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Absiract —The paper describes the steady siate anaiysi

- of squirrel cage induction motors us

.I!(l a two-dimensior

Rassiisg

finite clement solution. Saturation is included using an
iterative  process combining ho(h static and time-

harmonic solutions, The motor end-cffects are calculated
ll(ln(l 2d and 3d finite clements

paramefer approach during the solution of the time-
harmonic problem. Both motors types, with closed and
open rotor slots are analysed. Different operating points
for load, no-load and locked rotor situations are analysed
and compared. The influence of the different end-effect
parameters is analysed by including or neglecting them in
the calculations. Good agreement with measurements are
found for ali operating conditions. The caicuiations are
performed using a commercial FEA package

pasnag.

a luﬂli ed

I. INTRODUCTION

In the last decade, the analysis of squirrel cage induction

motors using finite clements has reccived much atiention,
The analy@is is mainly based on the ficld calculation of a
ross-section of part of the niotor (mosily one poic piich). To
dtain realistic results,
filowing cfTects:

include

muist

the calculation must the

1) Induced rotor currcnts
1) Saturation

3} Motor cnd clfects

. To combine both saturation and induced currents
theorctically, a transient solution is required. Because (his
-method results in very high computational costs. scveral
‘pproximation methods are developed {1,2]. The mecthod
described here uses a combination of static (non lincar) and
Aime-harmonic (lincar) calculations. The metor end-cffects
isator end-winding impedance and cnd-ring impedance) are
ncluded in the calculations as lumped parameters. Valucs
for the end effect parameters are often obtained using
‘mpirical formulae. Here, the paramcters arc obtained by
wo- and three dimensional ficld analysis [3].
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This resulls in a more accurate dCSCﬂleOﬂ of the end-
effects. While the empirical formulac only give a single value

for ¢.g. the end-winding lcakage. the finite element analysis
shows that the end-eflect parameters vary under different
load conditions. An additional advantagz of calculating the
is that no prototyping is required, the analysis is
purcly based on simulations.

I FINITE ELEMENT ANALYSIS

Four-pole traction motors having 48 stator slots and 40
rolor slots arc modeled. The 2d finte element model
describes once polce pitch of the motor.

A Combination of saturation and induced currents

To combine both the influence of induced currents and

saturation. an iterative process using both time-harmonic and

Tl\n{ moeh

aic 1 1 verv i omleine Do vicmod
static selutions is used 121]. ne-harmonic solver is used

is used
1o obtain the rotor currents. From the solution the real and
imaginary part of stator and rolor currents are extracted and
used as excitation l()l two static non lincar problems, From

ﬂlr‘ 1wo \"!!l{\' 50O

e rcluctivity in cach clement is
determined by averaging the reluctivities from
solutions. The obtained reluctivity vector is used for the
foltowing time-harmonic (lincar) solutian, The described
iteration proceduic is found to converge in iess than five
steps and 1s more robust when compared to the method of
successive underrelaxation [4]. I is used for both current
driven and voltage driven calculations under various load
conditions. The procedure can cither bz started with the
static calculations (initially no rotor currents are assumed) or
with  the  time-harmonic  calculation.  The latter  is
advantageous simulating open rotor slots, When closed rotor
sots arc examined. a lincar calculation will provide much
smaller rotor currents than the rated cutrents and will not
influence the next static solution. Thercfore, the iteration
process should start with the static problzm definition. The
procedure gives similar results as the more conventional
method  of effective  reluctivities [1]. The analysis 1s

performed for motors with closed and open rotor slots.

the two

B Consideration of end-efjects

The time-harmonic solution procedure consists of the finite
clement problem definition combined with a set of circuit

Q018-9464/97$10.00 © 1997 IEEE
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Fig 1
g
motor.

equations describing the motor end-cffects. The considered
cnd- cffccls arc the resistance and leakage mducl'mcc of both

lumped paramct 1wdel. The
arc obldmcd using the 2d and 3d
described in [3].
considered directiy

requires th

finitc element model describes only one pole pitch of the
motor geometry. Modeling only the part of the end-ring that
exists between the rolor bars in the model would result in a

time-harmonic

uulc clcmcnl mclhod as
The end-winding parameters can be
The modcling of the end ring however,

. . o
inclusion of additional imped:

1 ¥z ]
ances. The 2d

10 C"‘"H'OP ol
r model is
expanded with two additional impedances Z.,, and Ze, (Fig.
).

n
-

the iron core. Between two adjacent rotor bars an lmpcdancc
cqual to twice the ring scgment impedance is placed. The
el luusmb impedances Z., and Z,q, are a function of the ring
s¢

pment impedance Z;, the number of pole- pairs p and the

................... L 230 ARNVET O PO Al

numbcr of rotor bars N:

Zeqn =7, +1erl[ v j (h

. . pr
qu,, =7 —JjZ, C()I[W'j (2)

The influence of cach separate end-effect paramcter is
cxamined by considering or respectively neglecting it in the
simulation.

