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Purpose. Development of the method for determining the equivalent circuit parameters of induction motor with
deep bar rotor using catalog data.

Methodology. The methods of analysis, parameter identification, mathematical modeling, solving systems of non-
linear algebraic and differential equations are used.

Findings. The methods of taking into consideration the skin effect influence on rotor impedance are analyzed,
which allowed adopting the rectangular cross-sectional shape of the rotor bar as a basis. Implication of two different
heights for determination of rotor resistance and inductive reactance instead of one height is grounded. The analytical
dependences for normalized heights are precised, where, in contrast to known approaches, these heights are deter-
mined as proportional to the slip in some unknown k degree, but not as proportional to square root of the slip.
Method for selecting the variables of equivalent circuit and method for forming system of nonlinear equations for the
numerical determining of variables values by the iterative method are proposed and investigated. The rotor resistance
at rated slip, equivalent heights of the rectangular rotor bars, mutual inductance between stator and rotor, resistance
of iron losses circuit and exponent for slip in the formula for determining the normalized height are accepted as vari-
ables. Using this method, the parameters of equivalent circuit for the deep bar induction motors of different types are
calculated and their static characteristics are obtained. Calculated according to the equivalent circuit, the stator cur-
rents and moments coincided with the catalog data. The method of using the defined parameters of equivalent circuit
for modeling start mode, short circuit and selfstart based on differential equations are presented.

Originality. For the first time during synthesis of the equivalent circuit parameters of the induction motor with
deep bar rotor, the influence of the skin effect on the rotor impedance is suggested to be determined using not one,
but two different heights of equivalent rectangular cross-section of the rotor bar, one for determining the resistance
and the other for the inductive reactance.

Practical value. The proposed method for determining the equivalent circuit parameters of the induction motor
with deep bar rotor the method for calculating of its static and dynamic characteristics is implemented as a program.

Keywords: induction motor, deep bar rotor, catalog data, equivalent circuit

Introduction. The induction motors with deep bar
rotor (IMDB) or double cage rotor are widely used in
power supply systems of industrial enterprises, because
of their improved starting characteristics compared to
conventional induction motors. The squirrel cage rotor
bars of IMDB are manufactured in rectangular, trape-
zoidal shapes, bell-shaped etc. [1] in order to use the
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skin effect to increase the resistance, and therefore the
torque, which is very important to facilitate the start
mode and selfstart.

Unsolved aspects of the problem. To account for the
impact of the skin effect on the IMDB equivalent circuit
parameters, the knowledge of shape and sizes of the ro-
tor slots and bars is required. Due to the lack of these
data in factory catalogs, the approximate methods of
determining the equivalent circuit parameters are used.
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In this case the error of currents and torques calculation
can reach 50 % or more. Therefore, the task of the
method development for determining more reliable
equivalent circuit parameters of IMDB based on catalog
or updated from the experiment data is topical, which
will allow defining static (operating) and dynamic (start-
ing) characteristics of deep bar induction motor.

Analysis of the recent research. Methods for deter-
mining the IMDB equivalent circuit parameters are
considered in many papers [2, 3], which utilize the
known catalog or experimental data: nominal voltage
U,, stator current /,, active power P, slip s,, efficiency
factor n,, power factor cos¢,, as well as locked rotor
current ratio 7, starting torque-to-nominal torque ratio
M, and maximum torque-to-nominal torque ratio M,,,,.
Over the last years manufacturers have been specifying
the minimum torque M, in catalogs, consideration of
the effect of which during synthesis IMDB parameters
requires a special approach, but it is hardly discussed in
the literature.

