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STUDY OF CHANGED MAIN FLUX REACTANCE OF SQUIRREL-CAGE INDUCTION
MOTORS USING FIELD ANALYSIS OF THEIR STARTING CHARACTERISTICS
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The regularities in the change of the main flux reactance of squirrel-cage induction motors as slip functions are studied
by quasi-3D field analysis to determine the equivalent parameters of equivalent circuit. The comparative analysis of the
design conditions and calculated starting characteristics of the motors is carried out. As shown, the use of electromag-
netic parameters which are equivalent to the parameters obtained by field model gives more high accuracy of calcula-
tion. As grounded, the coefficient of change of equivalent air gap is available and expedient to be taken in account for
investigation of the motors. References 8§, table 1, figures 2.
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The study of starting characteristics is an important stage in design of induction motors (IM). The accuracy of
calculation of these characteristics depends on the accuracy of parameters of the equivalent circuit of IM. The mathe-
matical models of IM, which allow the separation of a magnetic flux of motor into both the main flux of mutual induc-
tance and the leakage flux, are the most widespread for studying and designing of IM. Under this assumption, the path
of mutual inductance flux as well as: the air gap, teeth and yokes of stator and rotor are already defined. In this case, the
nonlinear properties of the electromagnetic parameters of IM are due to a changing in the main flux reactance, which
depends on the total magnetomotive force (MMF) of the motor. Also, the consideration of different rotor parameters
and stator leakage inductance for starting regime and design condition is very important [1,2]. These approaches give a
good result at the IM design. At the same time, the errors in their calculations do not exceed a few percent, due to the
application of both the tested constructive variants [1] and the great empirical experience. The errors of calculations for
starting characteristics have a significantly great value. They can reach tens of percent at determination of the starting
currents and torque even taking into account the starting parameters from the reference book [1].

The accurate calculation of the electromagnetic parameters for IM is an important factor in increasing the reli-
ability of the analysis results of their starting characteristics. It should be noted that the structure of the equations of
electric equilibrium is determined by the assumption about the independence in the fluxes of mutual inductance and
leakage. It provides a small time and stability of the calculation process using available computing facilities, but it, also,
to reduce the analysis accuracy due to the simplified accounting of electromagnetic communications in the motor. Field
models of IM are constructed with smaller number of limiting assumptions and to provide greater accuracy of analysis,
in comparison with circuit models [3,4]. But, their application takes significant amounts of computer memory and
counting time. In this case, the specification of constructing the effective algorithms for studying the operating condi-
tions and designing of IM becomes very complicated.

Thus, the specification of a refined analysis for both the operating and starting characteristics of IM should be
solved within the framework of existing structures of circuit mathematical models with the determination of the elec-
tromagnetic parameters using mathematical or physical models without the above-mentioned bounding assumptions.
Such an approach can lead to the equivalence of the field model by the circuit. In the analysis of squirrel-cage induc-
tion motors, such an equivalence is doing using the nonlinear dependences of electromagnetic parameters as the func-
tion both currents and slip. The work [5] is devoted to the possibility of determination such dependences using the re-
sults of physical experiment. The development of the equivalent circuit model of IM with two-dimensional electromag-
netic parameters was carried out in [3,4] using the quasi-3D field analysis. Such an equating raises the accuracy of anal-
ysis of operating conditions, but the character of changing for the main flux reactance as the slip function does not coin-
cide with the regularities by results of studying the circuit models of IM [2]. This needs to be proved.

The purpose of the paper is to find and ground the regularities in the change of the main flux reactance of
squirrel-cage induction motors using field analysis for their further adaptation to study of operating conditions and de-
sign of the induction motors.

