UDC 621.313.33 doi: 10.20998/2074-272X.2021.2.02

V.S. Malyar, O.Ye. Hamola, V.S. Maday, 1.I. Vasylchyshyn

MATHEMATICAL MODELLING OF STARTING MODES OF INDUCTION MOTORS
WITH SQUIRREL-CAGE ROTOR

Purpose. Development of methods and algorithms for calculation of starting modes of the induction motors with the squirrel-cage
rotor. Methodology. Mathematical modelling of starting modes of asynchronous electric drives in various coordinate systems with
the use of numerical methods for solving boundary problems for systems of differential equations and nonlinear systems of final
equations and calculation with their use of static characteristics. Results. Methods and algorithms for numerical analysis of the
starting modes of asynchronous electric drive have been developed, which make it possible to calculate the static characteristics and
transients in fixed three-phase and orthogonal two-phase coordinate systems. Academic novelty. Known in the literature methods of
calculation of starting modes have in their basis classical equivalent circuits with different approximate methods of calculating the
parameters taking into account the saturation of a magnetic core and current displacement in a rotor winding. This approach
requires a special solution of the adequacy problem for each problem. The methods described in the article for the saturation
accounting use real magnetization characteristics of the main magnetic flux and leakage fluxes separately, and the skin effect
phenomenon is taken into account by representing the squirrel-cage rotor winding as multilayer. Such mathematical model of the
motor is universal and makes it possible to take into account the saturation and current displacement in any dynamic mode,
including the start-up process. Mathematical models developed on the basis of the proposed methods provide the adequacy of results
with a minimum amount of calculations and make it possible to perform optimization calculations. Practical value. Created on the
basis of developed algorithms calculation programs allow to carry out with high reliability calculation of starting modes both in
three-phase and two-phase axes of coordinates that gives the chance to analyze not only symmetric, but also asymmetric modes and
to predict special features of functioning of system of the electric drive in the set technological conditions of operation and to form
requirements to development and adjustment of starting systems with the purpose of maintenance of power effective and reliable
operation of system of asynchronous electric drives. References 15, figures 5.

Key words: induction motor, mathematical models, starting static characteristics, transients, saturation of the magnetic core,
current displacement, compensation of reactive power.

Po3pobneno memoou i ancopummu 4uUCI06020 aAHANI3Y NYCKOGUX PEICUMIE ACUHXPOHHO20 eNeKMPOnpusoody, sAKi 0aromev 3Mo2y
PO3paxoeysamu cmamuiti Xapakmepucmuxy i nepexioni npoyecu 3 ypaxy8anHaM HACUYEHHs MAZHIMONPOBOOY i AGUWA CKil-eermy
6 cmepoicHAx pomopa. Mamemamuunoio 0cHOBOI0 pO3POONEHUX aANOPUMMIE € NPOeKYIUHULL MemoO pO36’°A3Y6aHHs HeNiHIlIHUX
Kpatlogux 3a0au, mMemoo npooosxcenHs no napamempy, memoo Hviomona po3e’azyeanns HeniMiiHux cucmem pi6HAHL, YUCI08020
iHme2py6anHs HeIHIUHUX cucmem OugepenyianvHux pieHsanv. Pospobreni mamemamuyni mooeni oaioms 3M02y 30ICHIOBAmMU 3
BUCOKOIO OOCMOSIPHICIMIO PO3PAXYHOK NYCKOBUX DeXHCUMIB Yy mpu@asnux i 080Qa3HUX KOOPOUHAMHUX OCAX, WO O0A€E 3MO2Y
aHanizyeamu He MINbKU CUMEMPUYHI, aie U HeCUMEMPUUHI PedlCUMU i NpocHO3Yeamu 0COOAUBOCMI (DYHKYIOHYBAHHA CUCTEMU
ACUHXPOHHO20 eNeKMPONPUBOOY 8 3a0AHUX MEXHON02IUHUX yMosax ekcnayamayii. biou. 15, puc. 5.