In most studies the authors use a 7-equivalent cir-
cuit for the deep bar induction motor. This scheme rep-
resents a rotor as one circuit with resistance and induc-
tive reactance, which depend nonlinearly on the slip [1,
2], or as two parallel-connected circuits with constant
impedance [4]. The equivalent circuit with two rotor
loops reflects the dynamic characteristics of the currents
and torques more accurately, but it does not display stat-
ic characteristics in slip range s < s, < 1 accurately
enough. Errors of equivalent circuits with single rotor
loop substantially depend on the accuracy of skin effect
considering by analytical dependences. For example, in
[2] the ratio of nonlinear slip-dependent polynomials
are used, but rotor inductive reactances in case of s = 1
sometimes turn out greater than in case of s < 1, which
should not be this way. In [5] the exponential functions
are used, but their values fitting is difficult and does not
always lead to success.

Unsolved part of the problem. In [1] to take into con-
sideration the skin effect influence on rotor resistance
and inductive reactance, the coefficients K,(&) and K (§)
are used, which contain hyperbolic and trigonometric
functions and depend on slip and depth of electromag-
netic field penetration. These coefficients reflect the
physical phenomena more accurately, but the method,
which is used to determine equivalent and normalized
rotor bars heights, requires further improvement and
necessary corrections. [6] considers clarification of loss-
es during calculation of transients, but only for induc-
tion motors of conventional type. Let us also note that
we are not aware of works on methods of accounting the
minimum torque, which value is contained in the cata-
log data. Therefore, issues of improving the methods for
identification of the IMDB parameters are actual.

Objective of the research. It is required to develop a
method for determining the parameters of the IMDB
equivalent circuit based on catalog data, whereby the co-
incidence of calculated stator currents and torques with
the catalog data is provided. It is also necessary to demon-
strate the effectiveness of found parameters usage to de-
termine the static and dynamic characteristics of IMDB.
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Research materials and results. The following as-
sumptions are accepted: voltage of the power source and
the induction in the air gap of induction motor are sinu-
soidal, saturation of magnetic circuits is ignored, me-
chanical and additional losses are neglected. The idea of
the proposed method is to clarify analytical dependen-
cies, given in [1, 2], for equivalent and normalized rotor
bar heights and current displacement coefficients that
depend on these heights. The parameters will be found
from the solution of systems of nonlinear equations by
iterative numerical methods. In these equations the cat-
alog values of currents and torques, and analytical ex-
pressions for them from the equivalent circuit are used.
The skin effect and iron losses will be considered in the
equivalent circuit (Fig. 1), accepted as the basis. All val-
ues will be given in per-unit system, commonly used for
electrical machines [1, 4].

The resistance of the stator winding R, as in [4], will
be taken equal to the nominal slip s,,, and leakage induc-
tive reactance X, — to the inverse of the double starting
stator current X, = (21p)‘1. To take into account iron loss-
es, special loop with the leakage inductive reactance X,
and resistance R, is provided in the equivalent circuit
(Fig. 1), for which, according to [4], we assume thatX, =
=K, - Ry, where K;, = 0.5+ 0.6.

Catalogues give no information about the form of
the rotor slot, so we assume that the bars of squirrel cage
rotor are rectangular. The equivalent heights 4, and A,
for determining resistance and inductive reactance of
the bar, in contrast to [1, 2], are different, as well as nor-
malized heights &, and &, which, in contrast to [1], will

not be defined as proportional to \/; , but as proportion-
al to s*, where the exponent k is unknown and will be
determined during the iterative calculation.

Then the normalized heights are determined in the
following way

gr(hr’ s, k)= hr : sk;
E.:x(hxa s, k)= hx sk,

Taking into account (1), analytical expressions for
rotor impedance and skin effect coefficients K.(4,, s, k)
and K.(4,, s, k), known from [1, 2], are

Rr(sr hra k) = Rr() : Kr(sa hra k)7 (2)
X,(S, hxa k) :Xr() . Kx(sa hxa k)a

¢ shQh,-s*)+sin(2h, -s*)
ch(2h, -s¥)—cos(2h, -s*)’

ey

K, (s,hk)=h,-s

S

X, (s)

Fig. 1. T-equivalent circuit of a deep bar induction machine
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3 shQ2h, -s*)—sin(2h, -s*)
h.-s* ch(2h, -s¥)—cos(2h, -s*)

K _(s,h_ k)=
«(8,h,k) 5

The skin effect in rotor practically is not significant
for slips lower than nominal value. In this case the skin
effect coefficients are equal to one, and the rotor resis-
tance and inductive reactance are equal to R, , X,,. To
determine the rotor impedance for other slip values, un-
known R, X, h,, h,, k are to be found first. Moreover,
the R, and X,, will be the target values.

