32 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro noiTexHiyHOro yHiBepcutety, 2022. Bur. 2(66) ISSN 2223-3814 (online)

UDC 62-83:621.313.333

A. Boiko, DSc., Prof.,
O. Besarab, PhD, Assoc. Prof.,
V. Plis

Odessa Polytechnic National University, 1 Shevchenko Ave., Odessa, Ukraine, 65044; e-mail: valeriy_plis@yahoo.com

PECULIARITIES OF MATHEMATICAL MODELING
OF AN INDUCTION MOTOR TAKING INTO ACCOUNT
ITS NONLINEARITIES

A. Boiixo, O. becapa6, B. IInic. Oco80JUBOCTI MATEMATUYHOI0 MOJIe/II0BAHHS ACHHXPOHHOIO JABHIYHA 3 ypaxXyBaHHSIM iioro
HeuiHiliHOCTeii. BukoHaHo BUOIp MaTeMaTHYHOroO OMMCY aCHHXPOHHOTO JBUIYHA. 3alPONOHOBAHO MOJICIIOBAHHS aCHHXPOHHOT'O JIBUTYHA B
TpudasHUX NPUPoAHHX ocsX A, B, C 3 ypaxyBaHHSAM HEIiHIHHOCTI MapaMeTpiB aCHHXPOHHOT'O JIBUTYHA. MeTa JIOCiIiKeHHS CIIPIMOBaHa Ha
TiJBUIIEHHS BIAMOBIAHOCTI MOJIEINi aCHHXPOHHOTO JIBUTYHA PEajJbHOMY JIBUI'YHY 32 PaXyHOK ypaxyBaHHS HENiHIMHOCTEil oro mapamerpis.
MarematiiHa MoJielb, OTPUMAHA 3 YpaxyBaHHAM IIPUITYLIEHb Ta ifealisanii, ABise coOO0 cHcTeMy AM(epeHliaIbHuX, aaredpaidHuX Ta
JIOTIYHHX PiBHSHb, 10 BiJOOPaXXatOTh YMOBH €JIEKTPHYIHOI Ta MEXaHIYHOI PIBHOBArU T4 YMOBH €JICKTPOMEXaHIYHOTO NIEPETBOPEHHS CHEpril.
PiBHSHHS €leKTPUYHOT pIBHOBArM CKIa/ieHi 3a 3akoHamu Kipxroda ta piBHSHHAME MakcBelia, a MEXaHiYHOTO — 3a piBHsAHHAME Jlanambepa
Ta Jlarpanxa. B sKoCTi 3MiHHUX CTaHy BUKOPHCTOBYIOThCS NOTOKO3YEIUIEHHS CTAaTOpa Ta POTOpA, IO BU3HAYAIOTHCS HA KOXHOMY KpOLi
YHCENBHOTO iHTerpyBaHHs. JIJIsi aJleKBaTHOCTI MOZENi NMPH PO3paxyHKax O00OB’A3KOBO HEOOXiZHO BpaxyBaTh HemiHiiHocTi AJl — edexru
BUTICHEHHS CTPyMY 1 HACHUCHHS MAIllMHU, BTPATH Yy CTali, 3MiHy po0o4oi Temriepatypu. Bubip HenmiHiitHOCTI mapameTpa, 10 BPaXOBYEThCS,
a TaKOX METOJMKH YpaxyBaHHs iHJIMBIlyallbHi i BU3HAYAIOTBCS CKIIA/IHICTIO 3aB/aHb, SKi CTAaBIATHCS Iepesl MoJesLTo. [IoBHOTA ypaxyBaHHS
HeniHiitHOCTel mapamerpiB AJ] BH3HauaeThcs BEUMOTaMH JI0 TOYHOCTI JOCTIZKEHHs Ta 00OB’A3KOBO Iependadae ypaxyBaHHS HaHOiIbII
BIUIMBOBUX Ha p00O0Ui XapaKTEPUCTUKH MAIINHH.