Kniouoei cnosa: acMHXpPOHHMIiI ABMI'YH, MaTeMaTH4Hi MojeJi, NYCKOBi CTaTHYHI XapaKTepHCTHKH, IepexigHi mpouecw,
HACHYEeHHS MATHITONPOBOAY, BUTICHEHHSI CTPYMY, KOMIIEHCALlisl peAKTHBHOI MOTYKHOCTI.

Paspabomansl mMemoovl U aneopummul YUCIEHHO20 AHANU3A NYCKOBbIX PENCUMOS ACUHXPOHHO20 JIEeKMPONPUSOOd, KOMOpble
NO360JAIOM PACCUUMBIEANb CINAMUYECKUEe XAPAKMEPUCIUKU U NEPEXOOHble NPOYECChbl C YHemoM HACLIUWeEHUs MACHUMONposood u
AGNeHUA CKUH-3¢hexma 6 cmepoicHax pomopa. Mamemamuyeckoii 0CHO80U pa3spaboOmManHbIX al2OPUMMO8 AGIAEMCS NPOEKYUOHHbII
Memoo peuienus HeIUHEUHbIX KpaesbiX 3a0ay, Memood NpoOOIdCeHUs no napamempy, memoo HvlomoHa pewieHus HeluHeuHvlx
cucmem YpasHeHuul, YUCIEHHO20 UHMeZPUPOSAHUS HENUHEUHbIX cucmem Ougpgepenyuanvhubvlx ypasuwenutl. Paspabomanmvie
Mamemamuyeckue MoOenu NO380IAION OCYWeCMEIANMb PAcyem NyCKOBbIX PEXCUMOE 8 MPEXPAHBIX U O8YXPAZHBIX KOOPOUHATNHBIX
0CAX, YMO NO360JAEM AHATUSUPOBANMb HEe MOIbKO CUMMEmPUYHble, HO U HECUMMEMPUUHbBIE PEXCUMbL U NPOSHO3UPOSANTL
ocobenHocmu  PYHKYUOHUPOBANUA ~ CUCHIEMbL  ACUHXPOHHO20 — DNEKMPORPUBOOA 6 3A0AHHbIX MEXHON0SUYECKUX — YCIOBUX
akenayamayuu. bubin. 15, puc. 5.

Kniouesvie cnosa: acWHXpPOHHBIH [BHUTaTeslb, MaTeMaTH4ecKHe MOJeJIH, MNMyCKOBble CTATHYECKHE XapaKTepPHCTHKH,
nepexo/iHbIe MPOLECChl, HACHIIEHHE MATHUTONPOBO/IA, BHITECHEHHE TOKA, KOMIIEHCAIUS PEAKTHBHOI MOIHOCTH.

Introduction. Three-phase induction motors (IMs)
with a squirrel-cage rotor are the most common in modern
electric drives. They are the main consumers of electricity

also by significant pulsations of the electromagnetic
torque, and the shock torques affect the bearing
assemblies and other elements of the electric drive.

in general and reactive power in particular. One of the
problems of asynchronous electric drives is significant
starting currents, which affect the quality of electrical
energy of the network, which negatively affects other
receivers. Despite the short duration of the start-up
processes, frequent switching on of the IMs affects the
reliability of their operation and reduces the service life.
Direct connection of the IM to the network is
accompanied not only by significant starting currents, but

Finally, the starting currents of the IM cause electrical
losses in the supply line, and if under the conditions of the
electric drive operation the frequency of starts is
significant, then, accordingly, the share of energy
expended on starts is significant. This problem is
especially relevant for electric drives with difficult
starting conditions, including frequency-regulated ones.
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Analysis of recent research. During start-up, the
winding current of the stator of the IM can reach 5-7
times [1, 2], which is not always acceptable in specific
operating conditions [3]. In addition, for some electric
drives (ball mills, various crushers, etc.), which are started
under load, it is necessary that the driving torque is
several times higher than the critical one [4, 5], at which
the starting current can exceed the nominal one several
times. For long-term operation, this value of current is
unacceptable, but it significantly reduces the start-up time
[2], and thus reduces the operating time with such current.
Prolonged starting of the electric drive with difficult
starting conditions can lead to excess of admissible
heating of a winding of a stator of the motor, especially in
the conditions of frequent starts.