Let us consider now the method for determining the
vector of unknown parameters for the entire equivalent
circuit V'= (R, X,,, h,, hy, Ry, X0, k)". To do this, first
we express stator and rotor current, and the torque by
the required parameters and the corresponding slips

Zs:RS +]/YS, Zfe:Rfe +j/Yfe;
R, ,
Z.(s,V)=—=-K,(s,h,k)+ jX,,- K (s,h,,k); (3)
N
U
I(s,V)= — — (4)
ZAX X+ Z, (V)T
Ir(sa V) = [UY - Zs : ls(s’ V)] : Z,(S, V)il; (5)

M(S, V):|Ir(s’ V)|2'Rr0'l(r(ss hrs k)'sil' (6)

The system of equations to determine the vector of
unknown parameters can be obtained by writing the ex-
pression (3—6) for the stator currents and torques for
slips s, and s; = 1, as well as the maximum and minimum
torque, and equating them to respective catalog data.
Let us notice that complex value of the stator current at
s, is equal to cos(¢,) —j - sin(g,), and the values of the
maximum and minimum torques will be found by their
sampling from the calculations using (6) for the corre-
sponding ranges of slips s,,, = (0 =+ 0.25) and s,,, =
= (0.1 + 1.0). Then the system of equations to determine
the parameters is given by

HV) = I(s,, V) = [cos(g,) =/ - sin(g,)] = 0;
HV) =1, V)= 1,=0;
FW) =11(s, V)= 1,=0;
Ja(V) = M(s,, V) - M, = 0; )
Ss(V)=M(sy, V) - M, =0;
Js(V) = M(Sya15 Vimax = Minax = 0;
Fr(V) = M(8y02, V)imin = Miin = 0.

To solve the system of equations (7), one of the nu-
merical methods for minimizing the sum of squared de-

7
viations (residuals) functions F;, (V)= [f,(V)]* is
n=1

used. To speed up the convergence of the calculations,
the initial approximation for the variables is needed. To
determine them, using known M,,, cos(¢,) and n,,, mu-
tual reactance can be found as
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X, =[sin((pn)—(Mm _Im2 —1)-cos((pn)}_l.

The resistance Ry, and inductive reactance X, can be
determined by calculating power loss in stator APg, in
rotor APy, total losses AP and iron loss AP, for nominal
mode

AP;=R;-1?=R;
APZ = (1 _nn) : COS((pn);
APR: COS((P”) NpSp - (1 _Sn)_l;
AP, = AP, — APg— APy;

R,=(+K2)" AP

X = K- Ry.

The rotor resistance R,, and inductive reactance X,
can be found using the known input impedance of the
motor at nominal slip Z, = cos(¢,) +/ - sin(¢,). To de-
termine the rotor resistance R,; and inductive reactance
X, for slip s, = 1, the values of starting torque M, and
starting current stator /, are used

Z,(8,)=(Z,-Z)"' =(X,)" = Z; T
R,y =Re(Z,(s,) -5,); KXo =1m(Z,(s,));
R,=M,-1 X,=I'-X_.

The initial value for the exponent k in (1) will be
taken k£ = 0.5, and for equivalent heights of rotor bars #,
and 4,, considering (2), the next equations can be ob-
tained

R _ E X r0

ho=—l h ==
RrO 2 Xrl

All initial approximation is now known and from the
solution of equations (7) the parameters of the equiva-
lent circuit (Fig. 1) can be found. To evaluate the results
of the parameters identification according to (3—6), the
currents and torques should be calculated and compared
with the original catalog data.

