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Improving the accuracy of determining
the parameters of induction motors in transient

starting modes
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Nowadays, it becomes important to solve the problem of

improving mathematical models of AC electric machines in
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order to clarify the analytical description of transients tak-

ing into account the active resistance in the stator winding.
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The use of frequency characteristics will improve the accura-

cy of determining the design parameters of induction motors
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at the design stage. In this case, taking into account the active
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mine with sufficient accuracy the characteristics of the engine
in the starting modes.
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INTRODUCTION

When designing induction motors, it is neces-
sary to ensure that their characteristics meet
the requirements of the technical specifications
and current standards. For this, it is necessary to
achieve a coincidence of the calculated and ex-
perimental data. According to existing methods
for calculating induction motors, the parameters
are not calculated accurately enough. The groove
scattering and the saturation coefficient are cal-
culated by the equivalent slot opening, which is
calculated by empirical formulas. The inductive
differential scattering resistance is also calculated
by the empirical formula, which does not always
give a reliable result.

Accuracy analysis requirements for transients
occurring in electrical machines (EM) and electri-
cal energy power systems in normal and emergen-
cy modes are continuously increasing. An in-depth
study of the behaviour of EM in dynamic modes
is one of the most important factors determining
the electrical machines rational design, as well as
the energy power systems, power supply circuits,
control systems and process control systems de-
sign and operation in all industries areas.

Reliable predestination for the EM behaviour
in transient modes depends on the mathematical
models accuracy adopted for the study and the in-
formation completeness reflecting their physical
dynamic properties. This necessitates the improve-
ment for existing EM models in the direction
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on increasing their physical validity, as well as
the creation for algorithms of modelling transient
processes that provide quick and visual results with
a given accuracy in solving practical problems.

When using traditional methods for calcu-
lating transients, taking into account various
conditions in these processes leads to signifi-
cant difficulties calculation due to the increase
in the differential equations order that describes
transients.

Frequency methods have become widespread
in engineering practice for studying the EM dy-
namic modes. They have great simplicity and
clarity, and also allow you to directly use for
the calculation of experimental data in the form
of frequency characteristics for individual ele-
ments or the entire system as a whole.

Modern methods of analysis allow us to con-
sider transients taking into account many electri-
cal circuits on the rotor using frequency methods
based on the properties from the Fourier integral
and the Laplace transform. In [1, 2], it is proposed
to use the discrete Fourier transform on the basis
of experimental data to determine the frequency
characteristics and obtain a mathematical EM
model in the frequency domain. However, with
this approach, there are limitations on both time
and frequency. When processing research results,
one has to deal with the uncertainty principle for
the signal processing domain. The principle here
is called the Benedict Theorems: a function can-
not be simultaneously limited in the time range
and in the frequency range.

Currently, thanks to the use of high-perfor-
mance computing, an opportunity has appeared to
apply frequency research methods. Results of these
studies have great simplicity and clarity, and also
allow you to directly use experimental data for cal-
culation in the form of frequency characteristics of
individual elements or the entire system.

Frequency characteristics are understood to
mean the dependence of the stator current com-
plex values (conductivity on the stator winding
side) on the rotor speed in steady-state conditions
when the stator is supplied with a nominal volt-
age and nominal frequency.

Accounting for changes in the rotational
speed of the rotor of an induction motor is possi-
ble using frequency research methods. The initial
data for the calculation are the following:

- Conductivity frequency response of an in-

[4] (Fig. 1);

duction motor y(js) =

y(js)
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Fig. 1. The frequency characteristics of conductivity depending on
voltage: U=0.25Un (1),U=05Un(2), U=0.7Un (3)

- Angle y, between the axis of the fixed wind-
ing of phase A of the stator and the voltage vector
at the time of switching on;

— Stator winding resistance to the direct cur-
rent r;

— Slip s at the moment the engine is switched on.

When the motor is connected to the network,
the following current components will flow in
the stator winding: steady-state current i , aperi-
odic i and transient periodic i ,.

The use of the method of spatial complexes in
combination with frequency methods allows for
refined studies based on the analytical description
of transients. At the same time, such phenomena
as electromagnetic rotor balance, current dis-
placement in windings, the presence of circuit’s
unlimited number in electrical machines, as well
as the saturation effect for the magnetic flux paths
of electromagnetic modules can be taken into ac-
count.

