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STUDY OF STARTING REGIMES OF INDUCTION MOTORS USING EQUIVALENT
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The efficiency and adequacy of mathematical models of induction motors for dynamic operating conditions are im-
proved due to used dependences for varied electromagnetic parameters. The dependences are based on the results of
field analysis. The mathematical models with single-dimensional approximation of parameters are developed. This
simplifies the field analysis and formation of approximating dependences with continuous derivatives. The relationship
between given functional dependences of electromagnetic parameters and the adequacy of mathematical models for
static and dynamic conditions is studied. The expressions and method are proposed to determine the correction coeffi-
cients that improve the adequacy of the mathematical models for dynamic conditions with single-dimensional approxi-
mation of parameters. References 8, figures 3.
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The starting regimes of induction motors (IM) are studied to determine the conformity of their properties to the
requirements of the working mechanism, the power line, and also thermal and mechanical stability of IM. There are a
number of factors that reduce calculation errors for the dynamic operating conditions. Such of them are the accuracy of
determining the magnitude of IM electromagnetic parameters, the adequacy of structure the equations of electrical equi-
librium to the features of processes at the demonstration of nonlinear properties of medium. The last is due to the elec-
tromotive force (EMF) which is proportional to the speed of inductance change that is — taking into account differential
parameters [1]. Besides, the way of representation of nonlinear dependences strongly influences on result of solving a
system of differential equations with nonlinear parameters using numerical methods. For example, the application of
piecewise-linear approximation leads to a discrete change in the first derivative of the dependence of the change in
inductive parameter and to the splashes of the magnitude of differential parameter at the nodes of such nonlinear de-
pendence. There is no smooth approximation. This has a negative effect on the accuracy and stability of the solution of
differential equations, especially, in studying and designing of regulated electromechanical systems [2, 3].

The application of field models of induction motors provides the highest accuracy of the study due to a mini-
mal number of simplifying assumptions [4]. But, at the same time, studies need a very great computer time, especially
when the dynamic conditions are calculating. This often prevents using the field methods. Therefore, the problem of
combination the advantages of field methods by accuracy with circuit methods by speed is actual. This problem has
been decided by replacement of quasi3-D field model of IM by equivalent circuit model with two-dimensional nonlin-
ear parameters that are functional dependences on currents and slip [5]. Such an equivalent circuit model provides high
accuracy of analysis, but requires the solving a problem of two-dimensional approximation of parameters and correct
application in the study of dynamic conditions. The features of the change in the main flux reactance as a function of
both changing currents and slip were investigated [6]. The possibility of replacement the two-dimensional approxima-
tion by means of single-dimensional is also shown. For this, it's necessary to consider the nonlinear dependences of
changes both the saturation factor of the magnetic circuit at the change of total magnetomotive force (MMF) of motor
and the change of Carter coefficient at slip change. The efficiency of algorithms for investigating those operating condi-
tions that are associated with a large range of slip changes improves due to the replacement of two-dimensional depend-
encies of changes in electromagnetic parameters by single-dimensional dependencies. But, the results and methods of
applying a single-dimensional approximation of electromagnetic parameters, which are determined using field analysis,
require investigation and confirmation.

The purpose of the paper is to compare the results for starting characteristics of squirrel-cage induction mo-
tors obtained by field methods with single- and two-dimensional approximation and to develop the propositions for
effective models to study the starting regimes of the motors.

A numerical experiment for starting regimes was carried out using the mathematical model of IM of electro-
mechanotron system in MATLAB-Simulink [7]. This model provides the possibility of investigating dynamic condi-
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tions taking into account the following properties, such as: differential parameters; an arbitrary circuit connecting the
branches of the stator winding with each other and with elements of the external circuit; spatial harmonic components
of the MMF; losses in steel and additional losses. Two-dimensional dependences of changes in parameters of equivalent
circuit for IM (as the function of currents and slip) were determined from results of a series of field calculations. At the
same time, the following dependences are used [5]:
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where, according to the field analysis results: P,.,P,; are the summary powers of electrical losses in the all rotor rods
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and its rings; I,/ f v VI are the effective values of time complexes of currents for the stator phase of real and imaginary
components of the complex of rotor’s current leading to the stator; 7g, is the angle tangent of rotor ring current retar-

dation, in comparison with the voltage in the ring; w* is a real component of full flux linkage complex of the stator

phase; s is the slip; &, =(I; +4.)/11, is the rotor slot length change coefficient; /;,,,hy are the length of the stator

magnetic conductor, the rotor, and the magnitude of slant its slots; kg .k, are the coefficients of the rotor slant slots
and filling of magnetic conductor by steel; x;; is the inductive impedance of stator slot leakage.