The proposed method is realized as program in
Mathcad and MATLAB, which allows executing calcu-
lations for a large number of deep bar induction motors
of different types (Table). The calculations have shown,
that the calculated parameters nearly always provide a
complete coincidence of catalog and calculated data
(currents and torques for slips s, and s = 1, and maxi-
mum and minimum torques).

For example, a complete coincidence of specified
data received for IMDB of type 4AZM (power rating
— 4000 kW), for which the catalog data and parameters
of the equivalent circuit, calculated according to de-
scribed method, are shown in Table. The currents and
power losses in the nominal mode, calculated accord-
ing to these parameters, are equal to: /,=1; 1. = 0.915;
1, =0.234; I, = 0.022; n = 0.97; APs = 0.006; APy =
=0.006; AP, =0.018; APy = 0.03. The calculated char-
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Table
Catalogue data of the induction motors and calculation of equivalent circuits parameters
Type 2AZM 4AZM 2AZM-1 AOZ-400 4AZ55 Simens 4AH250 | B180OM4
a) catalog data
P, kW 5000 4000 400 315 200 160 90 30
n, rpm 2985 2982 2980 2970 985 1487 367 1470
U, kV 6.0 6.0 6.0 6.0 6.0 0.4 0.4 0.4
Sy, % 0.5 0.6 0.667 1.0 0.5 0.87 2.0 2.0
N % 97.4 97.3 94.7 95.0 94.0 96.0 93.0 91.0
cosQ, 0.92 0.89 0.9 0.9 0.9 0.85 0.92 0.88
M,, pu 1.3 0.9 1.3 1.2 1.4 2.0 1.7 1.8
M, DU 2.7 2.2 2.4 2.5 2.2 2.6 2.5 2.5
M, in, U 0.7 0.7 0.8 0.8 0.9 L5 1.4 1.3
1,,pu 6.5 5.7 7.0 7.0 6.5 7.2 6.8 6.5
b) stator and iron loss circuit parameters
R, pu 0.005 0.006 0.00667 0.01 0.005 0.00867 0.02 0.02
X, pu 0.077 0.088 0.071 0.071 0.077 0.0694 0.074 0.077
X, pu 4.676 4.092 4.567 4.079 4.935 2.755 4.978 3.46
R, pu 36.39 374 16.681 19.431 13.95 26.616 15.093 11.154
Xz, pu 21.84 22.44 10.008 11.659 8.3728 15.969 9.056 6.693
¢) rotor circuit parameters
Ry, pu 0.00516 0.00621 0.00712 0.011 0.00534 0.0096 0.021 0.022
X, pu 0.119 0.159 0.159 0.145 0.178 0.148 0.133 0.142
h,, sm 5.535 4.041 3.283 2.129 5.445 3.452 1.684 1.755
h,, sm 2.436 2.778 3.427 3.152 3.588 3.429 3.084 3.125
K, pu 1.037 0.64 0.661 0.766 0.641 0.563 0.758 0.908
d) polynomial coefficients for determining the rotor parameters
i, pu —-0.038 —0.0058 —-0.024 —0.0035 —-0.0052 —-0.024 —-0.0039 0.0150
F5, pU 0.071 0.00704 0.043 0.018 0.00353 0.038 0.00940 0.0039
73, pu -0.0093 0.018 —-0.00238 —-0.0034 0.026 0.00991 —-0.0019 —-0.0016
F4, PU 0.0052 0.061 0.007138 0.011 0.00522 0.00948 0.021 0.022
X, pu 2.7 0.11 0.17 0.157 0.18 0.108 0.139 0.149
X,, pu 0.026 —0.194 —0.264 —-0.273 —0.264 —0.144 —0.244 —0.283
X3, pu 0.7 0.011 0.004936 0.041 —-0.019 —-0.047 0.038 0.06
X4, PU 0.286 0.159 0.159 0.145 0.179 0.148 0.132 0.141
R(s)=r -S+r-s2+r;-5+r; X()=X-8+X - +X3-5+X4

acteristics for rotor resistance and inductive reactance,
torque and current as a function of slip are shown in
Figs. 2 and 3.