Further improvement of methods for calcu-
lating electromechanical transients in electric
machines is based on factors such as the pow-
erful computing equipment global distribution,
the creation of performance characteristics re-
liable databases for synchronous and asynchro-
nous electric machines, and the development of
methods for analysing and synthesizing equiva-
lent circuitry that adequately describe the initial
options.

The aim of research is to solve the problem of
improving the mathematical models of alternat-
ing current EMs, in order to clarify the analyti-
cal description of transients taking into account
the active resistance in the stator winding.
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The theoretical background for the study pro-
cesses transient in EM is based on the relationships
established in [3] between transient processes in
EM and frequency characteristics. In [6-8] it is
shown that the flow of a transient process during
a short circuit, or switching on the EM in the net-
work, disconnecting it from the network, chang-
es in the supply voltage, etc., what corresponds to
a set of steady-state modes when the stator is sup-
plied with a nominal AC voltage and nominal fre-
quency but at different rotor slips.

With its great simplicity and clarity, the meth-
od allows us to obtain an analytical solution for
the refined study of electromagnetic transients in
EM at a quasi-constant rotor rotation frequency
in the separate time intervals transient process.

METHODOLOGY

The active resistance in the stator winding circuit
influence affects not only the change in the de-
cay time constants on the transient current com-
ponents, but also the change in their amplitudes
and phases at the operation mode change initial
moment.

When taking into account the winding active
resistance r, influence, the current components
vectors, when switching on the EM in the net-
work, can be determined in accordance with rec-
ommendations [3] on the conductivity y (js) fre-
quency response, calculated taking into account
the stator active resistance influence, in the same
way as characteristic of y(js) which excludes this
resistance.

In this case, the transient current calculation
in the stator winding when the EM is turned on
the network, rotating with a constant slip, is per-
formed in the following sequence.

The dependence of the conductivity on
the slip of the rotor is calculated taking into ac-
count the influence of the stator winding resist-

ance y (js)

a J
yr(Jjs)= 7’3‘ +jx(jS)’ (1)
1

i 7 is determined

where x(js)=

+
X, +x, k=1 Js+r,
by the parameters of the equivalent L-shaped
equivalent circuit (Fig. 2); s is slip.
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Fig. 2. The equivalent L-shaped circuit

The stator steady-state current vector is calcu-
lated from the characteristic y (js) for a given slip
s, at the switching on the moment:

Fyoe -0y = J10S)- (2)

The stator steady-state current change in time
has the form:

ier(t) = isro(tzo)ejwt‘ (3)

The transient current aperiodic component
I 00— at time £ = 0 is determined by the point on
the characteristic y (js) during the slip (1-s).

The aperiodic current change in time is sub-
ject to the following law:

—t

i ()= isro(tzo)el“’“’uf-en . (4)

The rotation natural frequency and the decay
time electromagnetic constant of the electrical
current aperiodic component are determined
using the frequency response y (js).

The initial value for the full periodic current

vector i , . is calculated from the condition
ler(r:O) + lsrl(t:O) + Z5»'2(t=()) =0.

Consequently,

ler(t:O) = ler(t:O) - lsrl(t:O)A (5)

The change law for the periodic current decay
over time, taking into account the active resist-
ance influence in the stator winding, will be as
follows:

N -t
2 (D)= (Y ne™ e (6)
k=1

Herei and T, are the initial values and time

constants for the periodic current components
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attenuation, taking into account the stator wind-
ing active resistance influence.

The initial values of the current components
i, andi_ in [3] are determined with the help of
complexes that do not take into account the in-
fluence of r_ by multiplying them by a special
correction coeflicient, which is equal to the ra-
tio of the complex conductivity obtained taking
into account the active resistance r_ to the com-
plex conductivity received without considering
this active resistance r,

I

. Lyogeo)

lsr2k - ls2k . > (7)
Loo(1=0)

where i, components are calculated by the ex-
pression

=— ¢ — (8)
(]rk+(1_s)xk)(rk+]sxk)

Lok

excluding active resistance in the winding

N
Log=0) = z Lok -
k=1

It is possible to determine the transient peri-
odic current components directly from the equiv-
alent circuit parameters. When taking into ac-
count the active resistance influence, the stator
winding active resistance