Kniouosi cnosa: acMHXpOHHHMIT IBUTYH, MaTEMaTUYHA MOJIENTb, HACHUeHHs AJl, BUTICHEHHS CTpyMy, HeiHiHICTh apameTpiB AJ]

A. Boiko, O. Besarab, V. Plis. Peculiarities of mathematical modeling of an induction motor taking into account its
nonlinearities. The choice of the mathematical description of the induction motor has been made. Modeling of an induction motor in three-
phase natural axes A, B, C is proposed, taking into account the nonlinearity of the parameters of an induction motor. The purpose of the
study is aimed at improving the correspondence of the model of an induction motor to a real motor by taking into account the nonlinearities
of its parameters. The mathematical model, obtained taking into account assumptions and idealization, is a system of differential, algebraic
and logical equations that reflect the conditions of electrical and mechanical equilibrium and the conditions of electromechanical energy
conversion. The electrical equilibrium equations are compiled according to Kirchhoff’s laws and Maxwell’s equations, and the mechanical
ones — according to the d’Alembert and Lagrange equations. As state variables, the stator and rotor flux links are used, which are determined
at each step of numerical integration. For the adequacy of the model in the calculations, it is necessary to take into account a number of non-
linearities of the IM — the effect of current displacement and machine saturation, losses in steel, changes in operating temperature. The choice
of the parameter nonlinearity to be taken into account, as well as the accounting methods, are individual and are determined by the
complexity of the tasks that are set for the model. The completeness of taking into account the non-linear parameters of the IM is determined
by the requirements for the accuracy of the study and necessarily provides for taking into account the most influencing the performance of
the machine.

Keywords: induction motor, mathematical model, IM saturation, current displacement, non-linearity of IM parameters

Introduction

All known electrical machines, including induction ones, can be described on the basis of the
principles of a generalized machine. A generalized machine is an idealized non-equal-pole machine
with symmetrical concentrated three-phase windings on the stator and rotor.

The simplest mathematical description of an induction machine can be performed in two-phase
orthogonal coordinates. Known orthogonal coordinates: in axes rotating at arbitrary speed — u, v, 0,
with synchronous speed — x, y, 0, with rotor speed — d, g ,0 and stationary relative to the stator — u, v,
0. Application of one or another model is determined by the purpose and tasks of the research. The
description of any of them is based on replacing a real three-phase machine with an equivalent two-
phase model [1].

Thanks to the use of known semiconductor converters, the voltage applied to the stator windings
of the induction motor (IM) is non-sinusoidal. There are two fundamentally different approaches to
modeling IM with non-sinusoidal power supply. The first is based on decomposing the real voltage
form into harmonic components and presenting the motor as a multi-stator and multi-rotor machine,
each set of stator and rotor of which is powered by a certain voltage harmonic and has parameters cor-
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responding to this harmonic. The resulting moment is defined as the sum of individual components, tak-
ing into account the phase and direction of rotation of individual harmonics. In the second approach, it is
considered that IM has one set of windings to which a real non-sinusoidal voltage is applied. The second
approach is most often used to solve the tasks of electric drive (ED) research.

IM modeling in the natural three-phase axes A, B, C of a stationary coordinate system is more
difficult to perform, but has a number of useful qualities that are not characteristic of modeling in or-
thogonal coordinates. When describing the axes of three-phase coordinates, they are combined with
the magnetic axes of the phase winding of a real induction machine. In axes A, B, C, it is possible to
simulate the operation of IM when powered by an asymmetric voltage source, as well as a number of
emergency modes of IM. The completeness of consideration of the nonlinearities of IM parameters is
determined by the requirements for the accuracy of the study and necessarily involves taking into ac-
count the most influential on the working characteristics of the machine.

Analysis of recent research and publications

Much attention has been paid to IM modeling [1 - 12]. However, a complete description of model
algorithms is practically not found in the technical literature, which complicates the creation of soft-
ware developments. In addition, a significant problem is taking into account the nonlinearities of IM
parameters and semiconductor converters, which is necessary to fulfill the conditions of adequacy of
the model to real electrotechnical processes [2]. Researchers suggest taking into account the change in
active and reactive resistances due to the effects of current displacement and machine saturation, loss-
es in steel, and changes in operating temperature [3]. The choice of nonlinearity of the parameter that
is taken into account, as well as the methods of accounting, are individual and determined by the com-
plexity of the tasks that are presented to the model. Some sources claim that to solve most research
problems, it is enough to take into account the effects of saturation of the machine’s magnetic circuits
and current displacement [4].

Thermal calculation allows you to determine and optimize a number of parameters related to heat
generation and heat removal. In solving problems related to the distribution of heat in the engine, the
introduction of its thermal model helps. With its help, you can see the effect of the operating mode on
engine heating [5]. The presence and consideration in the model of additional components related to
heat exchange in the engine makes the model more accurate and more suitable for calculations. It is
also important that the thermal model take into account the mode of operation of the electric motor,
because the deviation of the main mode of operation from the nominal one will inevitably lelM to its
overheating.