To calculate the modes of multimachine power-sup-
ply system, the parameters of IMDB equivalent circuits
is convenient to store in a database. To do this, the rotor
parameters are necessary to be approximated previously
by next polynomials

R$)=r -8 +r-S2+r;-5+714
X($)=x -8 +X) - S2+X5-5+Xy.
The values of polynomial coefficients », x can be

found from condition of coincidence between resistance
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values for the four selected slip points, for example
S =58,:5=025;5=0.75;5,=1.0
4 R.(s),h.,k)
R.(s),h..k) |
r, R (s3,h,k) |
r R (s4,h,.k)

-1

w
()

— et
-
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Fig. 2. Rotor resistance and inductive reactance as a
Sfunction of slip for 4AZM induction motor
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Fig. 3. Torque and stator current as a function of slip for

4AZM induction motor
b X, (s,h,,k)
X 0_s X, (s5,h.,k) |
x| | X (sp.h,k) |
X4 X, (s4,h,,k)
n -0,021 X 0,122
nl | 0034 | |x,| [-0215
| 10,006162| |x,| | 0,021
r, | 10,006169 X, 0,159

The initial characteristics for rotor resistance and in-
ductive reactance (R,, X)) as a function of slip and the
results of their approximation (R,,, X,,) using polynomi-
als are shown in Fig. 2, while those for stator currents
(I, I,) and torques (M, M,) are shown in Fig. 3. From
the above data it follows that the approximation error
does not exceed one percent, which indicates the desir-
ability of its use.

The dynamic characteristics of IMDB during start-
ing, short-circuit, selfstarting are defined using mathe-
matical model, represented by a system of differential
equations, defined in a, B coordinate system, fixed to
the stator

PVso = Um Cos (t) - R: ' isa;
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PV =U,sin (- R,- Iyps
PV =—RUS) - ly — © - g5
PV =—RAS) - ig+ 0 Yy
PVrea =—Rpe - ieos
PV =—Rp, - g ()
Po=IM,— M(»)]/J;
M, = (Vo " Isp = Wsp * Isa) /X5

s=1-ow;

X, +X, X X

X=| X, X,+X, X, |
X, X,  X.()+X,

isot VYo isﬁ Wsﬁ

; _y-l . : _y-l

I g =X Vi 5 | p =X Vi |-

ira \Vr(x ir[i Wr[?v

In the equations (8) M,, M, J are electromagnetic
torque, mechanical load torque, moment of inertia re-
spectively; p is Laplace operator; o is rotor rotational
speed. The matrix X of inductive reactances and rotor
resistances are the functions of slip and are adjusted for
each calculation step.

For the 4AZM motor the simulation results for start
mode, short-circuit and selfstart after a trip are shown in
Fig.4, which shows the behavior of the instantaneous
values of the stator current module (/;), the active power
(P), the torque (M) and the rotational speed (). As it
can be seen from the data, specified variables may sub-
stantially exceed the nominal values in dynamic condi-
tions.

Conclusions and recommendations for further re-
search.

1. The analytical dependences for finding skin effect
coefficients, calculating iron losses and equivalent bar
heights for induction motor with deep bar rotor have
been defined more precisely.

2. The method for determining the parameters of
equivalent circuit of the induction motor with deep bar
rotor has been developed, where the parameters are

0 1 2 3 4 S 6 7 8 1.s

Fig. 4. The simulation results of dynamic characteristics
of 4AZM induction motor during starting, short-cir-
cuit and subsequent self-starting
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found by numerical solution of the system of equations,
and the catalog values of the currents and the torques
are expressed through the required parameters of the
equivalent circuit.