C. Calculation of the end-effect parameters

The calculation of the end cffect parameters is performed
using 2d and 3d finite clements except for the end-winding
resistance, which is calculated analytically. The end-winding
leakage and the end-ring leakage are calculated using a 3d
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Fig. 2. Caleulated and measured no-load characteristic,

modcl describing onc pole pitch of the end-winding region.
Both leakage components are calculated for differcnt load
An ariation in both paramcters is

conditions. imporiant

noticed duc to the fact that the coupling between stator end-
winding and rotor end-ring is load-dependent [3]. This

coupling between the end-winding and the end-ring should
theoretically be incorporated in the magnetizing inductance

but is negligible since the coupling mainly takes place in air.
By far the most important end-effect parameter for a squirrel
cage induction motor is the end-ring resistance. This
parameter is calculated using an analvtical approximation, a
2d (axisyminctricy and a 3d {initc ¢ it calculation | also

for differcnt foad conditions. Significant differences are
obtaincd [3] when skin effeet becomes important (motor
start-up). Because the 3d approach is the only one where the
the bars),

modcled (via the 3d

solution 1s considered the most accurate

currcit input is correctly

IT1. NO-LOoAD SIMULATION

For the no-load simulation. synchronous speed of the motor
1s assumed. Therefore, no induced rotor currents are
assumed. the onlv cnd-effects that have o be taken into
account arc the end-winding impedances. The full end-
winding inductance acts in this situation as lcakage. Fig. 2
shows the calculated and mez sured no-load characteristic. It
can be scen that the non lincar behavior of the motor at no-
load is correctly modeled.

The motor has closed rotor slots. The  end-winding
paramcters have little influcnce on the overall result (less
than 5%) because the end-winding lcakage is only a few
percent of the magnetizing irductance. The agreement with
measurements is within 3% for most operating points both
for motors with open and closed rotor slots.

IV, LoAD SIMULATION

For the load calculations. different operating points. al
various  values  for the slip s, are compared  with

e




measurcments. As mentioned above, the time harmonic
solver is uscd to obtain the induced rotor currents. For the
no-load calculations it is merely used to obtain the stator
currents when only the stator voltage is known (voltage
driven no-load calculations). The time-harmonic solver
however, requires that only onc frequency is specified.
During load operations. the frequency of the stator currents
cquals the supply frequency, while the rotor current

frr\mmnr‘v is the cnnnlv f.'C(}HCl‘."y mu !tiplied b'v' the Sllp Two

approachcs are possxblc to resolve this problem.
Consider first the equation solved by the 2d time-harmonic
solver (3).

—
(]
-

V- (WA ) - jooA, = -1,
Here A, is z-component of the vector potential A, o is the
conductivity, o is the angular velocity. J,, is the source
current and v the reluctivity. To obtain the correct induced

currents, the slip dependent angular velocity so, (0, is the
supplicd angular velocity) can be applied in (3) resulting in
the following equation to be solved (4):

V(WA )~ jso oA, =-] (4)

s not sufficient. When the slip pulsation is used, the flux
variation on the stator will also take place with this pulsation
esulling in a back-EMF ihat is i/s times smaller than
cequired. Therefore, the applied voltage U, has to be scaled
lown to sU,. In order to maintain the correct ratio between
ack-EMF and resistive voltage drop. the resistivity of the
fator winding has to be scaled down in the same manner.

Equation (4) suggest an other possibility: It is possible (o

For voltage driven calculations, applying the slip pulsation

blmn the correct induced currents by applying the supply
requency and simultaneously using so as the conductivity in
he rotor. This approach is used here since it requires the
nodification of the rotor conductivity only, the supply
oltage and stator resistance keep their rated value. It should
i noted that the modified conductivity should also be used
o calculate the rotor end ring resistance and the resistance of
he bar ends outside the rotor core (Fig. 1).

[. Comparison between measuremenis and simulations

Tablc I shows a comparison of calculated and mcasured

TABLE 1
JOMPARISON BETWEEN CALCULATED AND MEASURED LOAD QPERATING POINTS
(8) CALCULATIONS (b) MEASUREMENTS

slip s ["9) F{A] P [kW] T {Nm])
(3) (W] (a) (b () (W]
2.01 91.7 89.0 245 234 1321 1257
1.68 789 75.6 208 196 1126 1060
1.21 59.9 593 153 148 835 801
0.80 439 452 103 103 562 552
0.34 27.5 30.5 42 46 242 234
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Fig. 3. Measured and caleulated torque characteristiz for a 400 kKW traction
motor.

quantitics for the stator current 1. the supply power P and the
torque T at different values for the slip s.

