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The Research of the Processes of the Squirrel-cage
Induction Motor’s Direct Start-up in the Setting of the
Rotor’s Variable Parameters

Julija Maksimkina, Riga Technical University

Abstract — The exploitation of the squirrel-cage induction
motors (SCIM) is impedingly accompanied by the emersion of
the transient processes that critically impact on the condition
and operation of electrical machines. The high powered
induction motors with the squirrel-cage rotor have the
powerful starting current and rotation torque, therefore, their
starting regime exercises a significant influence on the
electrical power system regime. The rotor’s parameters are
very essential when analysing the transient processes in the
induction motors. The rotor’s resistance defines the starting
current and the rotation torque of the induction motor. During
the start-up the resistance and the inductance of the rotor
change under the current’s displacement effect. The current
paper is dedicated to the research of the direct start-up of the
SCIM with due account for of the current’s displacement in
the rotor’s slots. The paper displays the equivalent circuit of
rotor bar and the calculations of its resistance and inductance
that change under the skin effect for free form slots.
Moreover, the paper presents the calculation and the
comparison of the dynamic characteristics of the SCIM with
the constant and variable parameters of the rotor.

Keywords — Induction motors, transient process, current’s
displacement effect, resistance, inductance, slip, starting
torque.

I. INTRODUCTION

As it is known, the induction motor’s start-up
characteristics (IM) could be significantly improved by
using the special structures of the short-circuited (squirrel-
cage) rotor that allow to increase the starting torque and to
reduce the motor starting current. The constructions of the
short-circuited rotor are various modifications of the deep
bar rotors and bicages rotors, in which the current’s
displacement effect in the squirrel-cage rotors is used [1].
The distinctive feature of the above-mentioned motors is
that resistance and inductance of the rotor (R, and X))
depend on slip values and, therefore, at the motor start-up,
when the slip changes within the range starting from s = /
up till the value of the steady regime s = 0,01 + 0,06, these
parameters change in the rather wide range. In the majority
of cases the current’s displacement effect has a positive role
by increasing the resistance of the rotor, decreasing the
inductance of the rotor and increasing the starting torque of
the motor. However, uneven distribution of the electric
current density over the rotor bar could lead to undesirable
effects up to and including the motor breakdown. Hence,
the tracking of the impact of the current’s displacement
effect is considered to be a very important task during the
research of the transient processes of the squirrel cage
induction motors [2].

II. DESCRIPTION SCIM MATHEMATICAL MODEL

For the induction motor transient process analysis the
Park-Gorev equations are used, the solution of which
allows to estimate the current, electromagnetic torque and
other values that are being changed during the transient
process [3]. The Park-Gorev equations take the following
form in the phase system of coordinates:
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where u,,, ug, U - are the phase voltage;
ise s Isc - are phase stator current;
U4, U,p, U,c - are rotor rings voltage;
ir4, 1,8, I,c— are phase rotor current;
r,, I - the stator resistance and the rotor resistance;
¥, ¥ — total flux linkage with the phase windings
of the stator and rotor accordingly;
M,qq — load torque on the IM shaft;
M,,, — IM electromagnetic torque;
sde
dt - dynamic torque.

The solution of the similar system that is nonlinear and
contains circulating coefficients, of the differential
equations in the phase coordinates is difficult. One of the
possible methods how to obtain the equation with the
constant coefficients is the method of the transformation of
the coordinates that is based on the theory of two reactions
related to all voltages, currents, flux linkages decomposition
along two mutually perpendicular coordinate axis. The
current paper presents the IM mathematical model that has
been generated in the set of coordinate axes d, ¢, 0, i.e. the
set of the axes is statical as relative to the rotor and rotates
relative to the stator with the rotor’s rotation speed (w,=
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,). Subsequently, the modified Park-Gorev’s equations
take the following form:

7usd isd d ‘.Psd - l{I:q d 9
ug =R\, |+ u Y, |+ Y 7:
%50 Lo Yoo 0 4)
[u, i P, -7,
‘ “oall "\ (do, do
u, |=R|i, |[+— |V, |+ Yu | -——
. dt dt dt
Lo ) ¥ 0 (5)
do 3
Ty,—=—L,\i,,"i,—1, i,)—-M,,
M dt 2 ad ( rd q q d ) load (6)

where 6 - the angle between longitudinal axis d of the
set of coordinate axes d, g, 0, rotating with the free
speed, and magnetic axis of the phase motor’s
stator ;
0 - - the angle between longitudinal axis d and
magnetic axis of the phase motor’s rotor ;

do, do

= 1
dt , dt )
Usually, solving the equations (4) - (6), it is asumed that
rotor’s parameters R, (R;) and X, (X;) are the constant
values. However, the following approach is incorrect and it
could contribute significant errors into the calculation data
of high power induction motors. In the correct analysis of
the transient process the functional dependence R,(s) and
X,(s) should be applied.