3. The results of calculations for a large number of
engines have confirmed that the values of the currents
and torques, calculated using the equivalent circuit, co-
incide with the catalog values, including a minimum
value for a given torque.

4. The further research is expedient to continue on
determining the equivalent circuit parameters for induc-
tion motor with deep bar rotor when powered by fre-
quency converters.
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Meta. Po3pobka MeTony BU3HAUEHHS MapaMeTpiB
CXeMU 3aMillleHHs aCUHXPOHHOTO ABUTYHA 3 IIMO0KO-
Ma3HUM POTOPOM 3a KaTaJIOXKHUMU JAaHUMMU.

Metoauka. BUKOpPUCTOBYIOTbCS METOAU aHali3y,
ineHTudiKallii mapaMmeTpiB, MATEMAaTUYHOTO MOJIEJIO-
BaHHS, pILIEHHSI CUCTEM HEJIiHIMHUX ajreopaiyHux i
IndepeHiaTbHUX PiBHSIHbD.

Pesyabratu. Po3risiHyTo MeToau BpaxyBaHHS
BIUIMBY BUTICHEHHSI CTPyMY Ha OIIOPU POTOpa, BUKO-
HaHO iX aHaji3 i MpUIHSATA 32 OCHOBY NPSIMOKYTHA
(opMa nepeTuHy CTpUKHSI 0OMOTKM poTopa. OOrpyH-
TOBaHO 3aCTOCYBaHHS 3aMiCTh OJHI€l 3arajJbHOI MPU-
BEIEHOI BUCOTU CTPUKHS IBOX Pi3HUX HABEACHUX BU-
COT BilMOBIAHO AJIs1 BUBHAUEHHSI aKTUBHOTO M iHAYK-
TUBHOTO OIOPIB pOTOpa. YTOUHEHI aHATITUYHI 3aJ1eX-
HOCTI 711 MPUBEIEHUX BUCOT, B SIKMX, Ha BiAMiHY BiJ
BiZIOMUX MiAXOMiB, 1X BU3HAYAIOTh HE SIK MPOMOPLIiAHi
KOpPEHIO KBaJpaTHOMY 3 KOB3aHHS, a SIK KOB3aHHIO Y
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k-TOoMYy CTyTeHI0, 10 TTOTIiM MOTPiOHO 3HAWTH. 3ampo-
MOHOBAHO Ta JOCIiIXKEHO CIIOciO BUOOpY 3MiHHUX CXe-
MM 3aMillleHHS i1 criocid (popMyBaHHSI CUCTEMM HeJli-
HiAHMUX PIBHSHb IS 1X YMCEJILHOTO BU3HAUYEHHS iTEpa-
LiiHUM MeToaoM. B IKOCTi 3MiHHUX TIPUIAHATI Oropu
poTopa Ipy HOMiHaJIbHOMY KOB3aHHi, €KBiBaJ€HTHi
BUCOTH TPSIMOKYTHUX CTEPKHiB pOTOpa, B3a€MHAa iH-
TYKTUBHICTh MiXX CTAaTOPOM i pOTOPOM, aKTUBHMI OTIip
KOHTYpY BTpaT y CTajli il MOKa3HUK CTYIEHS TSI KOB-
3aHHS y (GOpMYJi BU3HAUECHHS MTPUBEICHOI BUCOTH. 3a
JIOTIOMOTO10 PO3POOJIEHOTO METOAY BU3HAYEHi Mapa-
METPHU CXEM 3aMIlllEHHS PpSIy Pi3HOTO TUITY TJIMOOKO-
Ma3HUX ABUTYHIB i BAKOHAHI PO3PaxXyHKH 1X CTATUYHUX
xapakTeprucTuK. OTprMaHO 30ir po3paxOBaHMX 3a CXe-
MOIO 3aMillIEeHHSI CTPYMiB cTaTOpa Ta MOMEHTIB 3 KaTa-
noxHumu. [TokazaHo crmocib 3acTocyBaHHSI BU3HauUe-
HMX MapaMeTpiB CXeMU 3aMillleHHSsI AJIsi MOACTIOBaHHS
3a JOMOMOIol0 AudepeHIiabHUX PiBHSIHb PEXUMIiB
MYCKY, KOPOTKOTO 3aMUKaHHS 1 caM03amycKy IBUTY-
HiB.

