End ring inductance of a squirrel-cage induction motor using 2D and 3D finite
element methods
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Abstract - The paper describes the calculation of the inductance
of the end ring of a squirrei-cage induction motor using finite
elements. The inductance values are obtained using 2D and 3D
finite elements and the results are compared with an analytical
solution. The ring inductance is split into a leakage component
and 2 mutual component describing the coupling between end
ring and end winding. The variation of both components at
different load situations is described. It is shown that the ring
inductance has significant influcnce at the locked rotor. This
influence is shown by calculations of the locked roter current
with and without inclusion of the end ring inductance usmg a
2D finite eiement meihod. Cim‘ya’nsms with measurements are
given.

I. IntTRODUCTION

Over the last decades, a lot of effort is made in calculating
squirrel-cage induction motors using finite elements. The finite

element model used in general is a two dimensional and describes

a part of the cross-section of the motor. No three dimensional
models comisting of both iron core and end section are considered
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dense mesh is required in the airgap region of the induction motor.
Since the induction motor has a narrow airgap, the three
dimensional model must also have this dense element distribution
leading to a large number of elements and resulting in unacceptable
computational costs.

The inclusion of both
simultancously is essential for the induction motor analysis.
requires a transient solution [1] or is approximated using a time-
harmonic solution in combination with a modified magnetisation
curve (method of effective reluctivities) (2,3} or a combination of
static and time-harmonic solutions [4,5].

To obtain a realistic result, the inclusion of the motor end effects is
essential. The motor end effects can be split into four components:
the stator end winding resistance and inductance and the end ring
resistance and inductance. Motors with copper cage have bars that
are somewhat longer than the iron core, yielding an additional
impedance that has a totally different behavieur with respect to
current redistribution due to skin effect. For the inductance
components, only the lecakage part of the end winding or end ring
inductance is important. The mutual inductance between end ring
and stator end winding is part of the magnetising inductance.
However, it can be neglected in practice. This coupling mainly
takes place in air and therefore, it is very weak. The end effect
parameters can be incorporated in the two dimensional problem as
lumped parameters. This results in a set of equations containing the
finite element problem and a number of circuit equations,

saturation and eddy currents
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describing the circuit external to the two-dimensional model.
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parameters, but the origin of these formulae is not always clear.
Furthermore, the derivation of such empirical formulae is both
costly and time-consuming since they require full size prototyping
and measurements. Due to the influence of saturation on the
parameters, all tests have to be performed at rated voltage. This is
extremely difTicuit when looking at the focked rotor test. Therefore,
a calculation of the motor end effect parameters, rather than
determining them by measurements is of economical interest o the
industry. During load situations, the end ring resistance has the
most significant inf] Although the
resistance of a ring segment R is much smaller than the bar
resistance R}, (about 1 % of the bar resistance) its influence can be
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up to 20 to 30 % as shown by

ience on the motor behaviour,
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The equivalent bar resistance Rmh is the resistance to be used to
include the Joule-losses in the ring when calculating the losses
from the bar currents. N is the nunber of rotor bars and p is the
number of pole pairs. Since the stator end winding inductance is
difficult to calculate analytically, most authors introduce some
empirical formulae [6]:

2
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Equation (2) expresses the end winding reactance Xg as a
function of the supply frequency f, the number of windings in serics
w, the number of pole pairs p, and the parameter Ay Ag 1s
proportional to the length of the end winding and is determined
experimentally for various types of windings. In the classical
analysis, the ring inductance is often said to be negligible. Since
the end winding reactance of the stator is determined empirically, it
is difficult or either impossible to confirm this statement.
Furthermore, the influence of the end ring may or may not be
included in Aq. The reason why the ring inductance is said to be
negligible might be found when (1) is evaluated to determine the
influence of the ring inductance in comparison with the bar
inductance. In this case, one indced finds a very small influence of
the ring inductance. The motor end ring is mainly surrounded by
air, while the bars are embedded in laminated iron. Therefore, the
inductance of a ring segment is much smaller than one percent of
the bar inductance. Especially during rated load conditions, when
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even the bar reactance is small in comparison with the bar
resistance, no distinct influence of the end ring inductance is found.
However, unlike the influence of the ring resistance, the influence
of the ring inductance is not similar for all load points. For the
locked rotor operation, only the bar leakage has to be considered
and not the full bar inductance. The different leakage componeunts
(slot lcakage, zigzag leakage, airgap lcakage) are much smaller
than the bar inductance since they describe flux linkages located in
air and not in laminated iron. Therefore, it is premature to state
that the ring inductance can be neglected.