The mathematical model of IM that provides both the accuracy of field methods and speed of circular methods
was developed in [6] using field analysis. The field analysis was carried by Comsol Multiphysics software package us-
ing the developed techniques and algorithms. It was obtained expressions for determining the parameters of equivalent
circuit using quasi-3D analysis based on equations of balance for the powers in circuit of the phase windings of both
stator and rotor [7]. The calculated value of the main flux reactance is obtained using field analysis in the cross plane of
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the motor [7] (a model of quasi-statics with currents that are perpendicular to the plane of analysis) according to the
following expression:
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where P,.is the power of electrical losses in all rotor bars; i=1,...z, is a serial number of the bar (losses in the bar i and

i=1 sci

determination by integrating over the area of the conductor sci according to represented expression); / is the effective

value of time complex of current for the stator phase, that is specified at the field analysis with a zero initial phase;
R ;1
1

I i s ,51-,] ,fﬂ- is the actual effective value of time complex of current density, its real and imaginary parts; 7, ,/, 1is

real and imaginary components of complex for rotor current by the field of operating harmonic for MMF with the num-
ber of the poles pairs p, (MMF is reduced to parameters of stator); s is the slip; v ., is the specific conductivity of rotor

winding; /5 is the length of the motor's magnetic circuit; K,;,W; is the winding coefficient and the number of stator
phase turns; 8, =2n/z, is the angle between neighboring bars.

Estimation of adequacy of the developed mathematical model is carried out for rated and circuited conditions
for motors 4A80A2U3, 4A80A4U3, 4A132M8U3. The result of analysis is shown in Table. Data from reference book
[1] according to which an error A is defined were accepted as a base for comparison.

IM 4A80A2U3/4A80A4U3/4A132M8U3

Calculation using parameters of equivalent circuit

Notation, With losses in steel, mechanical and additional
units of Constant ¢ losses
Parameters of | measure- fD ata fr%m Kk 0(1%503;;1 rg?fler?égzeers Parameters obtained
regimes ment | relerence boo book) by circuit model & Parameters obtained
., by field model
Xi 5 X2i 5125
absolute value / A, %
1541/1113/5090 | 1503/1122/5467 1505/1094/5514
W AIVI/ VI II LT
Useful power | P, 1500/1100/5500 | =5 2371 18/7 45 0,23/2,0/0,6 0,33/0,55/0,25
) 3.0122.6/11.96 | 3.222/2.769/13.36 3.326/2.766/13.5
o A L} L] L] L] 2 2 AL AN TWA A /N T IT A
g Stator current | 1, , 3.32,7413,57 | R 305.11/11.86 2,36/1,06/1,55 0,79/0,95/0,52
g - 0.877/0.816/0.88 | 0.816/0.763/0.845 0.814/0,764/0.85
2| Efficiency M| 081075/083 8,27/8,8/6,02 0,74/1,73/1 81 0,49/1,87/2,41
% [ Mechanical 0.885/0.795/0.73 | 0.866/0.806/0.734 0.842/0,784/0.726
S| power cosg, | 085081074 | "3 3/185/1,35 1,88/0,49/0,81 0,94/3,2/1,89
3 :
Z Slip o % |0.04200.054/0041| 0-04200.05400.041 | 0.042/0.054/0,041 0.042/0.054/0,041
. 5.121/7.49/67.58 | 4.99/7.55/12.58 5.001/7.36/73 21
torque | M, N'm| 4,98/7.4/73,02 5731227745 0.23/2,03/0.6 0,33/0,54/0,25
. 12.45/14.52/113.4 | 11.47/1522/134:6 | 104(0°C/ 1500/ 11(50°C)
v, |lorque | M, N'm| 10,46/14.8/138,7 | 5557/1.89/18,24 9,66/2,8412,06 0,19/1,49/19,97
P
20.55/12.48/56.14 | 19.78/12.71/62.73 | 2L430°C)/13.800°C16I450°C)
%" current | 1, A | 21.45/13,7/74,64 | S5 G175 7.7977,33/15.96 0,1/0.44/9,71
_ _ - 10,66/1335/1242 | -/14.6905C)132(50°C)
A | 7, | torque | M, N'm - - 1.91/8.45/10,45 -/0,74/4,83
p
k. - 19.47/12.16/61.19 ~ /13 77050 7176(0°C)
(135:7) current | 7,, A /-1 A 9.23/11 24/18,02 -10,51/3,86