The numerical methods that allow to solve the problem of
the defining the rotor parameters to a high accuracy (these
are mesh method, finite element method FEM, secondary
sources methods and etc.) are labour intensive and time
consuming, that eliminates the possibility to build up on
their basis simple engineering calculation methods
[41.[51.[6].

In the calculation practice the transformation of the
parameters of the IM is based on %, and &, coefficients, that
are defined as the function of the slip of IM on the
assumptions that do not considerate the real picture during
the transient process. Such an approach in the case of the
deep bar rotors and bicage rotors does not provide the
required calculation accuracy [2].

=

III. THE SQUIRREL-CAGE INDUCTION MOTOR EQUIVALENT
CIRCUIT

The current paper offers a general approach and presents a
numerical method of calculation of the variable parameters
of the rotor slots with arbitrary configuration [1].

The rotor circuit equivalent scheme with the variable
parameters that are influenced by the current’s displacement
effect could be presented in the form of the multi-link
circuit with the constant and independent of the current
displacement impedances (fig. 1).
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Fig 1. The rotor bar equivalent scheme.

The calculation method of the rotor bar displacement of
the multi-linked scheme of impedances is based on the
following. Knowing the configuration of the magnetic lines
of flux leakage in the slot, we will present a massive
electrical conductor (a squirrel-cage winding rotor bar)
divided into a great number of elementary layers isolated
from each other by the thin layer of the insulation.

Let us presume that there is a plain-parallel lines filed in
the slot, and electric current density along the line of flux is
constant. With regards to a relevantly low height of the
elementary layers these allowances do not bring into any
considerable errors of the calculations. With the account of
these assumption the parameters of the equivalent scheme
(fig. 1) are resistance R; and inductance X; of the elementary
layer i:

R =p,-l/q, 7)
where p-— resistivity of the rotor bar material;

q; - cross sectional area of the i layer;
[ - the length of the i elementary layer.

X, =o,uh -1 =27f\sp A -1 )

where w, — current’s angular frequency of the rotor bar;
J; - geometrical conductivity of the magnet tube the
borders of which are defined by the i elementary
layer.

IV. THE CALCULATIONS OF THE ROTOR’S RESISTANCE AND
INDUCTANCE

As an example for calculation purposes, we have chosen
the induction motor 4AH355S4U3 with the deep slots in the
rotor. On the basis of the equivalent scheme the functional
dependences R,(s) and X(s) for the chosen IM have been
obtained (fig. 2 and fig. 3).
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Fig. 2. The rotor’s resistance at the start-up time.
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From the obtained dependence (fig. 2) it is obvious that
during the start-up moment r=0 ( s=1 ) the rotor’s
resistance reaches its maximum R, =0,03613 ru.

With the acceleration of the motor, the slip reduces as well
as the value of the resistance reaching its nominal value

R
resistance values practically coincide with the data for the

chosen SCIM (R, _ =0,0387u and R, =0,014
r.u.).

=0,01427 r.u. The received starting and nominal
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Fig. 3. The rotor’s inductance at the start-up time.

From the obtained dependence (fig. 3) it is obvious that
during the start-up moment =0 ( s=/ ) the inductance of

the rotor has its minimum X ;mn =0,1034 r.u. With the
acceleration of the motor, the slip reduces whereas the
=0,1289
r.u. The received starting and nominal inductance values
practically coincide with the catalogue data for the chosen

IM(X, ~=0,08ruand X, =014 ru).

"

value of the inductance increases up to X,,

2start 2nom

V. THE CALCULATIONS OF THE DYNAMIC
CHARACTERISTICS OF THE SCIM

On the basis of the equivalent scheme the dynamic
characteristics with Park-Gorev equations with the variable
parameters of the rotor for the chosen SCIM 4AH355S4U3
have been obtained. The Park-Gorev equations in relative
units are solved.

Load simulation is provided in relative units as
follows:

M, =M +k &
where M, =0 - static torque; k = 0.702 — coefficient.