To date, the literature describes both simple thermal models of asynchronous electric motors,
which give only an approximate idea of the heating of the motor, and very complex ones, where it is
necessary to know specific parameters that are often known only to manufacturing plants [6, 7]. The
basis of the simplest one-mass thermal model is the heat balance equation [8]. When building this
model, the following assumptions are made — the electric motor is represented as a homogeneous mass
with evenly distributed heat sources, with infinite internal thermal conductivity, with heat output pro-
portional to the difference in temperature between the motor and the environment.

The advantages of the single-mass model include its simplicity and reliability of estimating the
thermal state of the engine during its operation with constant power (losses in the engine AP and heat
flow in the engine are constant) and constant ambient temperature [9]. The advantage of multi-mass
models is the accurate prediction of the temperature at any point of the electric motor and the ability to
take into account the mutual influence of all machine elements on the thermal state [10].

Disadvantages of such models [11]:

— to calculate the state of the model, it is necessary to know the specific parameters of the electric
motors and complete data on the materials used (masses of copper, steel, etc.), which are usually
known only to the manufacturing plants;

— it is necessary to measure the temperature at various points of the engine with high accuracy us-
ing the installed temperature sensors;

—with a large number of components, it is very difficult to set the parameters of such a model
experimentally or by calculation in real time;

—solving the system of heat balance equations for each element of the asynchronous motor
scheme is a difficult task and takes quite a lot of time.
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The purpose of the work: to perform the synthesis of the universal mathematical model of IM
taking into account the nonlinearities of its parameters with the possibility of operation from semicon-
ductor converters.

Description of the mathematical model of IM

Both the model in real three-phase coordinates and the model reduced to two-phase coordinates
will be considered. The naturalness of the description and universality are important positive proper-
ties of the model in the natural three-phase axes A, B, C of the fixed coordinate system, which deter-
mines its choice for solving tasks of real work. Given that a real asynchronous motor is a complex of
three-dimensional electric and magnetic circuits containing various nonlinearities, it is impossible to
accurately describe it using Maxwell’s equations. When modeling, the following assumptions are most
acceptable: symmetry of the stator windings; symmetry of the rotor windings; sinusoidal distribution
of magnetic fields along a circle; uniformity of the air gap; mutual independence of saturation along
the scattering paths and through the main magnetic flux.

The stator and rotor flux linkages determined at each step of the numerical integration are chosen
as variable states, and the stator and rotor voltage balance equations IM have the form [1]:

ulAB = rll 1 lB + WIAB
1BC r:I. 1 1C + W].BC ! (1)
ulCA r;.IZI.A + r1|1C + WlCA

where u,,; U, U, — linear voltages on the IM stator; r, — active resistance of the stator; i,, i, i

stator phase currents; v, ., W,c, W,c, — linear flux linkages of the stator.

1ar igr i T

0= rzle ziza +\PZAB +}</§('02 (Wch _\Vch)
)

O_ rZIZB ZiZC +\iJZBC +}</_0‘)2(W2CA _WZAB)

0=- Gl t rz'zc +\1U2CA }{/7(0 (WzAB Wzsc)

where r, — active resistance of the rotor; i,,, i,, i,. — rotor phase currents; ., W, W, — linear
flow couplings of the rotor; , =, p — electrical angular speed of the rotor, rad/s; p— the number of
IM pole pairs.

In a three-phase system with an isolated neutral, the sum of phase and line voltages, currents and
flux linkages is zero. Therefore, the original differential equations of electrical balance for the stator
and rotor circuits have only two independent variables each and the system of equations itself has re-
dundancy. The calculation of the stator and rotor currents based on the original flux linkage equations
is difficult due to the high order of the algebraic equations. In addition, when using application pro-
grams for solving matrix equations, there are conditions under which the main determinant is zero.
This leads to division by zero and the impossibility of directly solving the system. But, given that:

W1A+WIB+\V1C:O}

2B "2C

: ®)

Vo, + W, W, =0
the equations of electrical balance of the stator and rotor can be written in a more compact and con-
venient form:

