Modeling of Induction Machines with Axial Non Uniformity
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Abstract — In this paper, a method to calculate the
inductances of an induction machine with axial non
uniformity is presented. The analyzed axial non-uniformities
are skew and rotor eccentricities. The inductance calculation
is based on a modification of the winding function theory.
Theoretical fundaments of these modifications are presented.
The coupled magnetic circuits approach has been used for
modeling the induction machine.

I. INTRODUCTION

The conventional d-q model of an induction machine is
based on the assumption that the stator windings are
sinusoidally distributed. This implies that the harmonics of
the windings distribution are neglected in the analysis of
the machine. A model based on the geometry and winding
distribution without restrictions regarding its symmetry is
more convenient for the machine analysis and simulation
under asymmetric conditions.

In [1] a multiple coupled circuit machine model and a
method to calculate the mutual inductances known as
"Winding Function Theory" (WFT) are presented. By
means of this model, all the harmonics of the winding
distribution are taken into account, without any restrictions
concerning either symmetry of stator windings or rotor
bars. Hence, this model has found application in the
analysis of asymmetrical and fault conditions in machines.

In [2] and [3], this method is used to analyze faults such
as shorting, opening and abnormal connections of stator
phase winding circuits as well as broken rotor bars and
cracked rotor end-ring. The analysis of static and dynamic
eccentricity effects using the cited model is presented in [4]
and [5]. However, in the analysis, the equations presented
in [1] that do not take into account air-gap eccentricities
are used. In [6], a modification of the method for the
inductance calculation considering air-gap eccentricity is
proposed and applied to the analysis of dynamic
eccentricity in a synchronous machine. This new method is
called "Modified Winding Function Approach” (MWFA).

In the above mentioned works, the machine analysis is
carried out assuming uniform eccentricity down the axial
length of the motor. That is, without skew and with uniform
air-gap along the rotor. In [7], the effect of skew on the
inductances is analyzed using equations developed for the
analysis of the machine with axial uniformity. This

extension, however, does not allow the analysis of the
effect produced by radial and axial air-gap non-uniformity.

In this paper, a method for the calculation of the motor
windings inductances, considering radial and axial non-
uniformity, is developed. Equations for inductance
calculation presented in previous works can be deduced
using the proposed method.

Il. THE MODIFIED WINDING FUNCTION APPROACH

An elemental scheme of the machine is presented in Fig.
1 to obtain the equations that allow the induction machine
inductance calculation. To make things clearer, stator
windings and rotor end-rings are not shown in the scheme.
There are no restrictions about the winding and rotor bar
distribution and the skewing of the rotor bars for the
analysis. Furthermore, restrictions over the air-gap
eccentricity are not assumed. Then the machine can exhibit
non-uniform either static or dynamic eccentricity down the
axial length of the motor.

Fig. 1. Elementary Induction Machine.

The stator reference position of the closed loop abcda,
the angle ¢, is measured at an arbitrary point along the air-
gap. The path stretches along the axial axis a length z.

Points a and b are located in @yand zo (both equal zero),
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points ¢ and d are located in @and z. On the other hand,
points a and d are located on the stator internal surface
whereas points b and c are located on the rotor external
surface. O, is the rotor angle with respect to a fixed stator
point.

Applying the Ampere's law over the closed path abcda
shown in Fig. 1:

H(pz 6)d =J’J ds, 1)
S

abcda

where H is the magnetic field intensity, J is the current
density and S is the surface enclosed by abcda. Since all
the wires enclosed by the closed path carry the same
current i, (1) results as follows:

H(qz 6)dl =n(gz, §)i . @

abcda

The function n(@z,6,) can be called the spatial

winding distribution and represents the number of the
winding turns enclosed by the path abcda. This
distribution, unlike previous proposes, depends on the
geometry of the windings down the axial length of the
motor. In terms of magnetomotive force (MMF), (2) can be
written:

Fap (0,0,6 ) +Fye +Feq (02, 8) +Fgy =n( @z, B)i. (3)

Considering infinite permeability of the stator and rotor
iron cores, the MMF drops across the iron are negligible,
S0 F,c =0, Fya =0 and (3) can be re-written:

Fab(OIO,er)"'FCd((p,Z,Sr)=n((p,z,6r)i_ ()

Dividing (4) by the air-gap function g (@ z,6,), which
represents the air-gap length in a given point (@z), and

integrating it respect to the stator angle between 0-211, and
respect to the length of the z-axis between 0 and the rotor
length (L), yields:

2mL 2T1L
Fa (0,0,6,) cd(cn er)
[ sz 2% [ a(0n g ©007
2nL
”g(mza) de. @

The Gauss’s Law for magnetic field is applied in order
to obtain an expression for Fyy, (0,0,6; ),

cPBd5=O (6)

where B is the magnetic flux density and S is an arbitrary
closed surface. Considering S as a closed cylindrical
surface of radius r, placed between the stator surface and
the rotor one, it results in:

2mL
J’J’uo rH(¢z6,)dzde=0. (7)
00
Since,
F(oz.6)

