, B.B. Ilpyc. llpobrems
co30anusi Hosbix mawwun u mexnonoeui. C6. Hayumvix mpyoos KITIM. 2000.
Boimyck 1/2000 (8). C. 65-71; DxBuBajeHTH3aLMs MOTEPh ACHHXPOHHBIX JBHrareneit
npu auHaMudeckoM Harpyxenud / JI.W. Ponpkun, B.A. Mocbnan. [Ipo6remul cozoanus
Hoeblx  MawwH —u  mexnonoeut. C6.  mayuneix  mpyoos  KITIM.  2000.
Bsmmyck 1/2000 (8). C. 96-107.

% Maremarnueckas MONETb UL HCCIENOBAHMS TPEX(a3HOTO ACHHXPOHHOTO
JBUTATET C KOPOTKO3aMKHYTHIM POTOPOM KakK OOBEKTa PETYIUPOBAHHSA MM IS
npsiMoro TporeccopHoro ynpasineHus / T.B. BoitHoBa. Onexmpomexuuxa. 1998.
Ne 6. C. 51-61; IIporpammHOe oOecrieueHHe Uil MOACIMPOBAHMS Tpex(a3HOro
aCHHXPOHHOT'O JIBUTaTelsl C KOPOTKO3aMKHYTBIM POTOPOM B COCTaBE CHCTEMBI
YIpaBJICHUS IEKTPONPUBOIAMU M IJIs 0€3aTYNKOBOTO M3MEPEHUs PEryIHPYeMBbIX
nepeMeHHbIx. Dnekmpomexuuxa. 2000. Ne 1. C. 19-25.

% AHATM3 TOYHOCTH MATEMATHYECKOH MOIETH TPeX(hasHOro ACHHXPOHHOTO
nsuratens / B. I'. Makapos. 36. gy3os: [Ipobremvt snepeemuxu. Kazanp : KI'DY.
2010. Ne 11-12. C. 115-125; Amnanmm3 MeTONOB y4YeTa HEITMHEHHOCTH
MarHATONPOBOJA U TOTEPh B CTAIM B MAaTEeMaTHYECKOH MOJIETH AaCHHXPOHHOTO
neurarens / B.I'. Makapos, B.A. MartommH. Becmuuk Kasan. mexuon. yn-ma. 2010.
Ne 11. C. 171-179.
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From the point of view of increasing the energy efficiency of an
asynchronous electric drive, it is important to develop algorithms for
optimal current control of an induction motor according to the criterion
of minimum power of total losses taking into account the saturation of
the magnetic circuit®’.

In our case, the mathematical model of the electromechanical
converter operating in the conditions of asymmetry of primary voltages,
considered in”®, where the author applied the method of symmetric
components, deserves special attention. The system of asymmetric
primary stator voltages (Uai,Ugi,Uc1) is represented as the sum of the
components of the forward (Uai1,Ug11,Uc11) and inverse (Uai2,Ug12,Uc12)
sequences. In this case, the components of the zero sequence are not
considered, because it is assumed that the motor windings are connected
to the star, and, thus, there is no circuit for the flow of currents in this
sequence. The calculation of these components is carried out according
to known dependencies:

(U, +aly +a°Ug) .

3 bl

(U, +a’Uy +al,)

gAlZ = glz = Al 3B1 < 5

where a =e™/3. The currents in the stator winding also represent the

sum of these sequences (la11 = la11, Is11, lc11; la1z = lia, Ig12, le12), Which
are due to the considered symmetric stress systems, respectively.

In this work, the current of the direct sequence 1;; in phase «A» of the

stator is found using the substitution circuit of the asynchronous

machine, which is shown in Fig. 2. a, where s, =(Q, - Q) /(Q,) - is the

sliding of the rotor relative to the field of this sequence. Here @

and Q- angular velocities of the specified field and rotor.
The current of the direct sequence (li;1) is determined by the
corresponding voltage system and the resistance of the stator winding.

gAll = Qll =
(2.7)

! OnruManbHOE yIpaBieHHe TOKAMHE dIeKTprueckux MamrwH / B.I. Makapos,
B.A. Martomus. Becmuukx Kasan. mexnon. yn-ma. Kazans : KI'OY. 2010. Ne 11.
C. 186-195.

% Jpanos-Cmomenckuit A.B. OnexTpudeckne Mammubsl. B 2-x 1. Tom 1 :
Y4eOHUK [UIA BY30B. 2-¢ U3A., mepepad. m mom. Mocksa : M3matensctBo MDU,
2004. 656 c.
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1

[

a) b)

Fig. 2. Scheme of replacement of an induction motor for the voltage of
the forward (a) and inverse (b) sequence

To calculate the reverse sequence current Iy, in phase “A” of the stator,
the substitution scheme shown in Fig. 2.b, which differs from the previous
one in that it introduced the sliding of the rotor relative to the field of the
reverse sequence s, =(-Q, -Q)/Q, =2-s,where (-Q,) - the angular
velocity of the latter. After calculating the currents l3; and 1y, in phase “A”,
as their vector sum find the total currents in each of the stator phases.

The resulting torque of the induction motor (M) when the voltage
symmetry is violated is defined as the sum of the moments M; and M5,
associated with the voltage of the forward and reverse sequences,
respectively. This model, although it allows you to perform an analysis
of the energy efficiency of the engine, but only in the case of asymmetry
of the supply voltage.

Also noteworthy is the mathematical analogue of AM, described in
the works®. Here the operation of the machine at non-sinusoidal
asymmetric supply voltage in the set mode is investigated.