1

i = is) = . ,
s2rk yrk (] ) }"k + ijk xv (]S) (9)
where xv(js)zr—f(i+ ! + . ISy,
r, X + X k=1 JSX, + 4
Consequently,
Z'srkZ(t = 0) = yrk(jS)s =s-1 yrk(jS)s =s" (10)

To reduce the computer time cost, you can
use the approximate calculation for the attenua-
tion coeflicients and the corresponding time con-
stants of aperiodic currents in rotor circuits using
the ratios obtained in [3]

"
2
v, X
a, = xi(l+l’k —klf‘)’
g (1=5)" +(*)
Xk

1
Ty=—.
a‘rk

where 7, x,_are the parameters of an equivalent
L-shaped equivalent circuit, adequate to the fre-
quency response y(js) without taking into account
the stator winding active resistance.

Thus, taking into account the influence from
active resistance in the stator winding circuit,
the change law in the stator transient current over
time in fixed axes, provided that the slip is con-
stant, will have the following form:

t

. 3 Jjot . Joo.t 75
Ly, (t) - ler(/:O)e + lsrl(r:O)e € +

N _r
. =)ot T,
2 i.e e .

(11)

If there is a large active resistance r,in the mo-
tor stator circuit, it is necessary to introduce
the following corrections to take into account its
influence.

Frequency characteristics should be used, ad-
justed for the effect of active resistance influence:

. J

§)=——,
Va (JS) v+ Us)
Y, (Js) = /

r+jx, (js)

The current aperiodic component average value
i, is also determined taking into account the ac-
tive resistance r_for the slip value s = - (1-s).

The component initial value having a fre-
quency close to double and due to the magnet-
ic and electrical asymmetry in the rotor, Di_ is
determined as in the case of the active resistance
absence in the stator winding circuit based on

the frequency characteristics:

Yl =Gy
N
R T)

Exact accounting for the active resistance in-
fluence r on the damping factor a_and the aperi-
odic component i, rotation frequency w_is diffi-
cult and can be done by finding the characteristic
equation [8]:

D(p) = (r,+ x,(p))(r, + x (p)) + +

x (p)x (p)(1-s). (12)
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The periodic transition current i , initial value
is determined as in the case for the active resist-
ance absence from the condition:

(i,+i, +i,)_=0. (13)

Refinement from the effect on the i, current
components decay time constants is performed

either by finding the equation roots (12) or by re-
lations from the form (10):

Vea(g)k
r x2
_ Trd(q)k rd(q)k
Lk = (I+r, p )
rd(q)k (1—S)2 +( rd(q)k )2
rd(q)k
1
Trd(q)k = o (14)
rd(q)k

As shown in [8], in the rotor asymmetry
presences, the characteristic equation roots (13),
which characterize the attenuation coefficients
for the current components is 2, have no imagi-
nary parts. This means that all components have
the same frequency and rotate with frequency
(1-S) in the fixed stator coordinates.

VERIFICATION OF THE THEORETICAL
FINDINGS

In the study, an induction motor with a power on
130 kW and a number of 4 poles was analysed in
the starting modes taking into account the stator
active resistance.

In Figs. 3 and 4, the time dependences for
the moment and currents in phases in the induc-
tion motor starting transient mode are presented.

Analysis of the results of calculations and ex-
perimental studies showed a good convergence.
The maximum discrepancy was not more than
9.6%. This fact gives a reason to talk about the pos-
sibility of using this method in determining
the starting characteristics of an induction motor
during its design.

In the starting mode of the induction motor,
there is a very strong saturation of the magnetic
circuit and saturated values of inductive resistanc-
es. The distribution curve of the induction over
the entire circumference was expanded in a Fouri-
er series. When calculating the field in the air gap,
no higher harmonics currents are introduced into
the rotor slots. This is equivalent to the fact that
the rotor branches of these harmonics are open.
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Fig. 3. The motor shaft torque characteristic obtained by experimental and calcu-

lation methods
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Fig. 4. Stator currents characteristic obtained by experimental and calculation

methods

This leads to a distortion of the results of electro-
magnetic calculations.