H(pz 6 )=t "

(92.8) =50z 0,) (8)
then,

2T[L (P

uorJ'J' — dzd(p=0. (9)

Substituting (9) in (5) yields,

2T[LF 009 2T[L
” ab(ﬂz 7) do= ” dzd(p. (10)
Then,
Fap (O,O,Gr)ZTlL<g_1((pz, Q)> =
2mL (11)
IIn ©2,0,)97 (92,6,)idzdg,

where <g_1 (2, er)> is the average value of the inverse

air-gap function. Solving (11) for Fy, yields

Fap (0,0,6;) =
1 2mL . Z n
e TS

(12)
Replacing (12) in (4) and solving for F.4 results in:

Fed (02,6) =n(9z, §)i -

1 2mL

2T1L<g or Q>II” (p,ze

Y@2,6,)idzdo.

(13)

Dividing (13) by i, the following “Modified Winding
Function” (MWF), N(q z,6,), is obtained:

N(@z g) = @ @23 14

N@z &) =n(9z ) -

1 21L

cpz Q >J’J’n (p,z,e

The proposed MWF allows considering a no uniform
geometric distribution of the windings and rotors bars
down the axial length of the motor, e.g. skew. It is also
possible to consider the rotor eccentricity effects by means

(p,z,e )dz d(p(ls)

2nt (g™
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of the air-gap function, g(@z,6,), which has no

restrictions about axial uniformity. This is not possible
within the MWF defined in [6].

In the induction machine, the MWF can be defined for
each stator winding, and each rotor loop, composed by two
bars.

I11. INDUCTANCE CALCULATIONS

The MMF distribution in the air-gap, produced by a
current i, flowing by any coil A is given by

FA(®Z,6) =Na(9z, §)ia. (16)

So, a differential flux through a differential area r dzd¢
in the air-gap will result in,

d® =po Fa(02,6,) g7 (92,6, )rdzdo, (17)

where g is the air permeability and g~ (9 2,6,) is the
inverse air-gap function. Substituting (16) in (17) and
integrating the differential flux in the region covered by a
stator coil or rotor loop, B, yields
02 22(9) .
®g =Hor | { Na(@2z,6,)ia g7 (@2,6,) dzde, (18)
@ 2(9

The total flux Ag linking coil B is obtained from
multiplying &g by the turns of the coil. Since
ng (®2,8;) is equal to the turns of the coil in the region
{(ez)/@a<os@.u(P=<z<2,(0}, and zero
otherwise, the total flux can also be obtained multiplying
(17) by ng(®z,6,;) and integrating over the whole
surface,

2mL

Ae =Hor [ [ng (@2.0r)Na(0.2.6:)07 (@2,6)ia dzdep
00

(19)

The mutual inductance Lgp of coil B due to the current
i5 in the coil A results in,

Loa (6;) = A.TB , (20)
21L

Lga (6r) :UOVII”B (@z, 6)Na( 0z, §)
00 (21)

97 (92,6, ) dzdo.

So, by means of (14) and (20) it is possible to calculate
the mutual or self inductance of the stator coils or rotor
loops, with or without skew. This also allows taking into
account the effects of static or dynamic rotor eccentricity,

without assuming uniformity down the axial length of the
machine.

It is important to observe that changing the integration
order and grouping terms in (20) yields,

L
LBA (Gr) =J'Li3A (Z,Gr) dz , (22)
0

where Lga (2,6, ) can be defined as the mutual inductance
per unit of length and is given by:

21

Lea (8r) =Hor [ ng (@26, )Na(®2.6,) g7 (02,6, )d
0

(23)
This result is similar to the one shown in [7]. However,
the winding functions N (@ z,8; ) defined in (14) are more

general and allow taking into account the effects of axial
air-gap non-uniformity.

IV. CALCULATION OF INDUCTANCES WITH AXIAL NON
UNIFORMITY

A. Skew

Results of the calculation of mutual inductance between
a stator phase winding and a rotor loop are shown as an
example of the proposed method. Fig. 2 shows the coil
distribution of phase A.

Motor parameters:
Stator: 4 poles, 48 slots, 67 turns per coil, concentric,

step 1:10:12.
Rotor: 40 bars, skewing angle 2711/40
g=0,45mm

Fig. 3 shows the mutual inductance, as a function of
rotor position, between the first coil of phase A, 1-12, and a
rotor loop composed by two consecutive bars, R;.
In Fig. 3 a), mutual inductance without considering skew is
shown, while in Fig. 3 b), a 2m/40rad. skewing is
considered. From the obtained results can be observed that
there is no change in the mutual inductance magnitude.
However, its shape is smooth in presence of skew, mainly
in the region where the inductance varies.

Mutual inductance between the phase A winding and the
rotor loop is obtained by summing all the inductances
between the winding coils and the rotor loop,

8

LAR]_ (el’) = z i'LAJ R (Gr) . (24)
=1

This is the sum of the eight phase A coils.