To form the necessary law of change of the
electromagnetic torque of the IM in the course of start-up,
starting control devices are used [6]. The task of
developing an algorithm for the operation of starting
equipment under conditions of providing the required
driving torque with a minimum value of starting current
[2] requires the definition of the laws of change of starting
currents and electromagnetic torque.

The starting currents of the IM have a significant
reactive component, which can be compensated by static
capacitors [6-8]. In particular, to reduce the start-up time
of high-power motors, capacitors connected in series to
the stator winding can be used, which not only cause an
increase in voltage on the motor, but can also cause
resonance [9]. In connection with these problems, it is
important to choose the starting control equipment, which
should provide the necessary mechanical characteristics
during the start-up process with the minimum possible
power consumption [4, 5]. And since the control
equipment and its maintenance requires additional
material costs, it is necessary to find a compromise
between saving electricity due to the economic flow of
start-up processes and the cost of regulation. An overview
of methods for improving the energy -efficiency of
asynchronous electric drives is given in [10].

To optimize the process of starting of the IM, taking
into account the operating conditions of the electric drive,
it is necessary to analyze it by methods of mathematical
modelling. Therefore, the development of methods for
calculating start-up processes is an urgent task.

IM is the main element of the electric drive, so the
reliability of the calculation results depend on the level of
adequacy of its mathematical model, and the speed of
calculation codes — on the mathematical method and
algorithm for its implementation. High accuracy of
calculation of operating modes of the IM cannot be
reached with use of their simple mathematical models,
and use of a high level of complexity of models demands
application of the difficult mathematical apparatus. The
level of complexity of the mathematical model of the IM
and the methods that must be used to calculate the modes
and characteristics of its use are interrelated.

Most methods of calculating start-up modes,
including those used in known computing environments,

are based on the classic substituting circuits of the IM,
which do not always meet the needs of practice. In order
to increase the accuracy of calculations, in some works
[4, 11] the authors divide the start-up process into
separate parts. However, reliable information about the
course of processes during start-up can be obtained only
with the help of highly developed mathematical models of
the IM, which adequately take into account all major
factors, in particular, changes in inductive resistances due
to saturation and in active resistances due to skin effect.
In addition, the mathematical model of the electric drive
system must take into account the law of change of the
moment of resistance on the shaft of the IM during start-
up [1]. Methods [2, 12, 13], which are based on a
combination of field methods with circuit ones, allow to
increase the accuracy of determining the electromagnetic
torque, but due to their cumbersomeness they are not
suitable for real-time control of the electric drive.

The goal of the paper is the development of
mathematical models, methods and algorithms for
calculating the starting modes of IMs.

Presentation of the main material. The equations
of electrical equilibrium of the circuits of the IM, written
for physical circuits, have the form

¥ Ri-u, (1)
dt

where l/l=(l//l,...,l//k)*, i=(il,...,ik)* are the vectors of

flux linkages and currents of & circuits (superscript (*)
means transposition); R is the diagonal matrix of active
resistances; u is the vector of applied voltages.

The mathematical model of the IM requires the
calculation of flux linkages W and electromagnetic
parameters L = Ow/0i according to the selected coordinate
system. The flux linkage of each winding is a complex
nonlinear function y = (i, ) of the currents of all its
circuits and the position of the rotor, which is determined
by the angular coordinate y of the rotor rotation.
Therefore, differential equations (DEs), written for
instantaneous values of physical coordinates, have
periodic coefficients that complicate their solution.
However, most practically important problems can be
solved using transformed coordinate systems, which are
based on the theory of image vectors [6, 14], the purpose
of transition to which is to subtract the rotor rotation angle
from the equations of electrical equilibrium of the circuits
of the IM.