U, =L

hae = ha —hhg + \VlAB
=ri

1BC 1'1B 1 1C + WlBC

0= r2|2A ZIZB + “PZAB + }(/éwz (\Vch - “VZCA) ! (4)

u

0_ rZIZB ZiZC +\il2BC +}</§0‘)2 (WZCA _WZAB)

After calculating the two unknown flux linkages, the third linear flux linkage is determined based
on the expressions:
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Vien = _(WlAB + WlBC) } )

Vocs = _(\VzAB + WZBC) .
One of the numerical methods can perform the solution of the electrical balance equations sepa-
rately for each phase of the asynchronous machine or in the form of a system of equations. For soft-

ware implementation of a mathematical model, it is convenient to use the mathematical apparatus of
matrices:

v = Lxi, (6)
where y — column matrix of stator and rotor flux linkages; i — column matrix of stator and rotor cur-

rents; L is a square matrix of inductive coupling coefficients.
The column matrix of flow couplings looks like this:

v = ||1AB 1Wige 1 Wons Wosc ”, (7)

and the column of currents matrix:
i’ :”IlA’IlB’IlC’IZA’IZB'IZC ” (8)

Matrix of inductive coupling coefficients:
15L -15L 15M, -15M,
|15k, 3L 15M, 3M,
[15M, -15M, 15L, -15L,
1.5M, 3M, 1.5L, 3L,
where L,, L, are self-induction coefficients of the stator and rotor windings; M, is the coefficient of
mutual induction of the stator and IM rotor windings.
The coefficients of self-induction are determined by the parameters of the T-shaped substitution

scheme of the asynchronous machine. After solving the system of equations y = Lxi according to the
found currents iy, iss, i, 28, the stator and rotor currents of the IM third phase are found:

e =) } (10)
e = _(IZA + Izg)
In the analysis of asymmetric modes, the expression of the electromagnetic moment is used,
which takes into account the sum of the pairwise products of all IM currents [2]:

X, pL(i b, i i b+
M|M — p[( 1A"2C 1B"2A 1(2\/2_B) (lA 2B 1B"2C 1C ZA)]. (11)
.0)0

The IM model based on a two-phase generalized machine is based on the fact that a generalized
three-phase vector of any variable value can be decomposed into the projection of any coordinate sys-
tem rotating at an arbitrary speed. The simplest is the case with orthogonal coordinates.

A model of a generalized machine in vector form [1]:

(9)

LT1:R1'E+\¥‘1

0=R2':+‘T’2—jmrp‘¥’2

l?l:Ll.i_FMlZ _2 ) (12)
¥,=M,-i+L,-T,

oo

where U, T, P, are the generalized vectors of voltage, current and flux linkage of the stator; ¥, —the com-
plex conjugate vector of the stator flux coupling; i,, ¥,— generalized vectors of current and flux coupling
of the rotor; j is the 90° rotation operator in the orthogonal coordinate systems a-f3, d-g and x-y.
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From the model of the generalized machine when projecting the generalized vector on the axis of the coor-
dinates fixed relative to the stator [1], the IM model in the system of coordinates fixed relative to the stator o-3
is obtained:

¥, =U,_-i -R;
le _Ulﬁ im ‘R
‘P2a= i, R, o)rp‘PZB;
¥, ==y R, + 0, pY,,; (13)
i, L o0 M, O Y.,
Iy y 0 L 0 M, _ Yy |
I, M, O L, 0 v, |
[ o M, 0 L, ¥
@, = (L.5pM,, (i, -i, — i, -iZB)iMc)/JZ;
o, =,

where a, B are the indices of the projections of the variables on the axis of the same name; U,,, Uis—
voltage projections on the motor stator: U, =‘Ul‘cos(ao), Uy =‘Ul‘sin(a0); oy is the rotation angle

of the flow coupling vector; W¥,,, W1 — stator flux coupling; W5, ¥, — flux coupling of the rotor;
i, I, — stator and rotor currents.

la? IlB’ IZa’

The disadvantage of this model is that it is designed to supply IM from a symmetrical sinusoidal
voltage system. When feeding with asymmetric voltages, it is necessary to decompose the voltages
into forward, reverse, zero sequence voltages, and consider the moment on the IM shaft as the sum of
moments from each of these sequences. In addition, with a non-sinusoidal supply voltage for models
in the coordinate systems associated with the stator or rotor fields, d-g, x-y, it is necessary to decom-
pose the supply voltage into harmonic components. In addition, the moment on the IM shaft is consid-
ered as the sum of moments from each harmonic of the supply voltage, which naturally makes the cal-
culation many times more difficult.