Results of study of starting characteristics for IM 4A80A2U3 using the simulation model of IM with two-
dimensional parameters [6] (as function of currents and slip) which were obtained using quasi3-D field analysis [5, 7],

were compared with studies that based on consider a change in the saturation factor &, of the magnetic circuit at change
of total MMF [8]. The comparison showed that the application of parameters, which are determined by field analysis,
reduces the error in determining the value of the initial starting currents and torque by several times. Taking into ac-
count the change in the mutual inductance flow path in the field analysis, which crosses the air gap and passes partly
through the rotor slot area with the winding, is the reason for this. Herewith increases the equivalent nonmagnetic gap in
comparison with the Carter's coefficient kg constant value [8]. This increase is more than double [6]. It was considered
by the variable component of the equivalent air gap coefficient k§ .

The formation of single-dimensional approximation dependences of electromagnetic parameters as the slip
function can be performed based on the values of parameters in the starting and rated conditions: x ,,, x,, , respectively,
at slip: sq,s, . We will form the approximating dependences, which will be continuous by derivatives for three ranges:
§1—8y, Sy —S83, 3 —S,. The parameter changes as the slip function under the linear law, in average range. In ex-

treme ranges, the parameter changes along circles to which the second-range line appears as tangent. The value of de-
rivative equals zero at slips sy,s,, . In this case, the value of slip s, is determined from solving the next equation:

[(xp - X, —R—rXsl —sz)/R]2 +[(s1 —sn)(sl —sz)/R—R—r]2 —(xp - X, —R—r)2 =0,

where the parameters x,,x, and the corresponding to them radii of circles R, r are set in relative units of range

p b
— X, . Other coordinates of the boundaries ranges points are determined by the expressions:

S3=(s1—s2)r/R+s,,; xZ:xp—R+\IR2—(s1—sz)2; x3:xn+r—rﬂl—[(s1—s2)/R]2,

s parameter keeps a constant value outside the ranges of slip change, in limits is determined by the expressions:
2 2
x(s)2 =x, —R+ VR = (s =5) 1x(s)a3 = x3 + (g —x3 )53 = 5)/(53 = 52)3x(8)3-, =x, +7—4/r> = (5, —5)* .(1)

The formation of single-dimensional dependence of change in the main flux reactance is performed with con-
sideration the effect of a change in the nonmagnetic gap value and the magnetic circuit saturation [6] in the assumption,
that the change of nonmagnetic gap does not affect the values ratio of the falling magnetic potential both in steel of
magnetic conductor and the magnetic flux. It is possible to use information about the change in the saturation factor ku

Xp

of the magnetic circuit under these conditions, in a function of the summary MMF of motor [8], which is obtained by
the method of magnetic circuit sections. The nonmagnetic section can be represented in two parts: Skg and 8kg (ks —1),

where § is the air gap of the motor; k5 = kys/k,, is the accounting coefficient of the change in the nonmagnetic gap by
the field analysis results [6]; k5 is the summary coefficient of change the main flux reactance, according to the field

analysis results [6]. The summary coefficient of change in the main flux reactance based on the field analysis results of
the steady states of operation, according to the assumptions, studies [6] and the expression of saturation factor for the
magnetic circuit &, as the function of summary MMF of motor [8], we can represent as:
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kys (Fx,s) = Fs [F5 = 1+Ffe/F5 +F§[F5 = ko (Fx)+ks(s), 2)
where Fy is the summary MMF of the motor; Fj, F’ f'e,Fé respectively, are the magnetic potentials falling in the air
gap Sk , in the iron, in the replaceable part of nonmagnetic gap kg (ks —1); k§(s)=F§/F5 = ky (k5 —1) is the com-
ponent part of total coefficient of change the main flux reactance, its dependence from slip is determined by the static
characteristics of steady state.