The question of choosing a coordinate system is of
fundamental importance for the development of
mathematical models of specific dynamic modes of
electric drives. Both the volume of calculations and the
accuracy of the calculation results depend on the chosen
coordinate system. The developed methods the following
are used:

a) a system of fixed three-phase axes that coincide with
the physical axes of the stator phases;

b)a system of orthogonal axes x, y, 0, which rotate at
any speed.
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Magnetic cores of modern IMs have a high level of
saturation, which causes nonlinearity of dependencies of
flux linkages of circuits on currents, so mathematical
models based on the assumption of their linearity do not
provide the possibility of calculating dynamic modes with
the required accuracy for modern engineering practice.
Linearization of electromagnetic connections in the IM
does not solve the problem, because in a real machine the
saturation varies widely and is determined by the
instantaneous values of the currents of all circuits. In the
developed mathematical models for calculation of a
matrix L of differential inductances of circuits of the IM,
the basic characteristic of magnetization y, = y,(i,) is
used as dependence of working flux linkage on
magnetization current i, and dependencies of flux
linkages of scattering of circuits of stator y; = w,(is) and
rotor ¥, = W,(i,) windings on the respective stator (s)
and rotor (r) currents, which are calculated based on
the geometric dimensions of the magnetic core and
winding data.

In addition to saturation, the processes in the IM in
dynamic modes are significantly affected by the
phenomenon of current displacement in the rods of the
squirrel-cage rotor, taking into account which in the
starting modes is essential. Its consideration by artificial
methods on the basis of the predicted distribution of
penetration into the depth of the slot of the
electromagnetic wave is probabilistic. Methods of taking
into account the skin effect based on the calculation of the
magnetic field in the slot of the machine [12, 13] are
unacceptable due to their cumbersomeness. In the
developed mathematical models, the rotor rods and short-
circuiting rings are divided into » layers in height, which
allows to solve the problem based on the theory of circuits
[9]. As a result, we obtain n short-circuited windings on
the rotor, between which there is a mutual inductive
connection due to both the main magnetic flux and the
scattering fluxes.

A mathematical model in fixed three-phase
coordinates. Processes in the IM are described by a
system of finite and differential equations compiled
according to the Kirchhoff first and the second laws. To
calculate the transients, it is expedient to replace the finite
equations drawn up according to the Kirchhoff first law
with differential ones. As a result, in a fixed three-phase
coordinate system, electromagnetic processes are
described by the DE system, which consists of three
equations for the stator circuits

dy4 dyp - -

— Y =U —ryly +rpip;

" i AB ~T4t4 7RI

dyp dyc . .

— 2 ———==upr —rpip +rcic; 2a
” ol BC —TBig +1cic (2a)

dig | dig  dic _

dt dt dt

and 3n equations for n equivalent rotor windings

dl//aj dl//bj . .
o aala Ty —a(l//bj -2y 'H//ajl
dyp  dy . .
L — L= iy + 1 —a(l//cj =2y + ‘//bj)a (2b)
dt dt
di,; dip;, di.;
G WL TG g (j=1n),
dt dt dt

where o = a)o(l—s)/ V3 s is the sliding; ay is the motor

supply voltage frequency; Wi, i, 7w, (k= A4, B, C, a;, b;, c))
are the phase flux linkages, currents and active
resistances, respectively, j = 1,...,n; uyp, upc are the
instantaneous values of line voltages.

The problem of starting the electric drive system
requires a study of the process of breaking the IM taking
into account the mechanical characteristics of the working
mechanism [1, 5] in the form of the dependence of the
instantaneous value of the load torque on the shaft
M, = M(?) on time or angle of rotation of the rotor which
may exceed its maximum passport value in operating
mode [4, 5]. An important problem is the study of motor
acceleration time to nominal speed [2], especially for
electric drives with difficult starting conditions. Often
speed is the main requirement for the operation of
technological equipment. To form the necessary
characteristics of the electric drive system, specially
programmed starting systems are used [1, 6], which can
be done using appropriate mathematical models.

