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Abstract
== ,
The paper describes the steady

squirrel cage induction motors using a two-
dimensional finite element solution. Saturation is
included using an iterative process combining both,
static and time-harmonic solutions. The motor end-
effects are included during the time-harmonic
solution as iumped parameters. The influence of the
different end-effect parameters is analysed by
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including or neglecting them in the calculations. Both
motors, with closed and open rotor slots are
* analysed. Different operating points for ioad, no-ioad
and locked rotor situations are analysed and
compared. Good agreement with measurements is

found. A commercial FEA package is used.
Introduction
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of squirrel cage induction

received much attention.
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motors using finite elements has
The finite element method is used to calculate the

electromagnetic fields in parts of the motor or of the full

motor. The calculations of parts of the motor often have
- the purpose to verify or correct existing analytical or
empirical formulae Examples are the calculation of the
Carter factor for various slot shapes [1] or the calculation
of the rotor bar impedance taking saturation and skin-
effect into account [2]. The analysis of the steady state
behaviour is most often based on the electromagnetic
field calculation of a cross-section of a part of the motor
{mostly one pole pitch). A three dimensional calculation is
not considered because the model size would lead to
Unacceptable computational costs. An accurate and
realistic solution requires the following effects:

1) Induced rotor currents
2) Saturation
3) Motor end-effects

To combine both, saturation and induced currents,
theoretically, a transient solution is required. This however
results in high computational costs. Therefore. several
approximated methods are developed [3,4] The iterative
T_nethod described here is a combination of static (non-
linear) and time-harmonic (linear) solutions [5]. A third
aspect to be included in the analysis are the motor end-
effects (stator end-winding impedance and end-ring
'mpedance). Values for these end-effect parameters are
most often obtained from empirical formulae, but can also
be calculated by two- and three dimensional field analysis
[6.7]. This latter option is applied here and results in a
more accurate description of the end-effects. The
Variation of the ring resistance due to the skin-effect or the
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variation of the end-winding leakage for different load
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a therwise difficult to asses. Using the finite
element method for both, the end-effect and the field in
the cross-section of the motor results in an analysis
purely based on simulations. When this analysis is found
to be in good agreement with reality, it can be used
instead of prototyping. This results in a substantial cost
reduction. To verify this, a detailed comparison with
measurements is required. The influence of the different
end-effect parameters is shown by including or neglecting
thern in the analysis. The same is done with saturation.

"
conditions

Finite Element Analysis

Four-pole traction mo
rotor slots are model
solid copper b

closed and o

r
en rotor slots are analysed. A two
dimensional model describing the cross-section of the
motor is used. Applying the appropriate boundary
cenditions, only one pole pitch has to be modelied. Figure
1 shows the outline of one of the madels used, together
with the boundary conditions.
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Fig. 1: Outline and constraints of a one pole pitch finite
element model of a squirrel cage induction motor.

Combination of saturation and induced currents .

To combine both, the influence of induced currents and
saturation, an iterative process using both, time-harmonic
and static Solutions is used [5). The time-harmonic solver
yields the induced rotor gufrents. From the solution the
real and imaginary component of both, stator and rotor
currents are extracted and used as excitation for two
static non-linear problems. By averaging, the reluctivity in
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each element is determined. The reluctivity vector
obtained is used as a temporary operating point for a next
time-harmonic (linear) solution. The described procedure
is found to converge in less than five steps and is more
robust than the method of successive underrelaxation (8.
't is used for both, current driven and voltage driven
problem formulations, for all load conditions. The
procedure can either start with the static calculations (in
that case initially no rotor currents are assumed) or with
the time-harmonic calculation. The latter is advantageous
when the rotor has open rotor slots. When the rotor has
closed slots a linear calculation provides rotor currents
that are much smaller than rated and will not influence the
next static solution. Therefore, when closed slots are
applied, the iteration pracess should start with the static
problems. Figure 2 shows the flow-chart of the procedure
when starting with the time-harmonic problem definition.

» Time-harmonic problem definition |
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Fig. 2! Flow-chart of the iterative process to combine
both, induced currents and saturation using static and
time-harmonic solutions.

The described procedure is shown to give similar results
as the more conventiona! method of effective reluctivities

(3]

Influence of the end-effects

The time-harmonic solution procedure consists of the
finite element problem  combined with a set of circuit
equations describing the “motor end-effects. The eng-
effects included in the calculations are resistance and
leakage inductance of both end-winding and end-ring. The
end-effects are included as lumped parameters. Values
for the parameters are obtained by 2D ang 3D finite
elements computation [7] The influence of each'separate
end-effect parameter is eXamined by including or

neglecting it. The finite element analysis is performed for
both closed and open slots.