The algorithm of determining the dependence k35 (s) is following: 1) The dependences of the equivalent circuit
parameters [5] are determined by the field analysis for both rated and circuited conditions; 2) The values of the equiva-
lent circuit parameters of IM, the values k, 5(Fs,s) in the both rated

duty and starting regime, and the values kH (Fy,) for [8] are determined

by the circuit analysis of the starting regime and rated duty with the ob-
tained  dependences of  parameters; 3) These  values
ks(s) = kus(Fs,s) =k, (Fy ) are determined for the chosen points of the

static characteristic at slip; 4) Dependence kg(s)is approximated by
expressions (1).

The calculation results of the steady state for IM 4A80A2U3
operation with two-dimensional parameters as the function of the rotor's
rotation frequency (as the function of currents and slip) according to the
field analysis results, in particular with given dependence for coefficient
of change the main flux reactance k,5(F%s,s) are shown in fig. 1. The
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values of the currents of regimes calculated by method [8] were deter- Fig. 1
mined and the dependence of the saturation factor of the magnetic circle

ky (Fys)was built. The result of single-dimensional approximation of

. . . kg(Fi)+kgLQ
static dependence for coefficient of change the main flux reactance

ks(s)+ky(Fs) is obtained using the approximation of dependence ks (Fyos)

kg(s) from expressions (1) with the radius values R=0.4, r=0.05. Fig. 1

shows that both field and classical analysis give the same results starting 4
from working speeds higher 300 s by the change of main flux reac- 3
tance.

Results of calculations for static characteristics on two-
dimensional parameters of the equivalent circuit by the field analysis 1
almost completely coincide with results of calculation by their single- 0 005 o1 015 4 ¢
dimensional approximations, fig. 1. At the same time, the dynamic char-
acteristics at the acceleration of IM with a nominal torque of impedance
and with an inertia torque that is 2.5 times larger than the rotor (fig. 2), show, that, at single-dimensional approximation
(2), the calculated maxima of the dynamic characteristic of the coefficients of change for main flux reactance are con-
siderably smaller, than at two-dimensional. The exclusion of the influence of electromagnetic transition processes on
about half of the main flux reactance that is the result of the establishment in expression (2) dependences kg exclu-

Fig. 2

sively on slip is the reason of that. It does not influence on result at the
static regime analysis, but in the analysis of dynamic conditions needs the ™~ r‘
correcting. x
Additionally, the circuited condition at a voltage, which is
reduced by 1.41 times, compared with the rated duty for single-
dimensional approximation of parameters taking into account the 5
influence of electromagnetic transitional processes was calculated. In this
case, the value of total MMF of the motor and the value of the coefficient 4
k§ reduction relative to the regime with nominal voltage is determined.
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According to this information, the expression of a correction coefficient

that is equals to one is formed and in the case of MMF value corresponds 2

to a static value for a given slip. The corrected expression of single-

dimensional approximation of the coefficient of change the main flux 0 0 01 015 =

reactance by the field analysis results has the form: Fig. 3 '
ks (Fx,8) =k, (Fy)+b(Fg) k§(s), 3

where, for IM 4A80A2U3, b = 0.1953; a = 0.2615 (MMF equals 516.3 A in circuited condition at nominal voltage).
The corrected dynamic characteristics are given in fig. 3. This correction coefficient doesn't distort static characteristics,
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as in the calculations of regimes with large slip at parameters by field analysis, the calculated value of the total MMF
practically doesn't change, and with nominal and higher slip value k§ is equal to zero outing to approximation proper-
ties (1).