Moment of inertia J = 5,8 kg - m?is simulated with
mechanical time constant:

J.
— 2 Mnom_ 314159
955-M,,,

5,8-1500

=200 314159=140.74
9,55-2032

Ty

Dynamic characteristics I=f(t), M.,=f(t), n=f(t) are
presented in fig.4.
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Fig. 4. Dynamic characteristics of the IM 4AH355S4Y3 with the variable
parameters of the rotor.

Then influence of the current displacement effect on the
dynamic characteristics I=f{z), M.,=f(t), n=f(t) are
calculated for the model of idealized generalized IM with
the constant parameters of the rotor. SCIM 4AH355S4U3
parameters are used in relative units for nominal mode of
operation:
stator’s resistance 0.019 r.u.;
stator’s inductance 0.11 r.u.;
rotor’s resistance 0.014 r.u.;
rotor’s inductance 0.14 r.u.;
magnetizing inductance 4.6 r.u.

The comparison of the dynamic characteristics are
presented in fig.5, fig. 6 and fig.7.

<

EN

w

Current 1

IS

w

Stator's current, r.u.

Current 2

S

=3
0
0.1
0.2 A
03
0.4

Fig. 5. Stator’s current for SCIM 4AH355S4U3:
1 — mode of operation with constant rotor’s parameters R, and X>;
2 —mode of operation with variable rotor’s parameters R, and X>.
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Fig. 6. Electromagnetic torque for SCIM 4AH355S4U3:
1 — mode of operation with constant rotor’s parameters R, and X>;
2 — mode of operation with variable rotor’s parameters R, and X>.

Fig. 7. Rotation speed for SCIM 4AH355S4U3:
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1 — mode of operation with constant rotor’s parameters R, and X>;
2 — mode of operation with variable rotor’s parameters R, and X>.

From the obtained dependences (fig. 4, fig. 5, fig. 6) it is
obvious that transient process proceeds faster in the mode
with variable rotor’s parameters; IM reaches its steady
=0,95. In mode of
operation with constant rotor’s parameters IM reaches its
start = 1’8S :

As it is seen from [=f(?) characteristics (fig. 5), the first
current’s peaks are the same independent on the mode of
operation (/.. =6.4r.u. at t=0.009s). In steady mode
current’s values are identical and reaches its rated value
I = (.77 r.u. Current’s relation is:

L start _ 6.738

——=8.75
1 0.77

mode of operation during £,

steady mode during ¢

nom

nom

As it is seen from M,,,=f(?) characteristics (fig. 6), in time
interval t=0+0.25 s oscillations of electromagnetic torque
occur synchronously in both modes of operation. In steady-
state condition of operation torque values are identical and
reaches its nominal value A nom = 0.687 r.u. However,
start torque’s value is a lot more in mode of operation with

variable rotor’s parameters.
Start torque relations are:

M = ﬂ =2,35 - mode of operation with constant
M, 0,687

rotor’s parameters;

M = w = 4,45 - mode of operation with variable
M 0,687

nom
rotor’s parameters.
This research shows that the variable parameters effect on
the dynamic characteristics of induction motor’s direct
start-up.

VI. THE CALCULATIONS OF THE DYNAMIC
CHARACTERISTICS OF THE SCIM WITH PROGRAM COMPLEX
PSIM

Simulation of SCIM start-up in settings of the rotor’s

constant parameters R,'=0.0/4 r.u. and X,'=0.14 r.u. is
carried out by the scheme presented in fig. 8.
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Fig. 8. SCIM start-up with rotor’s constant parameters simulation scheme.

SCIM 4AH355S4U3 parameters used for simulation are:
line voltage 660 V;
supplying source’s frequency 50 Hz;
stator’s resistance 22.42 mQ;
stator’s inductance 0.4134 mH;
rotor’s resistance (nominal value) 16.52 mQ;
rotor’s inductance (nominal value) 0.5261 mH;
magnetizing inductance 17,29 mH;
number of poles - 4;

moment of inertia J = 5,8 kg -m*
Load torque: M, , =M +k-@’

where M, =0 - static torque;
Mg =M, -0.702=2032-0.702 = 142646 Nm;

a)=2-7z-n=2-7r-1482=1551/s
60 60

angular mechanical speed;

_ Mg _1426.46

= (.059 — coefficient.
w® 1552

k

The obtained dynamic characteristics I=f(?), M,,=f{?),
n=f(t) are presented in fig. 9.

From the dynamic characteristics the following relations
are obtained.

Start torque relation is:

M 3648
start — — 2,55
M, 1429
Start current relation is:
Istart — 3071 — 978 .
1om 314
Start-up duration is ¢, =1.6s.
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Fig. 9. Dynamic characteristics of the SCIM 4AH355S4Y3 with the
constant parameters of the rotor ( PSIM).