Caiculation of the end-effect arameters

The calculation of the end-effect parameters is performeg
using 2D and 3D finite elements except for the end-
winding resistance, that is calculated analytically. The
end-winding leakage and the end-ring leakage are
calculated using a 3D model describing one pole pitch of
one end-winding region. Both leakage components are
calculated for different load conditions. An important
variation in both parameters is noticed due to the loag-
dependent coupling between stator end-winding and rotor
end-ring [7,9]. This coupling between end-winding ang
end-ring should theoretically be incorporated in the
magnetising inductance, but is negligible since the
coupling mainly takes place in air. By far the most
important  end-effect parameter in a squirrel cage
induction motor is the end-ring resistance. This parameter
is calculated using an analytical ‘approximation, a 2p
(axisymmetric) and a 3D finite element calculation , alss
for different ioad conditions. Significant differences are
obtained [3] when skin effect becomes important (starting
conditions). Figure 3 shows the increase in resistance for
the three caiculation methods.
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Fig. 3: Variation of the ring resistance with respect to the
de-value as a function of the applied frequency.

As the 3D approach is the only one having the current
input correctly modelied (via the bars), it is considered the
most accurate.

No-load analysis

For the no-load analysis, the conductivity in the rotor
winding is set to zero The end-effects taken into
consideration are the stator end-winding inductance and
resistance. The ful| end-winding inductance acts as
leakage in this situation Figure 4 shows the calculated
and measured no-loag characteristic. The motor has
closed rotor sfots. |t can be seen that the non-linear
behaviour of the motor at no-load is correctly modelled.
The end-winding parameters have little influence on the
overall result (less than § %) because the end-winding

leakage s only a few percent of the magnetising
inductance.
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Fig. 4. Calculated and measured no-load characteristic.

Load calculations

For the load calculations, different operating points, at
various slip s are compared with measurements. To
obtain the induced currents in the rotor bars, a time-
~ harmonic solution is used as described above. Such a
. solution requires that only one frequency is specified.
During load operation however, the frequency of the stator
currents equals the supply frequency, while the rotor
current frequency is the slip frequency. Two approaches

AL)-jwoA =-] (1)

Here A; is z-component of the vector potential A, o is the
conductivity, o is the pulsation Js, is the source current
and v is the reluctivity. To obtain the correct induced

currents, the slip pulsation sw, (wa is the supply pulsation)
could be applied in (1)
V(v —i —
(VWA )= jsw oA, = 1., (2)

For a voltage driven problem formulation, the application
of the slip pulsation is not sufficient. When the slip
Pulsation is used, the flux variation on the stator will also
_take Place with this pulsation tesulting in a back-EMF that
Is 1/s times smaller than required. Therefore, the applied
voltage U, has to be scaled down to sU,. In order to
maintain the correct ratio between back-EMF and resistive
voltage drop, the resistivity of the stator winding has to be
scaled down in the same way. The same rotor and stator
currents are obtained by applying the supply frequency
and at the same time using so as the conductivity in the
rotor [3]. This approach is used here since it only requires
the modification of the rotor conductivity, whereas the
SUpply voltage and stator resistance keep their rated
value. It should be noted that the modified conductivity
Shquld also be used to calculate the rotor end-ring
fésistance and the resistance of the bar ends outside the
fotor core. Because the conductivity used during solving
'S 1/s times smaller than in reality, the Joule-losses
Obtained are 1/s times larger. Current redistribution in the
'Oﬁor bars is modelied correctly in both cases since the
Skin depth is a function of the product of pulsation and
Conductivity.

Comparison with measurements

Figure 5 shows the calculated and measured torque for a
motor with open rotor slots.
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Fig. &: Calculated and measured torque for a 400 kW

traction motor.

ne generated torque is caicuiated from the Joule-losses
e

in the rotor instead of using the Maxwell stress tensor in
the airgap because a first order solution is used resulting
In @ zero order solution of the magnetic flux density B.

Influence of saturation
The importance of the inclusion of saturation in the
calculations is shown by comparing the field plot of the

linear solution with the non-linear calculation. Figures 6

and 7 show the field plot at rated load of a 146 kW
traction motor having closed r
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tor slots.