Methods of taking nonlinearities of asynchronous motor parameters into account

When designing asynchronous machines to reduce the mass of 1M, the operating point of the
nominal mode is selected on the non-linear section of the magnetization characteristic. That is, the ma-
chine is saturated. The IM model should take into account the change in the inductive resistance of the
magnetization circuit in the entire range of changes in the magnetization current. Saturation can be
taken into account using curves that determine the dependence of the resistance of the magnetization
circuit on the magnetization current X, = f(l,). To determine these dependencies, it is necessary to use
experimental data. When modeling, it is convenient to apply the dependence of the change in the IM
magnetization circuit parameters on the magnetization current, presented in relative units. An example
of the results of the piecewise linear approximation of the dependence X“* = f(IH*) for IM of AMU
4...11 kKW series is presented in the Table 1.

Table 1

Results of piecewise linear approximation of the dependence XH* = f(IH*)

Range of change I, X,

0<1,°<0.5 1.35
05<1,<1.0 X =1.35-0.5(1'-0.5)
1.0<1,°<20 X =11-0.34(1" -1
20<1,<45 X =0.76-0.16(1; —2.0)
45<1,7<9.0 X' =0.36-0.04(1 —4.5)
9.0<1,/<17.0 X =0.2-0.01(1" -9.0)

1<, X =01
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In order to take into account the saturation by the IM main magnetic flux, it is necessary to de-
termine the new value of the resistance of the magnetization circuit using the current correction fac-
tor X,,:

X =X, X, (14)

where X, is the inductive resistance of the magnetization circuit without taking into account the satura-
tion effect.

The multiplicity of the magnetizing current is determined by the ratio of the current value of the
magnetizing current amplitude to the nominal value:

o
| = (15)

Nominal value of the magnetizing current:

lyom = non , 16
N RN Y

where U is the IM nominal voltage, V; X, X;, R; are the parameters of the IM, Ohm substitution
scheme.
The current value of the magnetizing current amplitude is determined at each step of the calcula-

tion:
2 2
|pmax=(2';““— I“Bgl“cj +('“BE“CJ , (17)

where 1,4, 1,5 and 1,¢ are the calculated magnetization currents of each phase of IM.

To take into account the saturation by scattering, it is possible to use the saturation coefficient
Ksar=X1sa/ X1nom, Which, in turn, depends on the value of the short-circuit current and can be specified in
graphical or tabular form.

One of the simplified, but quite effective methods of taking into account the effect of current dis-
placement in IM modeling is based on the use of rotor resistances in the short-circuit mode — Ry, Xy [2].
In the future, these parameters are refined depending on the current slip value. During operation of IM
in the field of nominal sliding, calculated resistances R,, X, corresponding to the nominal mode of op-
eration are used (index of resistance — n). The functional dependence of resistances from sliding in the
region between Ry and R, X, and X, is assumed to be linear.

During operation, the engine heats up due to the conversion of energy losses into heat. During its
operation, the electric motor can heat up only to a certain, permissible temperature, which is deter-
mined primarily by the heat resistance of the insulating materials used. Compliance with the estab-
lished limits on the permissible heating temperature ensures its standard service life of at least 20
years. Exceeding the permissible temperatures leads to the destruction of the insulation of the wind-
ings and shortens the life of the motor.

For motors, it is not the permissible temperature of the winding and other parts of the machine
that is regulated, but the permissible excess of the temperature of the winding above the ambient tem-
perature. Heating conditions of individual machine elements are different. Parts of the windings locat-
ed in the inner regions of the machine are subject to greater heating. The release of heat in different
operating modes is also uneven, and therefore the direction of heat flows inside the machine is not
constant. At idle, heat is transferred from the more heated steel of the engine to its windings, and in the
loaded state, the windings are more heated than the steel, and the direction of the heat flow is reversed
[12]. Because of the heterogeneity of the engine as a physical body, the exact consideration of thermal
processes in it turns out to be very difficult.