Using a three dimensional finite element solution, the end
winding leakage, the end ring leakage and the coupiing between
hoth stator and rotor end effects can be calculated for different load
conditions. The importance of these parameters can be determined
and they can be placed at the correct locations in the coupled finite-
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clement - circuit model.

The influence of the ring inductance is

then determined by including or neglecting it during the
calculations and by comparing results.

6 InpucTance CALCULATION
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Where /}, is the bar length, /; is the length of the iron lamination, v
is the pole pitch diameter in the middle of the ring, k = 0.18 for p =
1 and k = 0.36 for p> 1. (3) expresses the influence of the end ring

per bar. T

o compare the analytical formula with the 2D and 3D
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calculations, expression (3) 1s divided by Zsm“\—‘g) to refer it
to the ring (as in (1)) and multiplied by N in order to obtain an
expression for the ring inductance L.
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The value of the ring inductance of the motor under consideration
using (4) is Lp = 0.84 piL

II. Two Divensionar Exp Rivg Inpuctance CALCULATION

For the 2D finite element calculation, a model is made of an axial
cross-section of the motor end region (figure 1). As an example, a
400 kW traction motor is modelled. The accurate modelling of the
" cross-section is difficult to obtain since it contains a number of
different materials with different, often unknown and generally
anisotropic magnetic properties. Also for the correct modelling of
the boundary between bearings and frame or bearings and shaft
questions arise whether to model them as good or bad magnetically
permeable. To overcome these questions, a number of models are
built using different boundary conditions and materials in order to
find the influence of each component of the end region.

ROTOR BAR
b END RING
SHAFT |\ /
‘\\ / -~
4
/‘\ BEARING
/ \}
s
o TTOTTTTTTRAME

Fig. I:  Axial cross-section of a squirrel-cage induction motor end

region

This is similar to the approach used in [8] where two extreme
situations are considered, one where the boundary of the frame,
bearing and shaft is considered to be a fiux line, the other where
the boundary is considered perfectly magnetically permeable. The
finite element problem is described as axisymmetric. A unit current
is considered to flow in the end ring. The problem is defined as

tismaa harmans
time harmonic, neglecting saturation. The following figures show

flux plots for some of the models taking deTcrcnt boundary
conditions and material propertics into account (figures 2 to 4).

|
|
|
L

Fig. 2. Only the air around the end ring is modelled and

1 L I 1 n 1 -
considered 1o be a 1ux nne

Fig. 3. Stator and rotor iron included
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magnetically infinitely pcnncable

ctance values obtained from figures 2 to 4 are 0.35 pil,
0.42 uH and 0.94 uH. When all boundaries are considered to be
magnetically conducting, only the air surrounding the ring has to be
modelled (figure 5).

The indu

JN

h
Y

——

L

Fig. 5©  Outline of the finite element model to examine the

magnetically conducting situation

Line piece ab in figure 5 is constrained to be a flux line. It is
necessary to have at least one piece of the boundary considered to
be a flux line, if not, there exists no physical solution for the
problem. Examining the solutions of this model, a large variation
in the inductance is found when distance the d is altered. The
modelling requires that d is equal to half the core length. Only then

abis a realistic flux line. The inductance value obtained in this
case is 13.05 uH. This is a large difference compared to the other
extreme situation where all material boundaries are considered to
be a flux line (figure 2). Therefore, from the 2D approach it is not
obvious which value for the ring inductance has to be used as
lumped parameter in the coupled finite element - circuit model.
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The 2D approach has some additional drawbacks.

First, the correct excitation of the ring via the bars can not be
accounted for in a 2D axisymmetric approximation. Therefore, the
inductance of the bar ends outside the iron core, are not included in
the calculations.

Second, by exciling the ring in an axisymmetric problem
definition, a flux through the shaft is introduced. In reality, this
flux does not exist. Furthermore, since only the leakage part of the
ring inductance is needed, the coupling with the stator end \xinding
has to be cousidered. It is obvious that all flux through the frame
links both end ring and end windings. Therefore, it is part of the
mutual inductance and not part of the leakage components. To
conclude, separating the mutual and leakage components can only
be done using a 31) approach.

I'V. Tirer Divenstonar Enp Ring Inpuctance CALcunaTion
A. Three dimensional model

‘The motor modelled consists of 48 stator slots and 40 rotor

slots. The stator has a two quor winding short-nitched Im, trey alinte

1g short-pitched by two slots,

‘The motor has open rotor slots. Figure 6 shows the cross-section of
one pole together with the winding layout.