Conclusion. The two-dimensional dependences for varied parameters of equivalent circuit of inducting motors
as functions of currents and slip obtained by field analysis give a possibility to improve the reliability and accuracy of
analysis for starting regimes of the motors when the effective approximating dependences with continuous derivatives
are used. The application of such single-dimensional dependences for dynamic condition increases the efficiency of
models for starting regimes due to reduced field analysis and simplified determination of approximating dependences
with continuous derivatives. The mathematical model of IM with single-dimensional approximating dependences for
varied main flux reactance as functions of MMF and slip is developed. The dependences provide high adequacy of the
model for static characteristics. The mathematical model of the motors with functional dependence of inductive parame-
ter, or its part, only on slip gives reduced the accuracy for dynamic conditions because the influence of electromagnetic
transient processes on the parameters is ignored. The expressions and method for determination of correction coeffi-
cients are proposed. For improve the adequacy of the mathematical model for dynamic conditions the model includes
single-dimensional approximating dependences for varied electromagnetic parameters as functions of slip.
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HCCJAEJIOBAHUS ITYCKOBBIX PEXXKUMOB ACUHXPOHHBIX JIBUTATEJIEM C 9KBUBAJEHTHBIMUA
IMAPAMETPAMM KBA3UTPEXMEPHO ITOJIEBOI MOJIEJIA
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Togvienvl 3¢ppexmueHocms U a0eK8amMHOCHb MAMEMAMUYECKUX MOOeell ACUHXPOHHBIX Osucameneil 6 OUHAMUYECKUX DeXCUMAX
pabomvl 61a200apsi NPUMEHEHUIO 3ABUCUMOCIIEN USMEHEHUS DNeKMPOMASHUMHbIX NAPAMEMPOS NO Pe3VibMAamam noneeo20 aHau3d.
Paspabomansl mamemamuueckue mooenu ¢ 00HOMEPHOU annPOKCUMAyUell napamempos, Ymo ynpowaem noiesotl anaius u Gopmupo-
BaHUe ANNPOKCUMUPYIOWUX 3A8UCUMOCIIEL C HENPEPLIBHOCIbIO NPOU3600HbIX. Hlccnedosana ces3b cnocoba 3a0anust )yHKYUOHATLHOU
3A6UCUMOCTIU INEKMPOMASHUMHBIX NAPAMEMPO8 ¢ AOEKEAMHOCHIbIO MAMEMAMUYECKUX MOOeell UCCIe008AHUSL CMAMUYECKUX U OUHA-
Muueckux peaxcumos. Paspaboman cnocob onpedenenus ymouHAOWUX Ko3phuyuenmos 0 NoSbIUEeHUs. A0eKEAMHOCHU MAMeMamu-
YecKux mooenell OUHAMUYECKUX PeNCUMOB ¢ OOHOMEPHOT annpoxcumayuetl napavempos. buon. 8, puc. 3.

Knrouesvie cnosa: acCHHXpOHHBII ABUraTelb, IAPAMETPhl CXEMbI 3aMEIICHNUS, TT0JIEBast MOJEIb, ITyCK.

YK 621.313
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Iiosuweno epexmuenicmo i adekeamuicmos MAMEMAMUYHUX MOOELel ACUHXPOHHUX OBUSYHIE V OUHAMIYHUX DedcumMax pobomu
3a60AKU 3ACMOCYBANHIO 3ANEHCHOCMEN 3MIHU eIeKMPOMASHIMHUX NApaMempie 3a pe3yIbmamamu 01608020 ananisy. Pospobaeno
MamemamuyHi Mooeni 3 0OHOBUMIPHOI ANPOKCUMAYIEIO NApamMempie, wo CHpowye noIbo8Ull ananis i popmyeanHs anpokcumayii-
HUX 3a1edHCHOCmell i3 HenepepsHicmio noxXioHux. Jlociiodceno 36 A30K cnocoby 3a0a8anHsa (PYHKYIOHAIbHOL 3a1edHCHOCMI enekmpoma-
SHIMHUX napamempis i3 a0eKeamHiCm MAMeMamudHux Mooeneti O0CAIONCeHHs. CIAMUYHUX | OUHAMIYHUX pedcumie. Pospobneno
CnOCi6 6U3HAUEHHS. YMOUHIOIOYUX KOeiyieHmie 0 ni08UujeH s Ad0eK8amHOCI MAMEeMAMUYHUX MoOeell OUHAMIYHUX PeXCumie i3
00HOBUMIPHOIO anpokcumayicio napamempis. bion. 8, puc. 3.
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