The author replaces the differential equations of a three-phase
asynchronous machine in the axes a-B-0 with a complex form:

Uil e+ 0 jx, 0 I

®

U r*+ jx° Xy I
) O » 0 N 2.8)
u! X vM' "+ jx" vl It
9 I VI ST |

Then the components of the forward and reverse sequences of
voltages and currents along the axes o-§ are introduced. In the absence of
zero sequence, the following expressions are obtained:

% Komsimos W.II. Menpun O.I1. Pacuer Ha [IBM xapakTepHCTHK aCHHXPOHHBIX
MamuH. Mocksa : DHeprus. 1973. 212 c.
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U, =U, +Ug:L =1, +1
U, =a’U,, +aUg;I, =a’l +al
U, =alU +a’Ug;l,

The performed transition from differential equatlons with respect to
voltages of a three-phase machine in the axes a-f-0 to complex equations
corresponds to well-known substitution schemes. According to the author,
the parameters of the latter can be obtained experimentally or by calculation.

After performing a preliminary calculation of currents, the value of
the average for the period of the electromagnetic moment is determined
by the formula:

oﬁp’

(2.9)

06p’

I =al, +aI

)
M, :IM(t)dt/T .
0

As a result, the value of the efficiency of the machine (n) and the
power factor (cos ¢) is calculated. The considered model allows to
perform the energy efficiency analysis of an induction motor at
asymmetric non-sinusoidal voltage in the supply network, but requires
some refinement, because it considers only static modes similar to the
previous one and does not take into account changes in supply voltage.

Based on the analysis of existing mathematical analogues of AM with
a short-circuited rotor, we can assume that a single model that allows to
assess the energy efficiency of an electric machine operating in poor
nutrition, ie takes into account all indicators of electricity quality (IEQ)
simultaneously, does not exist. However, there are models that reflect the
impact of individual ones.

Such mathematical analo%ues of the induction motor include the
models presented in the works™.

% Komeros W.II. Maremarmaeckoe MOJENIMPOBAHUE JIEKTPUYECKUX MAIlIHH.
Mockga : Hayka, 2001. 327 c. Marematideckasi MOZEIb A1 UCCIE0OBAHUSA TpexX(pazHOro
ACHHXPOHHOTO JIBUTATEIsl ¢ KOPOTKO3aMKHYTBIM POTOPOM KaK OOBEKTa PErylHpOBaHHs
UM JUIS IPSIMOTO TIPOLIECCOPHOTO yripaBieHust. nekmpomexuura. 1998. Ne 6. C. 51-61;
[IporpammHOe  oOecrieueHHe Ui MOJCIMPOBAHHUs TPeX(asHOro aCHHXPOHHOTO
JIBUTATeNIsI C KOPOTKO3aMKHYTBIM pOTOPOM B COCTaBE CHCTEMBI YIIPABIICHHS
SNEKTPONPHUBOIAMH U ISl O€3JaTINKOBOTO M3MEPEHHS PETYIHPYEMBIX ITePEMEHHBIX.
Onexmpomexuuxa. 2000. Ne 1. C. 19-25; VMBanoB-CmoneHckuii A.B. Dnextprdeckue
ManmHbl B 2-x T. Tom 1 : y4eOHMK A7 BY30B. 2-¢ w3, miepepal. u gom. Mockea :
WzparensctBo MOU, 2004. 656 c.; Kombmor W.II. Ilenpur O.I1. Pacuer ma LIBM
XapaKTePUCTUK aCHHXPOHHBIX MallH. MockBa : Oneprus. 1973. 212 c.
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In our opinion, to solve this problem, one of the real options may be
to create a combined simulation model of an induction motor, where the
elements of mathematical analogues described in the above studies
would be used as computing units. The main problems are the difficulty
of presenting the initial information about the non-sinusoid and
asymmetry of the supply voltage, as well as the cumbersomeness and
impossibility of their use in the case of non-stationary IEQs. Therefore,
the other most flexible and universal option is the direct integration of
differential equations describing AM.

2.3. Development of a dynamic electromagnetic model
of an induction motor operating in low-quality electricity

As is known®, in cases where the supply voltage is asymmetric, it is
necessary to use the method of symmetrical components. The desired
parameters, in particular, the function of the stator current of the BP, is found
as the geometric sum of the currents of the symmetrical components. The
energy parameters of the electromechanical converter are determined based
on the current values of the resulting current of the stator and rotor.

The disadvantage of this approach is, firstly, a significant
complication of the system of equations describing the object, because
when non-sinusoidal power is added, it is necessary to determine the
symmetrical components for each harmonic that is taken into account.
Then, if there are, for example, 10 harmonic components, for each basic
equation that describes the system, you need to make 30 equations.

Second, spectral analysis and decomposition into symmetrical
components — procedures that require significant computing resources of
the computer. Finding the optimal parameters of the electromechanical
system using models based on both symmetric components and spectral
analysis, requires a lot of machine time and therefore does not allow a
full study of the response surface.

Based on the above, the author®’ used a system of differential
equations in the time domain. In this case, for a comprehensive

31 Becconos JILA. TeopeTnyeckrue OCHOBBI AIEKTPOTEXHHMKH. DJIEKTPUUECKUE
nend : yaeOHuk. 11-e uzg., mepepad. u mor. Mocksa : ['apnapuku, 2007. 701 c.

%2 Kuznetsova  Ye,, Kuznetsov V., Tryputen M., Kuznetsova A.,
Tryputen M., Babyak M. Development and Verification of Dynamic Electromagnetic
Model of Asynchronous Motor Operating in Terms of Poor-Quality Electric Power.
Proceedings of the International Conference on Modern Electrical and Energy Systems,
MEES 2019. pp. 350-353. DOI: 10.1109/MEES.2019.8896598.
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accounting of supply voltage parameters, it is advisable to use either
space-time complexes (SPC), or generalized vectors of quantities that
change periodically over time and are recorded relative to their
instantaneous values.

The SPC for any Y is calculated as follows™:

2
X:E(YA+0LYB+0L2YC), (2.10)

where Y,,Y,,Y. — phase values of the considered value at a given
moment of time, and the latter correspond to the projection of the
specified complex on the phase axis.
The Park-Gorev equations written in relation to the SPC, which are
the basis of the known AM models, have the form::
ay

U= LR LR+ @11
0:12@+10R0+dd1:2 e, 2.12)

where U; — SPC stator voltage; /,,1,,I, — SPCs stator and roror
currents, and magnetizing current; ¥,,¥, — SPCs stator and rotor flux
couplings; o, — angular velocity of rotation of AM; R, R, — active stator

and rotor resistances.