Next, the effect of current displacement in
the rotor on the characteristics of an induction
motor is considered. The dependences reflect-
ing the quadratic dependence of the increase in
rotor resistance at higher harmonics are given in
[10, 11]. Taking into account that when analys-
ing the starting characteristics, the frequency in
the rotor varies up to 50 Hz, with a sufficient de-
gree of accuracy we can take into account the ef-
fect of the current displacement effect by the lin-
ear dependence

R, =R(1+cs),

where c is the coefficient of increase in the active
resistance of the rotor.

The resistance of the rotor chain, taking into
account its change from the slip of the rotor s, is

R 2
Z,(s)= (TZJFC'RZJ +x7 .

The general expression for the rotor current
can be represented through the resistance of
the equivalent circuit as

IZ(S) — UHO,H %
\ (R12 + x12 )
U, *
% OM

1 2
-[\/(SQR2 +;ch2 +CR +x0) +4 (R +x7) ]+
xJ(R? +x7)

- :
+\/(Ri2 + xf)(i2 R, + gch2 +C’ R} +x,7)
N N

It should be noted that for calculations at
the design stage, when determining static char-
acteristics, methods have been developed that
allow taking into account the effect of current
displacement and saturation of the magnetic
circuit. These techniques provide acceptable ac-
curacy, depending on the shape of the groove of
the rotor, but they are not applicable in the cal-
culation of dynamic characteristics. The modern
development of computer technology, in particu-
lar, the emergence of such a powerful software
product as Ansys Maxwell, sets the task of using
the opportunities that have appeared to increase
the accuracy of calculations.

Ansys Maxwell is a powerful interactive envi-
ronment for modelling and calculations of most
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scientific and engineering problems based on
partial differential equations using the finite ele-
ment method. Simulation of an induction motor
in Ansys Maxwell allows you to determine its
parameters in various operating modes.
However, the presented mathematical expres-
sion does not provide a qualitative assessment
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of the ongoing processes in the starting mode
of an induction motor. To analyse the process
of current displacement in the starting mode,
a field calculation was carried out using the fi-
nite element method of an induction motor with
a power of 130 kW, with a number of 4 poles
and a supply frequency of 80 Hz. The engine is

Fig. 5. Determination of current densities in the rods of the rotor winding in starting mode (a) and nominal mode (b)
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a traction drive for an electric train, so its rat-
ed frequency differs from the standard value of
the industrial frequency.

The results of this calculation are shown in
Fig. 5. It is seen that at the time of engine start
(0.035 s), an uneven current distribution oc-
curs in the rotor rods. There is a displacement
of the current in the radial direction (slots 1 and
2). In some grooves of the rotor, current flows
simultaneously in two directions (slot 3). Af-
ter completion of the start-up mode (0.879 s),
the currents in the rotor rods are aligned,
the current density is distributed over the entire
cross-section of the rod. This picture indicates
the completion of the transient starting process
in the engine. The current values are reduced by
10 times. This can be seen from the value of their
density determined in the rods (J, A/m?).

CONCLUSIONS

The use of frequency characteristics will im-
prove the accuracy of determining the design
parameters of induction motors at the design
stage. Taking into account the stator winding
resistance, it is possible to accurately determine
the characteristics of induction motors in start-
ing conditions, which is important when choos-
ing modern equipment for switching and con-
trol for new induction motors.

As practical studies have shown, the pro-
posed method allows the calculation to obtain
results that are fairly close to experimental re-
sults. This refers to the determination of starting
currents and torque on the shaft of an induction
motor, which today is a complex and controver-
sial task. The proposed method using powerful
computer equipment will solve this problem.
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ASINCHRONINIUY VARIKLIYU PALEIDIMO
PEREINAMUJU PROCESU VERTINIMO
METODIKOS TIKSLUMO DIDINIMAS

Santrauka
Elektros masiny matematiniai modeliai, skirti analiti-
niam pereinamuyjy procesy aprasymui, yra labai svar-
bas. Dazninés charakteristikos patikslina asinchro-
niniy varikliy modelj, tai itin aktualu projektavimo
metu. Straipsnyje apraSomas asinchroninio variklio
modelis, papildytas aktyviaja statoriaus apvijos varza,
kuri leidzia tiksliai jvertinti variklio paleidimo perei-
namojo proceso charakteristikas.

Raktazodziai: asinchroninis variklis, faziné cha-
rakteristika, apvijos varZa, variklio paleidimas, slopi-

nimo koeficientas