10 L,,JX—U“ 4’\ }

)

Fig. 6:  Outline and winding layout of a cross-section of the

motor under consideration

The 31) model is built using an extrusion based mesh generator
[9]. Due to symmetry, only one fourth of one end region has to be
modelled. The 3D model consists of a material mesh and a set of
coil meshes required for the currents. Both meshes are generated
separately allowing a different extrusion direction for material
mesh and coil meshes. The material mesh can be built by rotating a
base plan similar to figure 1 around the center line of the shaft or
by shifting a base plan similar to figure 6 in the axial direction. All
outlines required in the material mesh have to be present in the
base plane. Figure 7 shows the material mesh when the extrusion is
performed in axial direction. From this figure it can be seen that a
part of the iron core is modelled as well.



stator 1ron

rotor bars

\end ring

rotor iron /

Fig. 7. 3D material mesh built by extrusion in axial direction

The stator end winding is not incorporated in the material mesh.

The end winding is modelled as a set of current driven coils in air.
This is feasible since current redistribution due to skin effect is

magliaihla 1 1 1
negligible in the stranded stator end winding. In the end ring and

the rotor bars, skin effect cannot be neglected. Therefore, they are
incorporated in the material mesh. Figure 8 shows part of the
material mesh (end ring and bar ends) generated by rotating a base
plane around the center line of the shaft together with the coil
meshes describing the stator end winding.

Rotor bars

Stator end winding

Fig. 8 Material mesh of end ring and bar ends and coil meshes

of the stator end winding

Referring to figure 8, it is obvious that the generation of the
stator end winding coils requires a more complex extrusion
compared to the material mesh modelling. Therefore, the building
of such complex models using extrusion techniques is only possible
if material and coil meshes can be built separately. Because the
stator end winding is not modelled in the material mesh, the coil
meshes have to represent the actual end winding geometry as
accurate as possible. This is not required for the coil meshes used
for the excitation of the end ring and bar ends. Because the end
ring and bar ends are modelled in the material mesh, the coil
meshes for exciting them only have to be inside the materials and
provide a path for the current to flow. The current occupies the full
material available taking skin effect into account.

B. Excitations

Both stator and rotor coils are defined as current driven. In the
3D model 9 full ring segments and 2 half segments are present
(figures 6,7). Therefore, 11 rotor coils are required for the current

coils. Only 2 end winding coils are completely inside the model,
the other 20 coils are cut off at the boundaries of the model (figure

o\ I Q 1 1 1
8). Figure 9 shows some of the end winding coils used for the end

winding excitation.

\
AN

Fig. 9:  Coil meshes representing the end winding modcl

Figure 9 shows the two end winding coils that arc completely
inside the model (coil 1 and coil 2) together with three other coils
that are cut off at the boundary of the model. When referring to the
cross-section of figure 6, coil 1 occupices the upper half of the first
stator slot (the slot in the upper left comner) and the lower half of
slot eleven, coil 2 occupies the upper half of the second slot and the
lower half of slot twelf. In the real motor, each of the stator coils
contains four turns.

The currents for both rotor and stator coils are obtained from a
two dimensional finite element analysis. This analysis 1s performed
at various slip values. Figures 10 to 12 show the currents in the
three stator phases, the currents in the rotor bars and ring scgments
as phasors for the different slip values. The numbering of the bars
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is given in figure 6. Ring segment 2 is the ring segment between
bars 1 and 2. For clarity, the stator currents are enlarged 10 times.
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Fig. 11: Phasor diagram of stator- ring- and bar currents
(s =1.42%)
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Fig 12:  Phasor diagram of stator- ring- and bar currents

(s=1)
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The currents in figure 12 are calculated with reduced supply
voltage in order to obtain the rated stator current at standstill. From
the figures 10 to 12, an increasing phase shift between the stator
mmf and the rotor mmf is noticed. At standstill (figure 12) the
stator mmf is approximately 180° shifted with respect to the rotor
mmf.

The three dimensional problem is defined as time-harmonic,
neglecting saturation in the iron core. The currents in each of the
33 coils is defined by it’s amplitude and phase angle according to

figures 10 to 12.