It should be borne in mind that the dynamic and energy performance
of induction motors is significantly affected by the saturation of the
magnetic circuit. The saturation phenomenon is due to the limiting
orientation of the magnetic dipoles in the material of the latter, and, thus,
the cessation of the growth of the magnetic flux with increasing
magnetizing current, as shown in fig. 3.

There are different methods of accounting for this effect*”. The best
combination of accuracy and simplicity of calculations gives the use of
the dependence of the main mutual inductance on the magnitude of the

% VBanos-Cmonerckmii A.B. Drextpuueckue Marmmabi. B 2-x . Tom 1 : y4eOHHK
IUTs BY30B. 2-€ U311, iepepad. u mor. Mocksa : M3natensctBo MDU, 2004. 656 c.

* Visanos-Cmonenckuii A.B. Onextpuyeckue MmamuHel. B 2-x 1. Tom 1:
Y4eOHuK Ui BY30B. 2-€ U3[., epepad. u mom. Mocksa: M3znatenscteo MOU, 2004.
656 c.; Kuznetsova Ye., Kuznetsov V., Tryputen M., Kuznetsova A.,
Tryputen M., Babyak M. Development and Verification of Dynamic
Electromagnetic Model of Asynchronous Motor Operating in Terms of Poor-Quality
Electric Power. Proceedings of the International Conference on Modern Electrical
and Energy Systems, MEES 2019. pp. 350-353. DOI: 10.1109/MEES.2019.8896598.
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magnetizing current Ly, = f (lp). For example, in® the dependence of the
inductance on the magnetizing current for induction motors of general
industrial design (fig. 4).

<D, I.U.
1,4 4
1,2
1,0
0,8
0,6
0,4

0.2 ;
0,0 t Io, 1.1

0,0 0,5 1,0 1,5

Fig. 3. Dependence of the main magnetic flux
on the magnetizing current

Lz, 1.0

0.5
¥(x)

Tp,I-10.

—03 0.5 1 1.5 2

Fig. 4. Dependence of the main inductance
on the magnetizing current

This dependence can be described by polynomial functions of even
degrees. The value of the inductance of the magnetization branch without
taking into account the effect of saturation is given in the reference
literature®, or can be approximately determined by the results of the
idling experiment®’. Determining the coefficients of the polynomial

% Ouenka HeTMHEHHOCTH HHAYKTHBHOCTH KATYIIKH CO CTATBIO JHEPTETHICCKHM
metogoM / B.A. Oraps. Becmnux KpI'TIV. 2004. Bem. 2/2004 (25). C.78-84.
Bemenesckuit C.H. XapaktepucTuku [gBUTaTeNel B 3IEKTPOIPHUBOJE.
W3n. 6-e, nctipaBnennoe. Mocksa : Oueprus, 1977. 431c.
" TOCT 7217-87 «Mammus! JJIEKTPUYECKUE Bpamarommecs. JlBurarenu
aCHHXpPOHHBIe. MeTO/IbI UCTIBITAHHID)
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dependence of the inductance on the magnitude of the magnetizing
current is an independent task. The equation from® was used for
modeling by the author.
Thus, in the equations to determine the flow coupling it is necessary
to write:
Y =L -L +L, (Io)'lz (2-13)
¥,=L -L,+L,(I)-L (2.14)

The block diagram of the modeling object, reflecting equations (2.11)
and (2.12), taking into account (2.13) and (2.14), is presented in fig. 5.

\ =T
t z 1w o 1 I
P 11(lo)

Lya(lo)

3
b EPrLIZ

Ly2(lo)

_ 1] m _
/ \ P ; La(Tp)
MRl

Fig. 5. Block diagram of an induction motor as a modeling object

All parameters in the electromechanical system — the voltage on the
magnetization branch, the stator and rotor currents are calculated taking
into account the saturation in the steel. Since the analysis of the SPC of
all signals in the time domain, it allows to take into account the
instantaneous values of currents and voltages, there is no need for
spectral analysis and compilation of equations for each harmonic. In
addition, such equations are actually a condensed form of recording all
three phases, and this makes it possible to take into account the
asymmetry of the supply voltage. The already mentioned system is, in
fact, a universal model that allows you to analyze processes in both
steady and transient modes (start, run, load change).

The analytical solution of the system of equations (2.11), (2.12) is
difficult and is associated with a number of essential assumptions®. In such

% Kerkman O, Russel J. Steady-State and Transient Analyses of an Induction
Machine with Saturation of the Magnetizing Branch. IEEE Transactions on Industry
Applications. 1985. Vol. 21. P. 226-234.
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cases, resort to known numerical methods, namely: Euler's method, modified
Euler's method and Runge-Kutta method of order IV*°, the essence of which
is to represent infinitesimal increments of the desired function f (t) by some
finite values and notation of equations in the form of Cauchy™. The simplest
of the numerical methods is the Euler method, which is also called the
broken method or the tangent method. In computational practice, this
method is rarely used due to low accuracy. But on his example it is
convenient to explain some concepts and ideas of construction and research
of numerical methods of solving the Cauchy problem*:

df(t) _ Y = Via , (215)

dt h

where h — is the integration step; yx and yy.; — are the integrated value on
the k™ and (k-1)" steps. As a result, the desired function takes the form:

Y =Y t %h’ (2.16)
using which according to its initial values, step by step determine the
array of the transition process.

Formula (2.16) is called the Euler formula, and the numerical method
for solving the Cauchy problem defined by formula (2.16) is called the
Euler method.

A modified Euler method can be obtained by applying the quadrature
formula

Xis1

Ay = | £ y(0)-dx
X

of a trapezoid to the approximate calculation of integrals:

Ay, = (1 YD+ £ +h Y(x +h)+OF). (27

¥ Ypanos-Cmonencknii  A.B. DnexkTpuyeckue MammHel. B 2-x  T.