The comparative analysis is carried out according to the parameters of three mathematical models (using the
simulation model [8]), which to realize: 1) the calculation of the equivalent circuit using reference parameters for rated
and circuited conditions without taking into account losses in steel, mechanical and additional losses; 2) the calculation
with parameters according to [2], taking into account the saturation of the main magnetic flux paths, the changes both
the rotor active impedance and leakage parameters in the starting regime according to reference book [1]; 3) the calcula-
tion of parameters with nonlinear dependences based on quasi-3D field analysis [6]. The analysis of the IM regimes for
the second and third models is made taking into account losses in steel, mechanical and additional losses. The value of
the active impedances is determined using the operating temperature indicated in the table. The application of a mathe-
matical model with parameters by the field analysis decreases the errors in modeling for operating conditions: to a level
of 1% in the whole range of the slip variation for IM 4A80A2U3, 4A80A4U3; up to a level of 1% in design conditions
and up to 4 ... 5% - in circuited conditions for IM 4A132M8U3 with increased proportion of spatial harmonics of MMF.

The use of variable parameters based on the field analysis decreases the error in determining the values both of
the starting current and the torque by several times in comparison with the changing in the saturation factor as a func-
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tion of the total MMF. This is take place due to taking into account regimes with large slips of changing of the path for
the mutual inductance flux which crosses an air gap and passes partially through the rotor slot area with winding. In this
case, the equivalent non-magnetic gap increases in comparison with the constant value of the Carter coefficient [2]. This
coefficient of change of the equivalent non-magnetic gap will be indicated k5. We take it into account when the coeffi-

cient of changing for the main flux reactance from expressions x,,, (1) and x,,, (at constant parameters) was deter-
mined:
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where 3, R is the values of the air gap and the radius of the stator boring; f sp = 2K W / pr is the unit MMF of stator

phase by the operating harmonic; o is the angular frequency of net-
work; pg is the magnetic constant; k, is the saturation factor of the k

magnetic circuit according to [2], with the flow path of the mutual in-

ductance. 1
The dependence of the change of the coefficient for the equiva- 35

lent non-magnetic gap kg is determined by slip from (2) for IM

4A80A2U3. In this case, we use the results of calculation the starting

characteristics by the simulation model of the IM of electromechanotron 25 2
systems under parameters using quasi-3D field analysis [8,6], and also

use the dependences k, from the total MMF of motor as in [2]. Fig. 1 : 1
shows the dependencies as the function of frequency of rotor rotation i 3
with the stationary current: / are values k, k5, determined according to 4 T~~~
(2); 2 is k, given in [2]; 3 is ks =k, ks /k, calculated from the 0 50 100 150 200 250 w,c"
model with two-dimensional parameters (as the function of slip and Fig. 1

currents) using the field analysis, the sixth column of the table.

The calculated results show that for the IM 4A80A2U3 coefficient changes from about 2.2 to 1, at slip chan-
ging from one to the nominal value, but its change is minimal at the further increase in speed.

The area of existence of reliable values of the product k5 =k“ké is investigated with expression (2). The

analysis of this area lets substantiating the coefficient of equivalent non-magnetic gap kg at unit slip. The study was

done using two-dimensional field analysis at plane of core laminations for short-circuit condition of motor 4A80A2U3.
The results of the field analysis according to (2) __ s e s -
/ 5 ] S W

are: I, =198 A; IR + jI1 =(-19,48-j0,367) A; 0465Tn | & o 1g5Ta $
F,. = 2338 W. The value k5 depends on the
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imaginary component of the rotor current /7 r[ ,

according to (2). This allows to make the nec-
essary study with the given value of the real

component of the rotor current / rR . The field of
possible values of the rotor current will be
<Ig; x1,> 0;
x5,> 0. A complex of lines is constructed in

reduced by the conditions: [

r

coordinates (/ VR ;kug) for these conditions (fig.

2) that correspond to the constant values of the
rotor current module. These isolines are indicated
kls, where k=0.995...0.97. Based on the field
analysis of short-circuit conditions, the value x,, CITG 3 oot N S
is less than in the operating condition. The value _ : ' 0.991 ! 0.98515 | 0.981 ; : ;
of coefficient k5= 2.48 (a calculated point is Ry 197 196 95 REY) _19;_3 93 r '