C. Calculation of inductances

calculated:

Le end ring induciance

| end winding inductance

M mutual inductance between end ring and end winding
Lor end ring leakage inductanc

Los end winding leakage mductance

The inductances are calculated based on the stored encrgy in the
model {10]. To determine both leakage components and the mutual
inductance three problems have to be solved: one having only the
stator coils excited, one having only the rotor coils excited and one
with both stator and rotor coils excited. Considering the stored
energy in these problems to be Wy, Wes and W5, the following

e M3y
equations are valid:

ml_ .5
Wi =5 g Lsij (5)
W 1 2 1 2 -
m2 = 55 liir = 5 g Lair)
ml. . 1 2
W3 —-AE-'gl 2 +- 3 8 r( ) ik 3 8 vs‘l' + Min, J
where

L'r - end ring inductance referred to the stator,
ir: ring current,
i'r: ring current referred to the stator,

1;: stator current,

Mis, My mutual inductance between stator end winding and rotor
end ring,

m: number of phases (m = 3).

Smice the rotor values are referred to the stator, My, = My = M.
The value Wyy is less than Wy + Wiy, (the negative sign has to be
applied in the expression for Wins) if the flux caused by the rotor
excitations opposes the stator flux. If the rotor flux supports the
stator flux, Wy3 is larger than W, + W,, Under normal
conditions, the rotor flux opposes the stator flux, resulting in Wiy
< Wi + Wi (figure 11). The division by eight or four in (5) takes
into account that only one fourth of one end region or one fourth of
one end ring is modelled.

In the case only the mutual inductance has to be calculated, it is
sufficient to solve two problems. The first with the rotor flux



opposing the stator flux, and the second with the rotor flux
supporting the stator flux. The difference of both stored energy
values is only a function of the mutual inductance and the applied
currents [10]. Introducing the end ring leakage referred to the

stator, Lm , the different inductances can be calculated from
28
L= ml‘rﬁiz Los=Ls-M
1
Ly'= Wy 25 Lo =Ly - M (6)
m, ) p \
Ly =Wn2 Li;’ Lor =L; 1;97 = LrL] - iJ
M= (me mi ™ sz) 8v
3y,

dimensional calculations nerfnnm'(l are lineair
calculations, the number of calculatmns is reduced. The

calculations with only the rotor- or only the stator coils excited, are

Recause the three
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and [, are obtained. Using (5), the values for the stored energy W,
and Wy, for the actual currents 1, and i, (or i'r) are obtained.

Therefore, for each slip value, only one additional calculation is
required, with both rotor and stator coils excited.

D. Results

T .
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results of the calculations of

mductance
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components are shown in table 1. It is seen from table 1 that both
mutual and leakage components are strongly slip dependent.

Table 1: Calculated inductance components at different slip values

Inductance slip [%]

[mH] 0.34 1.42 100
Lg 0.49 0.49 0.49
Ly 0.46 0.46 0.46
L 0.65¢-3 0.65¢-3 0.65¢-3
M 0.13 0.19 0.21
Lof 0.33 0.30 0.25
Lor 0.47e-3 0.42e-3 0.35¢-3
Lis 0.36 0.30 0.28

It can be stated that during no-load operation, the full stator end
winding inductance L, acts as leakage. Therefore, the end winding
leakage inductance Lgg varies from 0.49 mi (at no-load) to 0.28
. mi (at standstill). The mutual inductance increases when the slip
increases, the end winding leakage inductance and the end ring
leakage inductance decrease with the same amount. Furthermore,

the end ring leakage referred to the stator, L'“r is found to be of

the same magnitude as the end winding leakage inductance L,
This already is an indication that the influence of the end ring
leakage 1s not negligible in all load situations.

V. ComparisoN WriTH MEASUREMENTS

The influence of the end ring leakage inductance, calculated by
the 3D approach, is examined using a two dimensional finite
element analysis by including or neglecting it in the analysis.

A. Combined finite element - circuit model

The outline of the finite element model is shown in figure 6. As
the number of slots per pole is an integer, it is sufficient to model
only one pole, and apply the appropriate boundary conditions. The
analysis includes saturation using an iterative proces of both static
(non-linear) and time-harmonic (linear) solutions [4].

.............. Instead of
using an ecffective magnetisation chamc(crnsllc to obtain the
reluctivities, the reluctivities are calculated based on (wo static

wm a tune harmmanic

) .
e real and
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coliitinng br, [
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solutions. y
of both stator- and rotor currents are extracted. These currents are
used as excitation for two static problems. The reluctivity in cach
element required for the next time-harmonic solution, 1s compuicd
as the average reluctivity obtained from both static solutions. This
proces is found to be very robust for both current driven or voltage
driven calculations 1n all load situations, but requires longer
computation time compared to the method of effective reluctivities
that only uses a time-harmonic solution {5].