Tom 1: YueOHuk amst By30B. 2-e¢ u3.., mepepadb. u jomn. Mocksa : M3narenscTBo
MD3BU, 2004. 656 c.

0 Boiiko JI.T. OCHOBM UHCENHHUX MeroaiB. HaBuayibHMii MOCIOHMK.
HuinponerpoBcbk : Bupasauureo IHY. 2009. 244 c.

o Bamapur A.B. INoctaukos 10.B. Ilpumeps! pacuera aBTOMAaTH3HPOBAHHOTO
anekTponpuBoga Ha OBM : ydebnoe mocobme miust By3oB. 3-e¢ m3n. JlemmHrpan:
Oueproaromusar, Jlennnrpanckoe ora-aue. 1990. 210 c.

4 PBoitko JL.T. OCHOBH YHCETBHHX MmeTomiB. HaBuanpHuii MOCIOHHK.
JuinponerpoBerk : Bunapnunrso JJHY. 2009. 244 c.
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Rejecting the error in (2.17) O(#’), we arrive at an approximate
equation with respect to the desired value y,,, :

h
yi+l =yi+?(f(xiayi)+f(xi+l9yi+l))' (218)

Equation (2.18) is an example of an implicit one-step method because
it is not solved with respect to y, ,. But, if we use Euler's formula, then
within the accepted error O(4') the nonlinear equation (2.18) can be
linearized. This is done as follows. In the right part of formula (2.17) we
replace the value of y(x; + 4;) with such a development:

y(x,« + h,) = y(x,‘) + h,‘ : f(x,»,J’(xi)) + O(hlz) = y*(le) + O(h,‘z)s
where marked
y*(xnl) = y(xi) + hi 'f(xis y(xi))'

Then
Ly +h)) = f(x,,, 9 (x,,) + O)) = f(x,,,, ¥ (x,.,)) + O(h). (2.19)

Substituting (2.19) to (2.17), we arrive at two calculation formulas:

y:+l =V +hi 'f(X,-,y,-),

h . (2.20)
Yin =W+ El(f(xi’yi) + (X005 V01))

The local error of formulas (2.20) is O(4), ie, an order of magnitude
smaller than in Euler's formula. Calculation formulas (2.20) are a
modification of Euler's formula.

As is known™®, the solution of the system of equations can be carried
out using the Runge-Kutta method of the IV order, which has the highest
accuracy of calculation.

Suppose we need to find a solution to the Cauchy problem (2.11),
(2.12). For this purpose on the set segment [a,b]. we fix points

=X, i=0,n-1 . We will look
for the value of the function y(x) at these points, using the calculation

X,i= 0,7 with a variable step h =X

formula y(x;,,,) = y(x;)+Ay,,i =0,n—1. Consider a separate segment

4 o . - .
% PBoiiko JLT. OCHOBH YHCENHHUX MmeToniB. HaBuanpHuii MOCIOHHK.

JHuinponerpoBerk : Bunasnunrso JJHY. 2009. 244 c.
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[x,,x.,,], assuming that the value of y(x;) is known, and look for an
increment Ay, = x]:l f(x,y(x)) - dx.

For an app)rCloximate calculation of the increment of the
Ay, = x]ﬂ f(x,y(x))-dx. function, let's introduce three sets of

parameters for consideration:

Oy Olyy ey Oy 5 (2.21)
Bios
BZO’[?ZI’ (222)
Bq()’ Bql’ ety Bq,qfl;
0 IZ N (2.23)
Using the parameters (2.21), (2.22) make the values:
¢0 = hl ' f(xivyi)a

O =h - f(x +oy R,y + By b)),
Oy =h - f(x; + 0y Ry Y+ By b + By ), (2.24)

ey

q-1
¢q :hi 'f(xi +aq 'hﬂyi +2qu ¢m)
m=0

Now we write a linear combination of quantities (2.24) with
coefficients (2.23):

q
ZA/' 9. (2.25)
Jj=0

The linear combination (2.25) will be analogous to the quadrature

sum for calculating the integral Ay, = j f(x,y(x))-dx, that is, the

increase in Ay, function. Parameters (2.21), (2.22), (2.23) are chosen so
that (2.25) approximates the increment of the Ay, function as accurately
as possible. To do this, the approximation error, ie the value of
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q
r,(h)=Ay,~-> A, -4, as a function of step &, we develop in the

j=0
Taylor series in the vicinity of the value of B, =0:

r(h)_r(0)+l"i;,(0)+2"rq(0)+ 4 r<k>(0)+(k 1),r<k+l>(eh) 0<o0<1.(2.26)

If the parameters (2.21), (2.22), (2.23) can be chosen so that the
conditions for the development of (2.26) are met
r,(0) =0,
r,(0) =0,
(2.27)
r(0) =0,
0 (0) # 0,

then the error r,(#,) will be the same order of magnitude as #‘*', ie

hk+19
r,(h )—(k D1 r“eh),0<0<1. (2.28)

The number k will be called the order (degree) of accuracy of the
Runge-Kutta method. The local error is determined by formula (2.28),
and the calculation formula takes the form:

q
Via =Y+ A0, (2.29)
=

Fixing the number g, we have a specific variant of the Runge-Kutta
method.

In the case of q = 3, the system of constraints on the choice of the
parameters (a), (B), and (A) of the computational rules of the Runge-
Kutta type of the fourth order of accuracy can be reduced to

A+ A+ A+ A =1, Aa,+ Ao, + Aa, :%,
1

1
2 2 3 3 3 3 _
Ao + Ao + Ao, = 3 Ao + Ao + Ao = 1

1

5

1
g’

AByoy + APy + Ao, =

ARy + AiByonay + AiByou0, =
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1
A2B21a12 + A3B310°12 + A}Bna; = 12
1

AByByay = 24’

The variables of the state of the object being modeled in this case are

the speed of the induction motor, as well as the space-time complexes of

the flux couplings of the stator and rotor. The electromagnetic moment
of the AM relative to space-time complexes is expressed as follows:

M = % p.L, ImIL,), (2.31)

Finally, the desired system must be supplemented by the basic

equation of dynamics:
do,

o (2.32)

where M_— static moment; J— the moment of inertia of the mechanical
part of the drive; p,— number of pole pairs.