1 0.975I5 0971

indicated as CP according to data of the field
analysis in fig. 2 testifies to it. The reducing ks Fig. 2

to the nominal level is possible while increasing the rotor current at short-circuit condition. This does not correspond to
the real relationship based on the field analysis. The regularities (fig. 2) were obtained by neglecting processes in the
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frontal parts of the rotor. The parameters of the frontal parts significantly reduces the value x,, . Fig. 2 also shows the

isolines of impedances of the stator and rotor leakage, the values of air gap induction. They are obtained from the data
of the field analysis of the short-circuit condition using the expressions for parameters determination [6]. It is seen that
at the same the impedance of the stator and rotor leakage, the isoline of the rotor current with the value from the field

analysis (/, = 19.484 = 0.984 1) will cross isolines of the leakage impedances at the calculating point. The study

showed the impossibility of substitution of the field model with a circuit in the case of traditional ratio of the electro-

magnetic parameters for IM, with minimum saturation factor in the starting regime and constant Carter coefficient.
Conclusion. As proved by field analysis of the starting characteristics of squirrel-cage induction motors, the

value x,, decreases when the slip increases in distinction from the results for circuit models of the motors [2]. The use

of equivalent (depending on slip and currents) nonlinear electromagnetic parameters of the motors provides high accu-
racy of simulation of starting characteristics by circuit methods. In this case, the field model is equivalent to the circuit
model with the coefficient which characterizes the varied equivalent air gap. That promotes the effective improved al-
gorithms to study the operating conditions and to design the induction motors using (depending on only MMF) elec-
tromagnetic parameters.
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3AKOHOMEPHOCTHU U3MEHEHMSA I''TABHOI'O UHAYKTUBHOI'O CONNPOTUBJIEHUSA ACUHXPOHHBIX IBUTATEJIEN

C KOPOTKO3AMKHYTbBIM POTOPOM IO PE3YJbTATAM IIOJIEBOI'O AHAJIU3A UX ITYCKOBBIX XAPAKTEPUCTHUK
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Ilo pezynbmamam K6a3umpexmepHo2o noieeo20 aHaIu3d ¢ OnpeoeieHuem IKEUBANEHNMHbIX NApaMempos CXxembl 3aMeweHus uccie-
008aHbl 3AKOHOMEPHOCMU USMEHEHUs. 2lIA8HO20 UHOYKMUBHO20 CONPOMUBNEHUS ACUHXPOHHO20 08Ucamens ¢ KOPOMKO3AMKHYMbIM
POmMoOpoM 8 QYHKYUU CKOMbICEHUs. Bolnoanen cpagHumenbuulil ananu3 pe3yibmamos pacienos nycKogvlx XapaKmepucmux, HoMu-
HANIbHBIX PEXHCUMOB ACUHXPOHHBIX Ogueameneti, NOKA3AHO NOBblUUEeHUe MOYHOCIU AHAAU3A NPU NPUMEHEHUU NApamMempos, IKEUsa-
JeHmupyowux nonegyro mooeib. OOOCHOBAHO CYWeCmBo8aHUe KOIPPUYUEHMA USMEHEHUs IKEUBATIEHMHO20 6030VUIHO2O NPOMe-
JACYMKA U YenecoobpasHocmy e2o yuyema npu uccieooganusx. buodin. 8, tabmn. 1, puc. 2.

Knrouesvle cnosa: acHHXpOHHbIH IBUTATENb, TAPAMETPhI CXEMBI 3aMEIIEHHS, [10J1eBasi MOJIEb, IyCK.
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3a pezynomamamu KeazimpueUMIpHO20 NOALOBO2O AHANIZY 3 BUBHAYEHHAM EKGIBANCHMHUX NAPAMEmpi6 cxemMu 3aMIiujeHHsi 00CIi-
0#CeHi 3aKOHOMIPHOCMIE 3MIHU 20I08HO20 THOYKMUBHO20 ONOPY ACUHXPOHHO20 OBUZYHA 3 KOPOMKOZAMKHEHUM POMOPOM Y QYHKYIT
KO63aHHA. BUKOHAHO NOPIGHANbHUL AHANI3 PE3YIbMAMI6 PO3PAXYHKIE NYCKOBUX XAPAKMEPUCUK, HOMIHANbHUX PECUMIE ACUHXPOH-
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Ob62pyHmosano icHy8aHHs KoeiyieHma 3MiHU eK8IBAIEHMHO20 NOBIMPSAHO20 NPOMINCKA MA OOYLTbHICMb 1020 8PAXYEAHHI NPU O0-
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