Thermal models have different degrees of detail. The simplest is the one-mass model, in which,
when analyzing the heating and cooling processes, the engine is usually taken to be a continuous ho-
mogeneous body with an infinitely large thermal conductivity. In addition, it is believed that the
amount of heat released into the environment is proportional to the temperature difference between the
engine and the cooling medium; the cooling medium has an infinitely large heat capacity, that is, its
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temperature does not change during engine heating; heat loss, engine heat capacity and heat transfer
coefficient are independent of engine temperature. In such a model, the heterogeneity of temperatures
between the housing and its individual parts is not taken into account, but the reference point for tem-
perature measurement is the part of the motor that is most prone to overheating, such is any of the sta-
tor windings.

The equation of the thermal balance of the engine at constant loIM has the form [13]:

Qdt=Atdt+Cdrt, (18)

where Q is the amount of heat (power loss in the engine) released by the engine per unit of time, J/s; A
— heat output of the engine — the amount of heat given by the engine to the cooling medium per unit of
time at a temperature difference of 1 °C, J/(s°C); t — the excess of the engine temperature above the
temperature of the cooling medium, °C, is equal to:

T =V, — U, (19)
where ven, v, are the temperature of the engine and the cooling medium, °C, respectively; C — the

heat capacity of the engine — the amount of heat required to raise the engine temperature by 1°C, J/°C.
Dividing the terms of equation (18) by Adt, we get:

Q_.,Ctdt (20)
A A dt
or
dr
+T —=1, 21
T nom dt Ty ( )

where T,om is the engine heating time constant — the nominal time during which the temperature rise
from ©=0 would reach the value set by 7, at Q = const and the absence of heat transfer to the cooling
medium, Trom=C/ A.

Solving equation (21):

t=1,(1- g !/Tom) 4 ¢ g~ rom | (22)

where 1, 1o are, respectively, the final (set) and initial value of the engine temperature exceeding the
ambient temperature:

1, =Q/A. (23)
If 1o=0, then (22) takes the form:
=1 (1-e ). (24)

In real conditions, as a result of the heat transfer of the engine during the time 7.,m, the engine
temperature will exceed the value t=0.6321,, which follows from (24), in which t= Ty

t=1,(1-e")=0.6321, . (25)

The actual heating curve is slightly different from the exponent. At the beginning of the heating
process, the engine temperature increases faster than according to the theoretical curve, and only start-
ing from t=(0.5...0.6), to T =1, the real curve approaches the exponential one.

In self-ventilated open engines of small and medium power, the time constant is about 1 hour, in
closed engines of high power — 3...4 hours. When the self-ventilated engine is turned off and stopped,
the cooling time constant T, turns out to be significantly greater than the heating Tnom. This is ex-
plained by the fact that when the self-ventilating engine stops, its heat output decreases. Coefficient of
deterioration of heat transfer with a stationary rotor:

By=d,/ 4, (26)

where A, A are the heat output, respectively, at a stationary engine and nominal angular speed. Ap-
proximate values of the coefficient 3, for engines of various designs [14] are given in the Table 2.

It is clear that the presence and consideration of additional components related to heat exchange in
the engine in the models makes the models more accurate and more suitable for calculations. However,
the main disadvantage is the need for information about the numerous coefficients that appear in the ma-
trices of heat capacities and thermal conductivities, so simplified models are often used in practice.
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Approximate values of the coefficient g

Table 2

Engine execution Bo
Closed with independent ventilation 1
Closed without forced cooling 0.95...0.98
Closed self-ventilated 0.45...0.55
Self-ventilated protected 0.25...0.35

Algorithm of IM model

The model of an induction electric motor is made on the basis of the models of all elements in-
cluded in its composition. The scheme of the IM simulation algorithm is presented in Fig. 1. The cal-
culation performed on the basis of the specified algorithm allows simulating the start-up and operating
mode of the established IM. This model can be used in known AC drives.

Currently, thyristor voltage converters are actively used as soft starter devices for high-power
electric motors with a supply voltage of up to 1 kV, as well as for high-voltage asynchronous and syn-
chronous motors with a voltage of 3, 6 and 10 kV. The operation of the model on the example of oper-

ation of IM from the thyristor voltage converter needs an explanation.