Thus, in this section of the author's analysis of existing models of
induction motors, which are described in the literature and developed a
simulation mathematical analogue of AM, which allows to determine the
energy performance of the latter with an arbitrary change in time quality
of electricity. The author improved the model by adding a unit that takes
into account the saturation of the magnetic circuit, by using the
dependence of the main mutual inductance on the magnitude of the
magnetizing current.

M-M, =]

3. Examples of calculations on the developed model of the induction
motor working in the conditions of low-quality electric power
by means of various methods of numerical integration. search for
optimal values of the harmonic spectrum of the input voltage
according to a given criterion

3.1. Block diagram of the developed combined simulation model
of an induction motor
The software implementation of the proposed model of BP, operating
under conditions of low-quality power supply, developed in the software
product Mathcad 14 is presented in addition A. It is tested by describing
the process of starting, sketching the load and the set mode of the motor
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type MTKH 112-6 with a capacity of 5.3 kW, characterized by the
following values: U;,=380V, n,=875 rpm, J=0,08 kg:m?, R,=1,61 Q,
R,=2,19 Q, R¢=6,2 Q, L,,=0,00362 H, L,,=0,00365H, L;,=0,294 H*.
As a power supply, first an ideal three-phase voltage was used, and then
an asymmetric non-sinusoidal voltage corresponding to the actually fixed
one, the indicators of which are presented in table 1.

Hodographs of the SPC of these voltages are presented in fig. 6, show
that asymmetric, non-sinusoidal power supply determines its complex shape.

Table 1
Supply voltage quality indicators

Phase voltage

deviation. % Coefficients of harmonic components, %

A B C 2 3 4 5 6 7 8 9 10

1121188110 )58|083|1,69]0,03|278)0,03]0,08]023]0,04

Fig. 6. Hodograph of the space-time supply voltage complex:
a) ideal; b) asymmetric non-sinusoidal

Fig. 7 shows the obtained graphs of transients (start, sketch of the
rated load) at ideal and curved voltage.

4 Kuznetsova Ye., Kuznetsov V., Tryputen M., Kuznetsova A.,

Tryputen M., Babyak M. Development and Verification of Dynamic
Electromagnetic Model of Asynchronous Motor Operating in Terms of Poor-Quality
Electric Power. Proceedings of the International Conference on Modern Electrical
and Energy Systems, MEES 2019. pp. 350-353. DOI: 10.1109/MEES.2019.8896598.

292



https://ieeexplore.ieee.org/author/37086546889
https://ieeexplore.ieee.org/author/37086544714
https://ieeexplore.ieee.org/author/37087090466
https://ieeexplore.ieee.org/author/37086914973
https://ieeexplore.ieee.org/author/37087090874
https://ieeexplore.ieee.org/author/37087090044

M*50, Hm
w, o6/ xe

1.5

1.1251

7.5

3750y M50, Hum.
|——w, 06/ xa
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a)
M*50, Hm
w, 06/ xs
1.5x10
lxl[lq
5x0
I
t,
0 1 R B M*50, Hm 5 ©
—w, o6/ xa

- 5x10
b)

Fig. 7. The moment and speed of the BP during start-up
and nakida load at ideal:
(a) and asymmetric non-sinusoidal (b) voltage

The hodograph of the torque of the induction motor during one
revolution has the form shown in fig. 8.

a)

Fig. 8. Hodograph of the moment of BP with ideal:
(a) and poor (b) power supply in the set mode
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Here, the resulting stator and rotor currents are used to calculate the
energy parameters. In this case, the electrical losses are calculated by the
known expressions of Joule — Lenz*. Obtained in this example, the
instantaneous values of these currents in the set mode have the form
shown in fig. 9.

Istat , Irot | &
40|

20|

L ISOOOOOOS

196 1.98 2 202 204

Istat , Irot , &
a0

20

- POOOOOCS

1.96 198 2 202 204

t.c

Fig. 9. Stator and rotor currents at ideal:
(a) and poor (b) power supply in the set mode

As is known, in motors with a nominal voltage of 0.4 kV,
approximately half of all losses are losses in steel. In high-voltage
motors (for example, 6 kV) the share of losses in steel reaches 75% due
to the small share of electric.

Losses in the steel of an induction motor are, as a rule, according to
empirical formulas*® which include voltage, incl. harmonic components,
frequency to some extent, etc. There is a known inaccuracy of this
approach, especially in the case of distorted power supply or voltage
other than the nominal. Therefore, the model pre-calculates the
magnetizing current:

lo = L + !2 ) (3-1)
and only then the specified losses are calculated:
Po=|L,[ R, (3.2)

where Rq — active resistance of the magnetization branch.

The block diagram of the developed model of the induction motor is
presented in fig. 10. It allows to estimate the considered energy parameters
of the induction motor in any mode, at any form of supply voltage.

*® YBanos-CmMoneHckmii A.B. Onexrpudeckrie MammHbL B 2-x 1. Tom 1 : YueOHUK
JUTSL BY30B. 2-€ U311, iepepal. u nor. Mocksa : MznatensctBo MDY, 2004. 656 c.