To calculate the electromechanical process of
starting the IM it is necessary to supplement the DE
system (2) with the equation of mechanical equilibrium

do  p

Mo =M,), 3)
where @ is the angular speed of rotation of the rotor; p is
the number of pole pairs of the IM; J is the moment
of inertia of the electric drive system reduced to the
motor shaft.

The electromagnetic torque of the IM in the phase

coordinates is determined by the formula

M, = poly 4lip —ic)+walic —ia)+welia—ip))/V3.
where wy, ws, W, i4, ip, ic are the projections of the
image coupling vectors of the flux linkage y, and the
magnetization current i, on the corresponding phase axes.

The DE system (2) together with equation (3) makes
it possible to calculate the transient of starting the IM. To
do this, it is necessary to integrate it numerically under
zero 1initial conditions, calculating at each step of
integration the matrix of differential inductivities and the
vector of flux linkages [14].

Example of calculation of the start-up process of the
IM 4A160M6Y3 (Py = 15 kW, Uy = 380/220 V,
sy = 0.026; kypmax = 2.0; kyy = 1.2; ny = 1000 rpm; kj = 6;
cosgy = 0.875) with a nominal load for different values of
the moment of inertia of the electric drive system is
shown in Fig. 1
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Fig. 1. Time dependencies of relative values of stator current (1)
and electromagnetic torque (M,") during start-up of the IM with
nominal moment of loading and various moments of inertia:
J—(a) and 5J - (b)

075 1

In order to present the projection method for
calculating the steady state, we write system (2) in the
form of a vector DE

dv/cg:,t) — (it} u ), “

in which the periodic perturbation is the vector of applied
voltages u(t) = u(t + 7).

In the steady state (at a constant sliding value s),
the solution of the DE system (4) is the T-periodic
time dependencies of the components of the vector
i(f) = i(t + T). The problem of their definition can be most
effectively solved in the timeless domain by solving the
boundary value problem using developed on the basis of
the general theory of nonlinear oscillations the projection
method, the theoretical basis of which 1is the
approximation of state coordinates by splines. To do this,
we approximate each coordinate of the vector y on the
mesh of N nodes of the period by a third-order spline in
accordance with what was stated in [15]. As a result, we
obtain a continuous function, which is on every j-th time
section =1 -1, (j = 1,...,N) is described by the equation
of the form

w(t)=a;+b,(t; =0+l =P+l —oF
spline coefficients, the ratio between which is determined
by its properties. In particular,

wl)=vj=a;, dy/dtl=-b;.

As a result, we obtain a system of discrete equations
HY -7Z=0, (5)
in which H is the transition matrix from the continuous

change of coordinates to their nodal values [15], the
elements of which are determined only by the mesh of

nodes in the period; ¥ = (@, ..., y/N)*; Z=(Z, ..., zN)*;
U=, ..., uN)* are the column vectors, the components
of which are the nodal values of the corresponding
vectors of the system (4).

The system (5) of algebraic equations is a discrete
analogue of the DE system (4). Its solution is a vector of
nodal values of coordinates, the dependence of which on
sliding s can be obtained by the differential method.
To do this, we differentiate system (5) by s

¥ _dzZ
ds ds
where W is the Jacobi matrix.

As a result of integrating the nonlinear DE system
(6) by one of the numerical methods by s we obtain a
multidimensional characteristic in the form of a set of
periodic time dependencies of nodal coordinates for each
sliding, using which we obtain the dependencies of flux
linkages, electromagnetic torque and so on. An example
of static characteristics calculations for the 4A160M6Y3
motor is shown in Fig. 2.