The motor end effects are included as lumped parameters
external to the finite element model. Figurc 13 shows the layou

the coupled finite element - circuit model used.
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part of the finite element model

impedance external to the finite clement
model (stator or rotor end-eflect)

voltage source

gl

Fig. 13: Layout of the coupled finite element - circuit model, the

labels are as shown in figure 6

The excitation for the two dimensional analysis is voltage driven
(figure 13). The impedances between the three phase, Y-connected
voltage source and the stator winding in the finite element model
are the stator end winding leakage inductanc I, and the end
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winding resistance. The rotor circuit is described with a common
node for all rotor bars (1 to 10). Therefore, the impedance modeled
between two adjacent bars is equal to twice the impedance of a ring
segment. The impedance in serie with each bar takes into account
that the rotor bars are somewhat longer than the iron core.

To analyse the influence of both end winding and end ring
inductance, three calculations are performed both for rated
conditions and at standstill.

calculation 1: End ring and end winding leakage are ignored
calculation 2: Inclusion of the end winding leakage inductance
calculation 3: Both leakage inductances included.

2 wicnm vuith s
D. LOimparison wii

Table 2 shows the calculation resuits together with measurement
data at rated conditions.

Table 2:  Comparison of measurements and calculations at
rated conditions
Supply power Stator current
kW] [Al
measurement 445.6 154.38
caicuiation 1 461.3 157.9
calculation 2 447.0 155.9
calculation 3 444.4 155.8
As can be seen from table 2, a small influence (<2 %) of the end

winding leakage is noticed. The influence of the end ring leakage is
negligible: no significant variation of the solution is noticed.

C. Comparison with measurements at standstill

At standstill, the same calculations are performed, the supply

volta

oltage is reduced in order to obtain the rated stator current. Using

reduced in order to obtain the rated stator current. Using
the above described procedure to include saturation, it is noticed
that the motor behaviour is linear. Therefore, a single time-
1. T Y o G« U U e e b ] TAL1o 2 b sl
[armonic sSojuuon 1S SuliCcient dt Sidndastiil.  1dpie > SIHOws UIC
calculation results together with measured data.

Table 3:  Comparison of measurements and calculations at
standstill
Supply power  Inductance Stator current
[kW] [ml]] (A]

measurement 14.30 3.18 153.97
calculation 1 19.1 27 174.8
calculation 2 15.9 3.0 161.5
calculation 3 14.3 3.2 152.9

The inductance in table 3 is calculated {rom the supply power P,
the stator current | and the phase voltage V using

2 2
1 [V P
=5 -G @

with o the supply pulsation. The calculation results at standstill
show a significant influence of both end winding and end ring
leakage inductance. Neglecting both leakage component results in
an error larger than 15 % with the measured values, neglecting
only the end ring leakage,the error is larger than 5 %.

D. Influence of the motor geometry.

of the motor end effects decreases when
the length of the iron core increases. Also the rotor slot geometry
has a distinct influence on the unportance of the motor end leakage

milar ¢
milar calculations

Obviously, the influcnce

on traction motors havine cloged
5 On wraclion moiors having .os¢d

rotor slots QhOW that the influence of the end winding and end ring
leakage becomes much smaller in comparison with motors with
open Sl()l% cven \\[l(." Ull. motors \Vllll Ll()§((l slots are \H()I ier lll(lIl
the motors with open rotor slots. This is explained by the fact that
the motors with closed slots have an additional leakage component,
the bridge Icakdgc This leakage component increases the overall
aka [11}L
strongly saturation dq)endcnt i’s influence has to be e\ammcd for
each operating point separately.

Because this leak

age component 18

VI Concrusions

The ring inductance of a squirrei-cage induction motor is
calculated using an analvtical, a 21D and a 3D finite element
approximation. The 2D approach is shown to be very useful for
analysing the mfluence of the ditferent materials in the end region
by applying different boundary conditions. To separate the leakage
part of the ring inductance, a 3D approach is required. The end
winding and end ring lecakage are shown to be strongly dependent

on the load conditions Roth
on the load conditions. Both components are sh

with increasing load, while the mutual inductance between end
winding and end ring increases. The importance of both end
winding and end ring is shown by including or
neglecting the components in the calculations and comparing the
results with measured data. Both rated conditions and standstill are
examined. The end ring inductance is shown to have significant
influence at standstill, but 15 negligible at rated conditions.

own to decrease

inductance
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