*® Vpanos-Cmonenckuit A.B. Onexrprdaeckre Manmesl. B 2-x T. Tom 1 : yqeOHmK
IUTs BY30B. 2-€ U311, iepepad. u nor. Mocksa : M3natensctBo MDU, 2004. 656 c.
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of the supply voltage

4
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phase voltage calculation

UA(t)=ZUAk -sin(k-mtJrcbk)
e

Cal of the
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15 8=U,I, +U,l, +U.,
N

1
1 :EZ(U.-\I:I:\S: +Unlg +Ugly)
=

Q=ys* P/
P, =M o,

& _ |max(U ap = Ut )

P. P, KKIL,
n=fz;c05¢=§‘

Calculation of stator currents, rotor,
magnetizing current,
asynchronous motor torque

sl interim results

Calculation of component losses:
losses in the rotor copper, electric
losses in the rotor, losses in steel

calculation of energy parameters
from the supply network: active

power, reactive power, apparent
power, efficiency

cos @

Caleulation of voltage

AU,g
Usionr

deviation for
each phase

Spectral stress analysis. Fourier

18
AL :%Z[Yﬂ -cos(m-m-nh)-h]
n
B, = %Z[Y" -sin(m-m»nh)-h]
n

Cp =A% +B},

expansion in discrete form (m is
the current number of the harmonic
component; h is the discretization

step)




Calculation of non-sinusoidality indicators:
distortion coefficient

and harmonic component coefficients

U, :%(EAB +Upco + QCAO‘Z)

U, =%(QAB +QBCOt2 tUcpt )

Calculation of the svmmetrical components
of the supply voltage

21
[Us] o o
K"U = =100 Determination of asymmetry indicators -
- U HOM calcnlation of reverse

| ‘ and zero sequence coefficients

Koy =——2-100
HoM

22 Display of caleulation

results on the screen

Q 3 END )

Fig. 10. Block diagram of the developed combined
simulation model of AM

In block 11 fig. 10 implemented an algorithm for solving a system of
first-order differential equations describing the operation of an induction
motor by the Euler method. A fragment of the software implementation
of this block is presented in fig. 11.
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Transient Modeling

Simulation time Simtime = 4
Discretization step h = 0.00001
Number of points N:= m —4x10°
Functions Describing an Asynchronous Motor
U X = U(Xp) Voltage functions
LX) =ko-(Ly-X1-Lp- XE' Functions of currents from state variables
HX) =ko-(L1-Xa-Ljy- le
X =L(X) + LX)
M(X) = -3: “Pr- Iml)?l . II(X)) Asynchronous motor
2 moment
tp=1 Mo=1-My,, =57.841
Me(X)= |0 if Xp< t Functions of resistance moment
M, otherwise
State variable matrix Initial conditions
1
U(X) -1j(X) - Ry - Ip(X) -Rg 0
0
STATE(X) = | -p(X) - Ry - Ig(X) - Ro+j -0, - X3+ X Xn= 0
M(X) - Mc(X) 0
. Im
Simulation cycle
TRANS = y@ « Xn
for kel.N
y(k) « y&-l) + STATE{y&'l)) -h
yT
k=0.N
t= TRA.\’S@ Ul = 'TRA‘\'S(I) 2= 'l'RA.\?SQ) Speed = 'l'RJ\.\'S(3>

Io= (L W=l 0% do L o= (L ¥2-Lpy- Wl o Jy =Ty T

Fig. 11. A fragment of the software implementation of solving a system
of differential equations by Euler's method
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Here is block 11 fig. 10 with the implementation of the algorithm for
solving a system of first-order differential equations describing the
operation of an induction motor by a modified Euler method. A fragment
of the software implementation of this block is presented in fig. 12.

State variable matrix
1

Initial conditions

Up(X) -L)(X) - Ry - h(X) - Ry E
STATE(X) = | -Ip(X) - Ry - Tg(X) - Rp+j - p, - X3- X3 =1
M(X) — Me(X) 0

Jm

Simulation cycle

RaNs = |y < xa

for ke 0..N
y(“*‘) - y(k) + '5’ . [srATEly@) + STA'rE((y(l") +h- STA'I'E[yG:)Hﬂ
T

¥

Fig. 12. Fragment of the software implementation of the solution
of the system of differential equations by the modified Euler method

State variable matrix Initial conditions

|

1
U3 (%) - (%) - Ry - Ip(X) - Ry
STATE(X) = | -Iy(X) - Ry~ Ip(X) - Ry +j - p; - X3- X2 Xn=
M(X) - Me(X) I\

Jm

(

o o o o

a=0 b=10
Simulation cycle

(@ xan)
for ke0.N-1

TRANS =

a1 < sTately®

o)
-2

® hq)

q3 « STATE|

qd « STATE| ¥

y(k'v‘_y@’h,[q q";E-qJ-tH]

I
¥

Fig. 13. Fragment of the software implementation of the solution of the
system of differential equations by the method of Runge-Kutta IV order
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Here is block 11 fig. 7 with the implementation of the algorithm for
solving the system of first-order differential equations describing the
operation of an induction motor by the Runge-Kutta method of the
IV order. A fragment of the software implementation of this block is
presented in fig. 13.

Table 2 shows the results of a drawing of energy indicators for an
asynchronous motor type MTKH 112-6 with a need for 5.3 kW with
unbalanced non-sinusoidal energization, with the help of the numerical
methods of the Integrated method, the method of the Euler method of
method. For an hour of modeling for the next program, Crock Integrated
adding h=1 - 10”. The number of sampled points accumulated N =4 - 10°.

Table 2
Energy indicators of asynchronous dvigun
type MTKH 112-6 power 5.3kW

Power supply is non-sinusoidal,
asymmetric
. Runge -
. Units of .
Indicators measurement Euler's Modified Kutta
method Euler method of
method the IV
order
Electrical losses in Watt 827,744 834,715 848,379
the stator
Electrical losses in Watt 874,06 884,35 899,489
the rotor
E'ec”'csi‘égfsses n Watt 83,092 83,424 83317
Total losses Watt 1,7849-10° 1,8025-10° | 1,8312:10°
Power on the Watt 522510 | 5331-10° | 5331-10°
motor shaft
Efficiency % 0,745 0,747 0,744
Power factor Relative units 0.804 0,806 0,804
Supply voltage
reverse sequence % 2.205 2,205 2,205
coefficient
Coefficient of
Cl_Jrvatu_re of the % 6,37 6,107 6.37
sinusoid of the
supply voltage
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3.2. Search for optimal values of the harmonic spectrum of the input
voltage by a given criterion nay — max with given restrictions on
the amplitudes of the harmonic components of the input voltage

As is known®” | at a sinusoidal supply voltage the direction and speed
of rotation of the magnetizing forces of the stator and rotor coincide. In
the presence of higher harmonics of direct phase alternation (4th, 7th,
10th, 13th, ...) the harmonic components of the stator field rotate in the
same direction as the main harmonic component, with speeds less than
the speed of the main harmonics respectively in 4, 7, 10, 13, ... times.
From the moment of start to the moment when the speeds of the
harmonic components of the stator field become equal to the rotor speed,
these harmonics create moments acting according to the moment of the
main harmonic, and from the moment when their speeds become greater
than the rotor speed — create moments , which are directed against the
moment of the fundamental harmonic. The harmonic components of the
stator field of the reverse phase alternation (2nd, 5th, 8th, 11th, ...) rotate
in the opposite direction with a speed less than the speed of the
fundamental harmonic, respectively, in 2, 5, 8, 11,. .. times. They create
moments that are always directed against the moment of the main
harmonic.