(6)
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Fig. 2. Starting characteristics of the IM for current (I°),
electromagnetic torque (M,") and cosg (a), as well as active (PH
and reactive (Q") powers (b) in relative units

Features of mathematical modelling of starting
modes of the electric drive with individual
compensation of reactive power. The so-called cosine
capacitors can be connected in series or in parallel. For
mathematical modelling of starting modes of the electric
drive with longitudinal compensation it is necessary to
replace the first two equations (2a) of the system in the
initial DE system DR with those in which the presence of
series-connected capacitors is taken into account:

dy,4 _dyp : -

— = ———==Uyp —Vylytrpip —Upy tUp;
dt dt AB A'A B'B kA kB
dyg _dyc : .

———————=upgc —Igip+rcic —upp +tuc,
dt dt BC ~'B'B ctC kB kC
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where wu;y, u, uic are the voltages on capacitors, and
supplement it with equations

dupy iy dwp ip dupc _ic

d C’ d C a C

In this case, the voltage drop across the phase
capacitors affects the supply voltage of the motor, and
therefore the electromagnetic torque, current and power
can far exceed the nominal values. An example of the
dependencies of the effective values of current, power and
electromagnetic torque on the capacitance of series-
connected capacitors, made on the basis of the calculation
of currents and flux linkages of the circuits of the motor
4A160M6U3 at s = 1 is shown in Fig. 3.

F I M,
15
Pt
J.I.t
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Fig. 3. Dependencies of relative values of current (I'),
active power (P') and electromagnetic torque (M, ) of the IM
on the capacitance of series-connected capacitors

If the capacitors are connected in parallel to the IM,
the mathematical model described by the system of
equations (2) does not require changes, because the
currents in them can be found separately, as the voltage
on them is known. The currents in the supply line i'4, '3,
i’ are defined as the sum of the currents of the motor iy,
ip, ic and parallel connected capacitors iy, ip icy. An
example of the results of the calculation of the periodic
dependences of the instantaneous values of the currents of
phase A4 is shown in Fig. 4, and the dependencies of their
effective values (in p.u.) and cosp on the value of the
capacitance of the capacitors — in Fig. 5.

The value of the capacitance selected by the static
characteristic must be checked in the dynamic mode by
calculating the transient because the capacitors connected
in series can lead to the appearance of resonant
phenomena [6, 9].
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Fig. 4. Curves of currents of phase 4:
i’y — supply line; iy, — capacitor; i, — motor
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Fig. 5. Dependencies on the capacitance of the effective values
of currents of phase A:
i' 4 — supply line; iy — motor and of cosg of the electric drive
systems with capacitors connected in parallel

A mathematical model in orthogonal coordinates.
In symmetrical modes of operation of the IM in the
absence of higher harmonics in the supply voltages of the
stator, the starting modes can be considered in orthogonal
coordinates. The mathematical model of the electric drive
system in the coordinate basis converted to orthogonal
axes is much simpler than the model in three-phase axes,
but its scope is narrowed.

Consider a mathematical model for studying the
starting characteristics of the IM using a system of
coordinate axes x, y. To do this, the three-phase stator
winding and formed by the rotor rods n equivalent three-
phase windings are reduced to the x, y axes. As a result,
we will have two windings on the stator and 2n windings
on the rotor. The DE system of electrical equilibrium of
circuits has the form

dy s .
——==0gW s, — Vel TUg S
dt 0¥ sy — I'stsx X
dy
- ==Y sx ~Tslsy Ty
dt
dl//lx :
——= =501y — iy ;
dt 0¥1y — "’lx
dy,
y .
=—soyW1, — iy 3 7
dt 0%1x — "1’y
AY .
— =S5O0V — Ty 5
dt 0% ny — "ntnx
dy
= :_Sa)Ol//nx_rninya
dt

where Wi, Wiy, Wiv, Wiy, - » Wi, Wy are the flux linkages
and iy, iy, Qe il , im Iy are the currents of
transformed circuits; r, 7, .. , r, are their active
resistances.