SCIM start-up simulation with program PSIM in settings
of rotor’s variable parameters R, u X, is based on scheme
(fig. 8).

In each phase rotor’s circuit five sections are introduced,
containing resistance (5.66 m€) and inductance (0.045
mH). When SCIM reaches certain rotation speed the
inductance is included in rotor’s circuit, but resistance is
replaced on short-circuit. At start-up moment the nominal
resistance /6.52 m€Q and starting inductance 0.3 mH are set
in. Thereby, the resistance’s decrease and the inductance’s
increase during when SCIM start-up are simulated.

Dynamic characteristics of the SCIM 4AH355S4V3 with
the variable parameters of the rotor are presented in fig.10.
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Fig. 10. Dynamic characteristics of the SCIM 4AH355S4V3 with the

variable parameters of the rotor ( PSIM).

From the dynamic -characteristics the follow
relations are obtained.
Start torque relation is:

M, 3632

start — — 2’61
M, ~— 1394
Start current relation is:
I, _ 3065 ~9.95
I, 308
Start-up durationis ¢z, =0,7+0,8s.

VI. CONCLUSIONS

1. During the start-up the resistance of rotor
decreases under the current’s displacement effect
in the rotor bars. Moreover the starting value of
resistance depends on the frequency of supply
source and the slip.
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2. During the start-up the inductance of the rotor
increase under the current’s displacement effect in
rotor’s bars. What is more, the starting value of
inductance depends on the frequency of supply
source and the slip too.

3. The obtained algorithm allows to calculate
accurately the resistance and inductance during the
SCIM start-up. Also it makes possible to take into
account changes in the calculations of the transient
processes. Comparison of results obtained by
different methods confirms the validity of the
calculations.

4. Accounting the variables rotor’s parameters alters
the course of the transient process. The duration of
the transient process becomes shorter by increasing
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the average torque developed by SCIM during the
start-up.
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Jilija Maksimkina. Procesu izpéte tieSi palaiZot isslégto asinhrono dzin&ju ar mainigiem rotora parametriem

Asinhrono dzing&ju (AD) dinamiskas raksturliknes nosaka strdvas un momenta izsitienus parejas procesu laika. Tapat tas nosaka rotacijas frekvences uzspiesta
rezima. Parametri dinamiskajos rezimos mainas stravas izspieSanas d€] rotora stienos. Seviski tas attiecas uz dzingjiem ar aizveértam rievam, kuru dzilums ir
lielaks par vilpa iespieSanas dzilumu. Praktiskos aprékinos AD parametru mainu novéro, izmantojot koeficientus &, un k,, kuri neievéro realitati parejas procesa
laika. Dzilrievu un dubultrievu rotoru gadfjumos $ada pieeja nenodroina nepiecieSsamo aprékinu precizitati. Saja darba tiek piedavata visparéja pieeja un
skaitliska metode parametru aprékinasanai rotoriem ar brivas formas rievam. Rotora k&des aizvietoSanas shéma satur daudzposmu k&di, kuru veido pretestibas,
kas nav atkarigas no stravas izspieSanas. AizvietoSanas shémai aprékinata kompleksa ekvivalenta pretestiba, kuras realajai dalai atbilst rotora aktiva, bet
imaginarajai — rotora induktiva, no slides atkariga, pretestiba. STs pretestibas tick izmantotas Goreva-Parka vienadojumu risina$ana. Uz aizvieto3anas shémas
pamata sastadita kompleksas ekvivalentas pretestibas un dinamisko raksturliknu aprékinu programma. Goreva-Parka vienadojumos rotora parametri R, (R;) un
X,(X5) ir mainigie lielumi. Dots AD dinamisko raksturliknu aprékinu rezultatu salidzindjums ar mainigiem un nemainigiem rotora parametriem. Ar kataloga

datiem salidzinati rotora parametru Rz, X , aprekinu rezultati; tiek veikts dinamisko raksturliknu aprkins ar mainigiem un nemainigiem rotora parametriem ar

PSIM programmas kompleksu, dots dinamisko raksturliknu aprékinu rezultatu salidzinajums.