Good agreement between calculation and measurement can
be taken from table 1. The comparison shown in table [ is
donc for a motor with closed rotor slots and a rated power of
146 kW. The main reason why the calculated power and
current arc siatler than measured is that iron losses are not
incorporated in the calculations.

Fig. 3 shows the torque characteristic (measurements and
calculations) for a 400 kW motor with open slots.

1. 111//1!(’!1( ¢ of ‘the end- (’/J/{_’(I paranieters

All four end-effect parameters mentioned above have to be
taken into account. The most important end-cflect paramcter
is the end-ring resistance. Calculations show that more than
30 % of the Joule losses in the rotor are located in the bar-
ends outside the rotor core and in the end-ring. The
gencrated torque of the motor is proporlional to the rotor
Joule losses. Therefore. an  accurate  calculation  and
consideration  of the cnd-ring  resistance  is  essential.
Furthermore. due to the small slip frequency. it can be stated
that the end-ring leakage is of no impoitance during load
operations. As it is in the no-load simulations. the influence
of the cnd-winding impedance remains small. This is
enforced by the fact that the end-winding leakage is smaller
during load operations,

V. LOCKED ROTOR SIMULATIONS

For motors with open rotor slots. the behavior at locked
rotor operation is approximately linear. The above described
procedurc converges in two iteration steps. For motors with
closed rotor slots. the consideration of saturation cannot be
neglected. the behavior is non linear. Also the influence of
the different end-cffect parameters is different for both types
of motors.

\?6
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Fig. 4. Measured and calculated inductance at locked rotor operation (closed

rotor slots).
A. Comparison between measireimients and simulations

Fig. 4 shows the calculated and measured locked rotor
inductance for various valucs of the supply voltage.

Good agrecment with measurements is found for
operating points. The non lincar behavior of the motors with
closed rotor slots is mainly due to an additional leakage
component, the bridge lcakage, that is strongly load
dependent {5].

most

B. Influence of the end-effect paramelers

A AfTAnt

During locked rotor operation, nonc of the end-ciicct

paramelers can be neglected even though the leakage
components of end-winding and end-ring are at their
minimum value. During locked rotor opcration the coupling
between rotor end-ring and stator end-winding obtains iis
maximum value, leakage parts of end-winding
inductance and end-ring inductances arc at their minimum
value [3].

Table Il shows a comparison of calculated and measured

so the

TABLEII
COMPARISON BETWEEN CALCULATED AND MEASURED LOCKED ROTOR
OPERATION (a) CALCULATIONS, (b) MEASUREMENT

TiA] P kW] L jmil] R [mQ]
@an 197.4 16.1 26 138
(a2) 160.4 14.1 26 183
(a3) 159.4 14.0 31 184
(ad) 158.7 15.6 31 207
(as) 152.9 14.2 32 207
) 152.0 14.3 32 208

The different simulations of table IT are:

(al) : no end effects included

(a2) : inclusion of end winding resistance

(a3) : inclusion of cnd winding impedance
(a4) : (a3) plus inclusion of end ring resistance
(a$) : inclusion of all end elfect paramclers

values for the stator current 1. the supply power P. inductance
L and resistance R for locked rotor operation. The inllucnce
of the different end-cffect parameters is shown by including
them one by one in the simulation. Tablc 11 rcfers to a motor
with open rotor slots.Only if all end-cffect paramclers arc
considered. good agreement with measurcments arc found,
Unlike in the load or no-load calculation, the end-ring
leakage has a distinct influcnce at locked rotor operation
This holds only for motors with open slots. Duc to the bridge
lcakage the influence of ihe end-ring lecakage is much
smaller for motors with closcd rotor slots.

V1. CCNCLUSIONS

The analvsis of squirrel caac induction motors is performed
and compared with measuremcnts. The end-cffect parameters
are included as lumped paramcters in the 2d analysis.
influence of the cnd-cffect parameters is examined for all
load conditions by including or neglecting them in the
calculations. Good agrecient between measurements and
computations is found.

At no-load. the infiuence of dic cnd-winding impedance 1
able but rather small rless than 5%).

At load. the most impertant parameter is the cnd-ring
resistance. The end-winding lecakage inductance has little

influence and the end-ring lcakage inductance

Tha
i1e

et
nolice

can be
ncglected.

For motors with open rotor slots examined at locked rotor,
all end-cffect paramcters have a significant influcnce on the
motor behavior, For motors with closed rotor slots, the end-
ring leakage has far less influence. This is due to the fact that
these motors have an additional leakage component, the
bridge leakage. that also results in @ non lincar behavior at

tocked rotor operation
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