The DE system (7) together with the equation of
rotor motion

dS po 3 . .
E = _J_a)o(z Po (l//sxlsy ~Wsylsx )_ M, j

allows to investigate the process of starting of the IM with
or without load (M, = 0) by solving the Cauchy problem
in the time domain.

Under the condition of constant sliding, the DE
system (7) is transformed into a system of ordinary
nonlinear equations

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2 13



—OgY sy + Fobge =Ups
WY sx + r:visy =0;

-y, +ni, =0;

saoyy +ni, =03 (3)

=Sy, + Ty =0
SO . + Tyl = 0.

The multidimensional static characteristic as the
dependence of the mode coordinates on the sliding can be
calculated by solving the system of equations (8) for the
sequence of sliding values s. One of the ways to
determine the solution of system (8) at a given value of
sliding s is the method of differentiation by parameter. To
do this, write it in vector form

Yw.is)=u, ©)
multiply the vector # by the scalar parameter £(0 < < 1)
and differentiate the obtained system by the parameter &.
As aresult, we get the DE
di

A—=u. 10
il (10)

Integrating the vector DE (10) by ¢ (which can be
done by the Euler method in a few steps), we obtain the
value of the vector of currents i, which is refined by the
Newton iterative method. The initial conditions (the value
of the vector i) are zero, because for £ = 0 the vector of
applied voltages is zero. The increment Ai® of the current
vector i at the k-th iteration step is determined by the
formula

AAIP) = —Z(i(k)), (11)

where Z(i") is the residual vector of system (9) at given
values of sliding s and the voltage vector u®.
In the case of series-connected capacitors, the first

two equations of system (8) have the form

DY sy — Folgy + xcisy SUgy s
WY sx — rsl.sy —Xelgy = Uy,
where x. = 1/(wy(1 - 5)); uye = Uy 1, = 0.

Given a number of sliding values s of the rotor of the
IM, we can get a multidimensional static characteristic
in the form of the dependence of the coordinates on
the sliding.

Conclusions and prospects for the development of
the direction. One of the most important modes of
asynchronous electric drive is the start-up process, so in
the technical literature the problem of its analysis is given
considerable attention. Various computer technologies are
developed for the design of controlled asynchronous
electric drives and their control systems, the basis of
which are applied computer codes necessary for the
analysis of electromechanical processes in electric drives.
Not only quantitative but also qualitative indicators of the
electric drive system, which must provide the necessary
mechanical  characteristics  determined by  the
technological process and meet modern requirements for

energy efficiency, depend on their adequacy. To solve
these problems, the paper develops mathematical models
that adequately reflect the electromagnetic processes in
the IM and do not require significant computing
resources. In particular, the design of the electric drive
system requires the choice of its elements, including the
starting control equipment, which can be done by
calculating the static characteristics. With their help it is
possible to determine the limit values of currents, torque,
power, etc. in order to establish the functioning of the
starting control equipment.

The developed calculation methods are based on the
mathematical model of the IM, which takes into account
both the change of natural and mutual differential
inductive resistances of the motor due to saturation of the
magnetic core and active resistances of squirrel-cage rotor
winding due to current displacement in the rods. The
mathematical model for the calculation of static
characteristics in three-phase braked axes is based on
solving the boundary value problem for DE of the first
order with periodic boundary conditions and allows to
perform  optimization calculations with minimal
computational costs. A feature of the model is the ability
to investigate the processes at asymmetry of supply
voltages, as well as at the presence of capacitors with
longitudinal compensation of reactive power.

For symmetrical modes of operation the method of
calculation of modes and characteristics in orthogonal
coordinate axes x, y is developed which allows to carry
out calculation with the minimum volume of calculations
and accordingly expenses of computation time, and
therefore to use the developed algorithm for control of the
electric drive system in dynamic modes in real-time
process. However, its use is limited to symmetrical modes
of operation of the electric drive.

Peculiarities of using the developed mathematical
models and algorithms for research of influence of
capacitors on parameters of the electric drive at
longitudinal and cross compensation of reactive power are
presented.
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