According to the method*®, we search for the optimal values of the
harmonic spectrum of the input voltage according to the given criterion
Nam — max under the given restrictions on the amplitudes of the
harmonic components of the input voltage. As harmonics of influence we
choose harmonics k = 2; 5; 8; 11; 14, because they cause the most
damage to the induction motor.

According to* |, the specified harmonic components of the supply
voltage have normally acceptable values, given in table 3.

a1 Byp6eno M.U., INapait A.B., Unpuyk }0.B. Maremaruueckoe MoenupoBaHie
aCHHXPOHHBIX JBUTraTeiell B MYCKOBBIX PEXKHMMAax B YCIOBHAX HECHHYCOWIAIBHOCTH
HanpspkeHus nutanus. Hayxoei npayi BHTY. 2011. Ne 1. C. 1-5.

8 I'pebennukoBa, M.B. Metogsl ontummsanuu : ydeOHOe TOcoOme
Exarepunbypr : Yp®V, 2017. 148 c.

* TOCT 13109-97 Dmexrpudeckas sHeprus. COBMECTHMOCT TEXHHUECKHX
CpeACTB 3eKTpoMarHuTHas. HopMbI KauecTBa JIEKTPUIECKON SHEPIHU B CHCTEMAx
anekTpocHabkeHuss — obutero  HasHadeHus. URL @ http://docs.cntd.ru/
document/1200006034 (nata 3sepuenns: 01.05.2020).

301



Table 3

Normally acceptable values of the harmonic components
of the supply voltage

Ne harmonic component 2 5 8 1 14
of supply voltage
Normally a valid value, % 0...2 0...6 0...0,5 0...3,5 0...0,2

Using a program that implements the Runge-Kutta method of
order 1V, we will search for the optimal values of the efficiency of an
induction motor with given restrictions on the amplitudes of the
harmonic components of the input voltage for .normally acceptable
values. During the simulation using the program, the integration step was
h=1-10". The number of processed points was N = 4 - 10°. The results
of the calculations are shown in table 4.

Table 4

The value of the efficiency of the AM at the specified limits
on the amplitude of the harmonic components of the input voltage
for the normally acceptable values

iter;‘_;ons Kue,% | Kye),% | Kye,% | Kyay,% | Kyas,% n

1 2 3 4 5 7 8

1 0 0 0 0 0 0,7468
2 0.04 0.12 0.01 0.07 0.004 0,7468
3 0.08 0.24 0.02 0.14 0.008 0,7467
4 0.12 0.36 0.03 0.21 0.012 0,7467
5 0.16 0.48 0.04 0.28 0.016 0,7467
6 0.2 0.6 0.05 0.35 0.02 0,7466
7 0.24 0.72 0.06 0.42 0.024 0,7466
8 0.28 0.84 0.07 0.49 0.028 0,7466
9 0.32 0.96 0.08 0.56 0.032 0,7465
10 0.36 1.08 0.09 0.63 0.036 0,7465
11 0.4 1.2 0.1 0.7 0.04 0,7465
12 0.44 1.32 0.11 0.77 0.044 0,7464
13 0.48 1.44 0.12 0.84 0.048 0,7464
14 0.52 1.56 0.13 0.91 0.052 0,7463
15 0.56 1.68 0.14 0.98 0.056 0,7463
16 0.6 1.8 0.15 1.05 0.06 0,7463
17 0.64 1.92 0.16 1.12 0.064 0,7462
18 0.68 2.04 0.17 1.19 0.068 0,7461
19 0.72 2.16 0.18 1.26 0.072 0,7461
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Continuation Table 4

1 2 3 4 5 6 7
20 0.76 2.28 0.19 1.33 0.076 0.7457
21 0.8 2.4 0.2 1.4 0.08 0.7457
22 0.84 2.52 0.21 1.47 0.084 0.7457
23 0.88 2.64 0.22 1.54 0.088 0.7457
24 0.92 2.76 0.23 1.61 0.092 0.7455
25 0.96 2.88 0.24 1.68 0.096 0.7455
26 1 3 0.25 1.75 0.1 0.7455
27 1.04 3.12 0.26 1.82 0.104 0.7455
28 1.08 3.24 0.27 1.89 0.108 0.7455
29 1.12 3.36 0.28 1.96 0.112 0.7454
30 1.16 3.48 0.29 2.03 0.116 0,7454
31 1.2 3.6 0.3 2.1 0.12 0,7454
32 1.24 3.72 0.31 2.17 0.124 0,7454
33 1.28 3.84 0.32 2.24 0.128 0,7453
34 1.32 3.96 0.33 2.31 0.132 0,7453
35 1.36 4.08 0.34 2.38 0.136 0,7453
36 1.4 4.2 0.35 2.45 0.14 0,7452
37 1.44 4.32 0.36 2.52 0.144 0,7452
38 1.48 4.44 0.37 2.59 0.148 0,7448
39 1.52 4.56 0.38 2.66 0.152 0,7448
40 1.56 4.68 0.39 2.73 0.156 0,7448
41 1.6 4.8 0.4 2.8 0.16 0,7447
42 1.64 4.92 0.41 2.87 0.164 0,7446
43 1.68 5.04 0.42 2.94 0.168 0,7444
44 1.72 5.16 0.43 3.01 0.172 0,7444
45 1.76 5.28 0.44 3.08 0.176 0,7444
46 1.8 5.4 0.45 3.15 0.18 0,7443
47 1.84 5.52 0.46 3.22 0.184 0,7443
48 1.88 5.64 0.47 3.29 0.188 0,7442
49 1.92 5.76 0.48 3.36 0.192 0,7442
50 1.96 5.88 0.49 3.43 0.196 0,7437

According to the obtained calculations, the maximum value of the
efficiency at the given restrictions on the amplitudes of the harmonic
components of the input voltage for .normally acceptable values

corresponds to the first step of the iteration, where n = 0.7468.
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According to®°, the specified harmonic components of the supply
voltage also have the maximum allowable values given in table 5.