START

Input of initial data and
initial conditions

[}

| Datapreparation |
T

i
Formation of voltages of the power supply motor

Calculation of nonlinear parameters
of induction motor

Calculation of switching functions
FA, FB, FC, SF; Calculation of initial
conditions for the next mode of

|

Solution of the equation of motion
)

Output of results
¥
t>t
7 ves

Fig. 1. Scheme of the IM simulation algorithm
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1
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: @ e
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yes  TTTTTTTTTTmooomooos '
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IM model IM model IM model IM model
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|
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Thus, the input of output data requires the operator to assign all parameters of the thyristor voltage
converter blocks of induction motors to the appropriate conditions and operating mode. Mandatory for
the task are: initial electromagnetic conditions, engine parameters, total moment of inertia of the electric
drive, magnitude and nature of the loIM moment, control angle, time of the specified cycle, etc.

The output data is prepared, typical examples of which are the recalculation of the parameters of
induction motors from the L-shaped scheme to the T-shaped one, as well as the calculation of addi-
tional output data based on the input data. The formation of the three-phase voltage system is per-
formed on the basis of the power source model. Further work of the model involves taking into ac-
count the nonlinearities of the parameters of the induction motor and starting it by connecting it to the
power supply motor.

A dotted line on the diagram highlights the block of control of the initial conditions of inclusion.
Depending on the conditions for the formation of IM operation modes, the transition to three- or two-
phase models is carried out (logical-intellectual function SF, see Fig. 1). This causes the problem of
matching the final electromagnetic conditions of three-phase switching with the initial conditions of
the two-phase mode of operation of the induction motor. The transition is made under the condition of
changing the sign of the current, which at the previous step of the calculation, although close, is not
equal to zero, and at the next step, it is conditionally given a value equal to zero. The consequences of
such misalignment are expressed in the appearance of spikes in the moment curve, which distort its
real shape. In part, this problem can be solved by drastically reducing the integration step - h. Howev-
er, based on the condition of continuity of flux linkages of non-disconnected phases, at any transition
to the two-phase mode, it is necessary to find new values of the stator and rotor currents corresponding
to the new circuit configuration. The further calculation involves determining the current angles a of
the negative-torque voltage converters. After the calculation of the switching functions, the IM operat-
ing conditions should be fixed, which would be considered as the initial operating conditions for the
next calculation cycle. After solving one of the numerical methods of integration of the equation of
motion, the current value of the unknown function is presented in a form convenient for the operator.
After that, the calculation cycle is repeated. When the calculated time t reaches the specified value of
the cycle time t,, the simulation process is completed.

The results

Verification of the adequacy of the developed mathematical model for the studied IM was carried
out by comparing the results of simulation and experiment. The simulation results were performed for
an electric motor with a capacity of 1.5 to 500 kW. As a result, the simulation confirms that the
difference in the calculated data is within acceptable limits. The results of experimental and calculated
data for some modes of operation of IM with a capacity of 447 kW and a voltage of 6 kV are shown in
Fig. 2—7. The error in the currents does not exceed 5 %.
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Fig. 4. The calculated curve of the slip change of IM
with a capacity of 447 kW, a voltage of 6 kV
at idle start-up

s, %
80

60

40

20 W\LL\

0 Waunaly
0 1 s

Fig. 5. Experimental curve of the slip change of IM
with a capacity of 447 kW and a voltage of 6 kV
at idle start-up

A

i
Ut
l

04 08 12 16 20 24 ts

1 2 t, s

Fig. 6. Calculated curve of changes in the
instantaneous relative values of the phase voltage of
the IM stator winding with a power of 447 kW and
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Fig. 7. Experimental curve of the change in the phase
voltage of the IM stator winding with a power
of 447 kW and a voltage of 6 kV at idle

Conclusions

1. An improved mathematical model of an induction motor is proposed. The model uses the
author’s method of taking into account motor nonlinearities, in particular, the saturation of the
magnetic circuit along the main path and dissipation paths, the effect of current displacement, and the
main thermal nonlinearities.

2. The improved model, thanks to the use of natural three-phase axes A, B, C, a fixed coordinate
system, makes it possible to consider the features of IM operation with the possibility of power supply
from any known semiconductor converters.

3. The proposed model makes it possible to obtain results adequate to the electromechanical and
electromagnetic processes of a real engine and to carry out the necessary studies of static and dynamic
modes of operation of electromechanical systems. Differences between calculated and experimental
data do not exceed 6...11 %, in static modes, and 17...22 %, in dynamic modes.

4. When performing the following studies, further improvement of the model is expected by us-
ing a more complex thermal model of IM. This will allow detailed consideration of the effect of the
operating mode on engine heating, and the presence and consideration in the model of additional com-
ponents related to heat exchange in the engine will make it even more accurate.
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