HaykoBa HoBu3HA. YTiepiile Mpu po3poOlli mapame-
TPiB CXeMU 3aMillleHHsI [NIMOOKOIa3HOTrO aCUHXPOHHO-
IO IBUTYHA 3aIllpOTIOHOBAHO BIUIMB CKiH-e(peKTy Ha
OITOpPY pPOTOpa BU3HAYATH 3a JOITOMOIOI0 HE ONHIET, a
IIBOX Pi3HMX €KBiBAJICHTHUX BHCOT IIPSIMOKYTHOTO TTe-
PETUHY CTPIYDKHSI pOTOpPA: OMHIEL 71T BU3HAYEHHS aK-
TUBHOTO OIIOPY, a iHILOI — JJIs1 iHAYKTUBHOTO.

IIpakTyna 3HaunmMicTh. OTprMaHa MporpamMHa pe-
ajtizaliisi po3po0JIeHOro METOAy BM3HAUYEHHS Tapame-
TPiB CXeMU 3aMillleHHSI INIMOOKOIIa3HOTIO aCUHXPOHHO-
ro JBUTYHa i METOAY PO3PaxyHKy HOro CTaTUYHHUX i
TUHAMIYHUX XapaKTePUCTHUK.

KmouoBi cioBa: acuuxpounnuil osueyw, eaubokonas-
HULl pomop, KamanoxicHi Oaui, cxema 3amiujeHHsl

Iems. Pa3paborka Meroma ompeaecHUs mapaMe-
TPOB CXEMBI 3aMEIICHNUSI aCUHXPOHHOTO IBUTATEIIS C
[JTyOOKOTIa3HBIM POTOPOM 10 KATaJIOXKHBIM TaHHBIM.

Meromuka. HMcnonb3yroTcsl MeETOIbl aHalu3a,
UASHTUDUKALIMY TTapaMeTPOB, MaTeMaTUIECKOTO MO-
NeJTMPOBaHUs, PEIIeHUsS] CUCTEM HEJIMHEHHBIX ajre-
Opanueckux U guddepeHnalIbHbIX YPaBHEHUIA.

Pe3ynbTatel. PaccMoTpeHbI METOMBI yueTa BIUSTHUS
BBITECHEHHMS TOKA Ha COMPOTUBIICHUS pOTOPA, BHIITOJ-
HEH UX aHaJ13 U 32 OCHOBY IPHHSTA TIPSIMOYTOJIbHAST
dopMa ceyeHusl cTepxKHsI 0OOMOTKM poTopa. OBoCHO-
BaHO IPMMEHEHNE BMECTO OTHOM OOIIEei IBYX pa3Ind-
HBIX TIPUBEICHHBIX BEICOT COOTBETCTBEHHO TSI OTIpe-
IIeJICHNST aKTUBHOTO I MHIYKTUBHOTO COITPOTUBIICHUIA
poTopa. YTOUHEHBI aHAJTUTUYECKIE 3aBUCUMOCTH TSI
MIPUBEACHHBIX BBICOT, B KOTOPBIX X, B OTIMYME OT M3-
BECTHBIX ITOJIXOMIOB, OMPEALISIOT HEe KaK MPOITOPIINO-
HaJIbHbIE KOPHIO KBaJAPaTHOMY M3 CKOJIbXKEHMS, a KaK
CKOJIb)X€HUE B HEKOTOPOUl k-TOil MCKOMOI1 CTEIEeHM.
IIpennoxeH u uccienoBaH crocod BbIOOpa MepeMeH-
HBIX CXeMBI 3aMEIEeHUS 1 CIT0CO0 (DOPMUPOBAHMUST CH-
CTEeMBI HEJIMHEWHBIX YpaBHEHUN IS WX YHUCICHHOTO
oIpe/ieJIecHUs] UTEepallMOHHBIM MeTomoM. B KauecTBe
TepeMEHHBIX TIPUHATHI COIPOTUBJICHUSI pOTOpa IIPU
HOMWHAJIBHOM CKOJIBXXCHUM, SKBUBAJICHTHBIC BHICOTHI
MIPSIMOYTOJIBHBIX CTepKHEH poTOpa, B3anMHAasT MHIYK-
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EJEKTPOTEXHIYHI KOMNANEKCU TA CUCTEMMU