Table 5

Maximum allowable values of the harmonic components

of the supply voltage
Ne harmonic
component of supply 2 5 8 11 14
voltage
Normally a valid
value, % 2.3 .9 0,5...0,75 | 3,5...525 | 0,2...0,3

Using a program that implements the Runge — Kutta method of order
IV, we will search for the optimal values of the efficiency of an
induction motor with given restrictions on the amplitudes of the
harmonic components of the input voltage at the maximum allowable
values. The results of the calculations are shown in table 6.

Table 6

The value of the efficiency of the AM at the specified limits
on the amplitude of the harmonic components of the input voltage
for the maximum allowable values

o K K K

itergions Kuay %0 | Kug), % (;J/(()B)a g/(;l)l ;};4)’ L
1 2 3 4 5 6 7
1 2 6 0,5 3,5 0,2 0,7435
2 2,04 6,12 0,51 3,57 0,204 0,7435
3 2,08 6,24 0,52 3,64 0,208 0,7435
4 2,12 6,36 0,53 3,71 0,212 0,7433
5 2,16 6,48 0,54 3,78 0,216 0,7433
6 2,2 6,6 0,55 3,85 0,22 0,7433
7 2,24 6,72 0,56 3,92 0,224 0,7432
8 2,28 6,84 0,57 3,99 0,228 0,7431
9 2,32 6,96 0,58 4,06 0,232 0,7426
10 2,36 7,08 0,59 4,13 0,236 0,7425
11 2,4 7,2 0,6 4,2 0,24 0,7425

% TOCT 13109-97 Dmexrpudeckas sHeprus. COBMECTHMOCT TEXHHUECKHX
CpencTB dIeKTpoMarHuTHas. HopMbl KaduecTBa 3JEKTPUUECKOIl SHEPTHU B CHCTEMax
9NEKTPOCHAOKEHHS
document/1200006034 (nata 3sepuenns: 01.05.2020).
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Continuation Table 6

1 2 3 4 5 6 7

12 2,44 7,32 0,61 4,27 0,244 0,7424
13 2,48 7,44 0,62 4,34 0,248 0,7424
14 2,52 7,56 0,63 4,41 0,252 0,7423
15 2,56 7,68 0,64 4,48 0,256 0,7423
16 2,6 78 0,65 4,55 0,26 0,7422
17 2,64 7,92 0,66 4,62 0,264 0,7422
18 2,68 8,04 0,67 4,69 0,268 0,7421
19 2,72 8,16 0,68 4,76 0,272 0,7415
20 2,76 8,28 0,69 4,83 0,276 0,7413
21 2,8 8,4 0,7 4,9 0,28 0,7413
22 2,84 8,52 0,71 4,97 0,284 0,7412
23 2,88 8,64 0,72 5,04 0,288 0,7411
24 2,92 8,76 0,73 511 0,292 0,7398
25 2,96 8,88 0,74 5,18 0,296 0,7397

According to the obtained calculations, the maximum value of the
efficiency at the given restrictions on the amplitudes of the harmonic
components of the input voltage for the maximum allowable values
corresponds to the first step of the iteration, where n = 0.7435.

CONCLUSIONS

1. On the basis of existing literature sources were analyzed known
mathematical models of induction motor with short-circuited rotor and
their scope, identified their advantages and disadvantages. Studies have
shown that the only model that takes into account all indicators of
electricity quality (IEQ) at once, which would assess the energy
efficiency of an electric machine, has not been found and the most
flexible and universal option is to directly integrate differential equations
describing AM.

2. The universal model of the induction motor developed by us allows
to analyze static and dynamic processes in electromechanical system at
non-sinusoidal and asymmetric pressure.

3. Approbation of the developed model by describing the start-up
process, load sketch and set mode of the engine type MTKH 112-6 with
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a capacity of 5.3 kW using various methods of numerical integration
proved that the most accurate calculation gives the Runge-Kutta method
of the fourth order.

4. Studies conducted by the method of partial search on the
synthesized mathematical analogue of an induction motor showed that
the maximum value of the efficiency of an induction motor operating in
a network with low-quality electricity is observed at minimum values of
harmonic components in the case of normally allowable and maximum
allowable values.

SUMMARY

It is well known that the negative impact of electricity with low
quality on the performance of electric receivers. This is especially true of
industrial electric drive systems, as its reliability and efficiency largely
determine the technical and economic performance of many industries.
In industrial conditions, the harmonious composition of the supply
voltage and its symmetry depend on the modes of operation of powerful
consumers, which have a negative impact on the electrical networks of
enterprises, namely: rolling mills with thyristor converters, arc furnaces,
galvanic baths and more. Scientific research shows that currently the
indicators of electricity quality in enterprises, as a rule, do not meet the
requirements. And this leads to an increase in the insulation temperature
of the motors, and as a consequence, to a decrease in reliability and
reduce their service life.

The aim of the monograph section is the synthesis of a mathematical
analogue of an induction motor, which allows the company's staff to
quickly assess the energy performance of an electromechanical converter
operating in a network with low-quality electricity.

Research methods. In solving the research problems, probability
theory, mathematical statistics, the theory of differential calculus,
numerical integration, fundamental provisions of electrical engineering
were used to compile mathematical models of an induction motor, and
numerical optimization methods.
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