Fig. 6: Field plot at rated conditions of a motor with closed
rotor slots (linear calculation)
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Fig. 7. Field obtained at rated load (non-linear
calicuiation).

influence of the end-effect parameters

For the load caiculations, both stator and rotor end-effects
have to be examined. The most important end-effect
parameter 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. Knowing that the generated torque of the motor
is proportional to the rotor Joule losses, it is clear that an

accurate calculation of the end-ring resistance and a

correct inclusion of its effects is essential. Furthermore, it
can be stated that the end-ring leakage is of no
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importance during load operations, due to the small slip

frequency. The influence of the end-winding impedance
remains small as in the no-load calculations. This is
hhhhhhh ardwindin

enforced uy the fact that the end- vvluumg ieakage is
smaller during load operations.

Locked rotor calculations

For motors having open rotor slots, the locked rotor
behaviour is approximately linear. Therefore, the above
described procedure converges in two iteration steps. For
motors with closed rotor slots, the saturation cannot be
neglected, the behaviour is non-linear. Also the influence
of the different end-effect parameters is different for both
types of motors.

Comparison with measurements

Figure 8 shows the calculated and measured inductance
at the stator terminals for a motor with closed slots. Also
in this case, the non-linear behaviour is appropriately
modelled. For most operating points, good agreement
with measurements is found. The non-linear behaviour of
the motors with closed rotor slots is mainly due to an
additional leakage component, the bridge leakage. This
leakage component is strongly load dependent [2].
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Fig. 8 Calculated and measured inductance at locked

rotor operation (motor with closed rotor slots).

influence of the end-effect parameters
During locked rotor operation, none of the end-effect
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parameters can be neglected even though the leakage
components of end-winding and end-ring are at their

smallest value. The coupling between rotor end-ring and

stator end-winding obtains its highest value at locked
rotor operation. Therefore, the leakage parts of end-

winding inductance and end-ring inductance are at their

minimum value [7,9] Table 1 shows the end-effect
parameters used at locked rotor operation.

Table 1- End-effect parameters at locked rotor operation.

end-ring end-ring end-winding end-winding
resistance jeakage resistance leakage
20 uQ 0.3uH 43 mQ 04m

Table 2 shows a comparison of calculated and measured
values for the stator current |, the supply power P,
inductance L and resistance R at locked rotor operation.
The influence of the different end-effect parameters is
shown by including them one by one in the calculations.
Table 2 refers to a motor with open rotor slots.

Table 2 Comparison between calculated and measured
locked rotor operation. (a) calculations, (b) measurement

i[A] P [KW] LimH] R[mQ]
(al) 197.4 16.1 26 138
(a2) 160.4 108 3.0 140
(a3) 159.4 14.0 3.1 184
(ad) 158 7 15.6 3.1 207
(a5) 152.9 14.2 3.2 207
(b) 152.0 14.3 3.2 208

The different calcuiations of table 2 are:
(a1) no end-effects

(a2) end-winding resistance

(a3) end-winding impedance

(a4) (a3) plus inclusion of end-ring resistance

(ab5) all end-effect parameters

The influence of the end-effect parameters is clear, only
when all parameters are considered, a good agreement
with measurements is found. Unlike in the load or no-load
calculation, the end-ring leakage has a distinct influence
at locked rotor operation. This is only found for motors
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with open slots. Due to the bridge leakage the influence of
the end-ring leakage is much smaller for motors with
“ closed rotor slots.

Conclusions

'The analysis of several squi_rrel cage induction motors is
‘performed and compared with measurements. The end-
ffect parameters are _calculated using 3D finite element
< gnalysis and then are'mcluded a_sAI'umpAe:d parameters in
the 2D analysis. The infiuence of the different end-effect
narameters is examined at different operating conditions.
'T;e effective end-ring resistance can double at locked
rotor operation when compared with the dc-resistance,
‘used during load operation. Furthermore only the leakage
components of the end-winding inductance and end-ring
inductance have to be considered. Both strongly depend

-on the load condition. By including or neglecting the end-

effect parameters in the 2D analysis, the following rules

are found:
He N ence OF tho and_win
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noticeable but rather small (less than 5%).
At load, the most important parameter is the end-ring
resistance. inductance has little
influence. The end-ring inductance can be neglected.

At locked rotor, all end-effect parameters have a
significant influence on the motor behaviour. A distinction
‘must be made between open and closed rotor slots
‘regarding the influence of the end-ring inductance. For
_most of the operating points, the end-ring inductance can
‘be neglected if the rotor has closed slots This is due to
the fact that these motor have an additional leakage
component, the bridge leakage, but this component is
strongly load dependent [5].

n
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Good aareement hetween

L LOL dgreemen UREvWeLCEhH

‘measurements and simulations is found, for both motors
with open and closed rotor slots, under all operating
conditions.
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