TUBHOCTb MEXIY CTAaTOPOM U POTOPOM, aKTUBHOE CO-
MPOTUBJIEHUE KOHTYpa IIOTePh B CTAJIM U I10Ka3aTesib
CTEIEHU U CKOJIbXEHUsI B (hOpMyJie OIpeneieHus
MpUBEACHHON BHICOTHI. C MOMOIIBIO pa3pabOTaHHOTO
METOIa OIIpele/ieHbl MapaMeTpbl CXeM 3aMelIeHUS
psiia pa3IMYHOIo TUIIA IIyOOKOIAa3HbIX ABUTATeIei U
BBITIOJTHEHBI PACYEThI UX CTATMYECKUX XapaKTePUCTHK.
[TonydeHo coBnageHNe paCCYNTAHHBIX ITO CXEME 3aMe-
IIEHUs] TOKOB CTaTopa U MOMEHTOB C KaTaJOXHBIMU.
ITokazaH coco® MpUMeHEHMsT oIpeaesseMbIX Mapa-
METPOB CXEMBI 3aMEIIeHUS IS MOIETUPOBAHUS TIO
muddepeHIINATBHBIM YPaBHEHUSIM PEXKMMOB ITyCKa,
KOPOTKOTO 3aMbIKAHUS ¥ CAMO3aIlyCKa JIBUTATEIICA.
Hayunas HoBu3HA. BriepBhie TIpu CMHTE3¢ mapame-
TPOB CXEMbI 3aMeLICHHUsI TIyOOKOMa3HOrOo aCMHXPOH-
HOTO JBUTATENISI IPEJIOKEHO BIUSIHUE CKMH-3(deKTa
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Ha COIIPOTUBJICHUSI pOTOPA OTIPEICIISITh C ITOMOIIBIO HE
OIIHOI1, a IBYX Pa3IMYHBIX SKBUBAJICHTHBIX BBICOT TIPS~
MOYTOJIPHOTO CEUEHHs CTEPXKHS POTOpa: OMHOM IS
OIpENEICHUS AKTUBHOIO COIIPOTUBJIEHUS, 4 APYTOM —
JUI1 UHIYKTUBHOTO.

IIpakTHyeckas 3HaunmocTh. [TogyyeHa mporpamm-
Hasl peajM3alysl pa3padOTaHHOTO MeToda OIpenese-
HUSI TTapaMETPOB CXEMbI 3aMELIEeHUs TJTyOOKOMa3HOro
ACMHXPOHHOTO JIBUTATed U METOIa pacyeTa ero cra-
TUYECKUX U TMHAMUYECKUX XapaKTepPUCTUK.

KioueBble ciioBa: acuHxpoHHulll dsueamens, 2ayoo-
KONA3HbLI POMOP, KAMAA0ICHble OAHHbIe, CXeMd 3amelie-
HUsl

Pekomendosano 0o nybaikauii dokm. mexH. HAyK
A.I1. 9oprum. lama naoxodxucenns pykonucy 18.04.16.
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