IOnans Makcumknna. HccnenoBanue npoueccoB NpsiMoro mycka aCHHXpOHHOI0 KOPOTKO3aMKHYTOI0 IBHraTeIsl IPH MepeMeHHbIX HapaMeTpax poTopa
JluHamMHuYecKre XapaKTEpPUCTUKU AaCHMHXPOHHBIX jaBurateneid (AJl) npeincTaBisiOT 3HAYUTENBHBIH MHTEPEC IPH OIPEIENEHHH OpPOCKOB TOKOB M YyJapHbIX
MOMEHTOB MPH ITIEPEXOJIHBIX NPOLECccax, a TAKKe BPEMEHHM BBIXOJa HA YCTAHOBHMBLIYIOCS YaCTOTY BpalleHUs. PacyeT AMHAMUYECKMX XapaKTepucTHK AJl
3aTpyJHEH HEOOXOJUMOJICTHIO YUeTa U3MEHEHHUS [TapaMEeTPOB MALIMHBI, BBI3BAaHHBIX d((EKTOM BBITECHEHUs TOKA B CTEPXKHAX poTopa. OCOOCHHO 3TO KacaeTcs
AJl, MMEIOLIUX Ha POTOPE 3aKPBITHIC T1a3bl PA3JIMYHON KOH(PUIypaluy, BEICOTAa KOTOPHIX MPEBHIMIACT ITTyOUHY NPOHUKHOBEHHS BOJIHBI. B pacueTHON mpakTuke
n3MeHeHue napametpoB AJl yunteiBaercst koddunuentamu k. u k,, KOTOpBIE ONPEASISIIOTCS KaK (DYHKIIMU CKOJIBKEHHS MAIIMHBI IIPH JOITYIICHUSIX, KOTOPbIE
HE YUYHMTHIBAIOT PEATbHYI0 KapTUHY INPHU IIEPEXOJHOM mporecce. Takoi Mmoaxon B ciydae ITyOOKOIA3HBIX M JBYXKIETOYHBIX POTOPOB HE 0OECIedHBacT
TpeOyeMyI0 TOUHOCTh PacyeTOB.

B nmanHO# paboTe mpeiokeH o0Imuil TOIX0 U NPUBECH YHCICHHBIH METOJ] pacyeTa NepeMEeHHbBIX MapaMeTPOB Ma30B POTOpa MPOU3BOJIBHON KOH(PUTYpaIHy.
Cxema 3aMelIeHUs] POTOPHOM LENH ¢ M3MEHSIOIMMICS 110 BIUSHIEM 3¢ deKTa BEITECHEHUS TOKa ITapaMeTPsIMH IIPEJICTaBICHa B BUJIE MHOTO3BEHBEBO LIETIH C
MOCTOSIHHBIMM, HE 3aBUCSAILMMU OT BBITECHEHHS TOKA, CONPOTUBIICHUSAMHM. I MOJIy4EeHHOH CXeMbl 3aMEIEHUS] PAaCCUUTAHO KOMIUIEKCHOE PKBHBAJICHTHOE
COIIPOTHUBIICHUE, KOTOPOE COAEPKUT PEAlIbHYI0 (AKTMBHOE CONPOTHBIECHUEPOTOPA) U MHUMYIO (MHAYKTHBHOE CONPOTHUBIEHHE POTOpA) YAaCTH, 3aBHCAILUE OT
BEJIMYMHBI CKOJIBKEHMS. J[aHHBIE aKTHBHOE M MHIYKTUBHOE CONPOTHBICHHUSPOTOPAUCIIONB3YIOTCS Ui peuieHus ypaBHeHuil [lapka-I'opea. Ha 0aze cxembl
3aMELICHHUs COCTaBJIEHa IPOrpaMMa pacueTa KOMIUIEKCHOTO SKBHBAJICHTHOTOCONPOTUBIICHUS M JUHAMHYECKUX XapakTepucTuk AJl ¢ HCHOJIB30BaHHEM
ypaBHeHwuii [Tapka-I'opeBa, B KOTOpBIX apameTpsl potopa R, (R,) u X,(X;) nepeMeHHbIe BeIMUHHbL. [IpOBEICHO CpaBHEHHE PE3yJIbTATOB pacyeTa JHHAMHYICCKHX

xapaktepuk AJl ¢ ydetoM 1 6e3 yueTa BEITECHEHHSI TOKa B ITa3ax poropa. [IpoBeneHo cpaBHEHHE pe3yIbTaToOB pacdera apaMeTpoB poTopa R2 X , CJlaHHBIMH

Karasora. [IpoBezieH pacuer JMHaMUYecKUX XapakTtepuk AJl ¢ yueToM u 0e3 yuera BBITECHEHHs TOKa B 1a3aX POTOpPA C IIOMOILBIO IIPOrPaMMHOI0 Komruiekca PSIM.

58