Fig. 4 shows (thick line) the mutual inductance without
considering the skew effect a), and considering it b). The
derivative of the mutual inductance is also shown (thin
line).
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Fig. 2. Coil distribution of phase A.
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Fig. 3. Mutual Inductance of stator coil and rotor loop 1, Lajrs, as a
function of rotor position, 6. a) without skew, b) with skew.

B. Modeling Eccentricity

As it was described in [4], there are two types of air-gap
eccentricity, static and dynamic. Static eccentricity can be
produced either by stator deformations or rotor axis
displacement with respect to the stator axis. Due to that
reason, the air-gap is non-uniform but it remains constant
for any rotor position.

Dynamic eccentricity occurs when the geometric center
of the rotor is not at the center of rotation, producing a
periodic variation in the air-gap when the rotor turns.

In previous proposals, eccentricity effects were analyzed
considering axial uniformity along the motor. The air-gap
function with non-uniform static eccentricity down the

axial length, gse, can be represented by
Ose (®2) =90 ~3(2) coso, (25)

where 3(z) is the air-gap variation amplitude, which can

vary along the axial length of the motor. The radial air-gap
length under no eccentricity condition is given by gp.

As an example, if only one bearing is displaced respect
to stator geometric axis, the air-gap variation amplitude can
be approximated by:

5(z) =& +kz, (26)

where &, is the air-gap variation at z = 0, and k is a
constant.

05k | | | | | a) HUU

Mutual Inductance, Lags (MH)

Position, 6, (rad)
Fig. 4. Mutual Inductance of stator phase A and rotor loop 1, Lar:
as a function of rotor position, 6. a) without skew, b) with skew.

The inverse of the air-gap function can be approximated
by,

cos®, (27)

Ji (28)
1—,/1 1-\1-&(2)

= 29
A (2) 20 (29)

If the eccentricity is dynamic, the air-gap function, gge,
can be approximated as follows,

Ode (®2.6r) =70 ~3(2) cos(¢-6;). (30)

These equations can be used in (14) and (20) in order to
calculate both self and mutual machine inductances under
eccentricity effects.

In case of static eccentricity, self and mutual inductances
of stator windings are constant whereas self and mutual
inductances of rotor loop change with rotor position. On
the other hand, with dynamic eccentricity, self and mutual
stator inductances are rotor position functions, whereas self
and mutual inductances of rotor loops are not, since they
do not see the air-gap change when rotor turns.
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V. MODELING OF INDUCTION MACHINES WITH M STATOR
CIRCUITS AND N ROTOR BARS.

To analyze and simulate induction machines using the
inductances calculated by the proposed method, an
induction machine having m stator circuits and n rotor bars
is considered. The cage can be viewed as n identical and
equally spaced rotor loops. The machine model can be
obtained by neglecting saturation and eddy current losses,
and supposing insulated rotor bars. This model is based on
a multiple-coupled circuit approximation [1]. One might
state that m stator circuits, and no m stator phases have
been defined in the model. This allows to model machines
with series or parallel circuits in each phase.

Voltage equations for the induction machine can be
written in vector-matrix form as follows:

dA
Vg =Rg Ig +—= 31)
S S 'S dt
dA
V, =R, I, +d—tr, (32)
where
V. = S VS VS DT
S %1 2 m[l ’ (33)
Vi=[o 0 .. 0,]",
T
=0 i . ind
. (34)
roo.r ir
I :%1 iy '”E ,
and the stator and rotor flux linkages are given by
N =L lg+Lg Iy, (39)

Ar =L Is+ L Iy (36)

Lss is an m*m matrix with the stator self and mutual
inductances, L, is an n*n matrix with the rotor self and
mutual inductances, Lg, is an m*n matrix composed by the
mutual inductances between the stator phases and the rotor
loops, L, is an n*m matrix composed by the mutual

inductances between the rotor loops and the stator phases.
All the above-mentioned inductances can be calculated
using the proposed method through equations (14) and
(20).

The mechanical equations for the machines are:

dw_ 1

—=—(T.-T)), (37)
dt Jﬂ(e )

de, _

w e )

where 6, is the rotor position, w is the angular speed and
Jn is the combined rotor-load inertia. T is the load torque
and T, is the machine electromagnetic torque which can be

obtained form the magnetic co-energy W, ,

_ WO
“Hoe, 0 '
Lo Etls,lr constant)

The magnetic co-energy is the energy stored in the
magnetic circuits and can be written as

17T 17 17T 1T
Wcozgls Lssls"'zls I-:~7r|r"'§|r|—rs|s +§|rer|r-(4O)

e (39)

V1. CONCLUSIONS

In this paper, a method based on a modification of the
Theory of Winding Functions was developed to calculate
the inductances of an induction machine. The proposed
method allows taking into account radial and axial
asymmetries such as skew and air-gap non-uniform
eccentricity down the axial length of the motor. As an
example, the skew effects on the mutual inductances
between stator phases and rotor loops were shown.
Equations to model static and dynamic non-uniform
eccentricities were presented. In order to analyze the
machine, a model considering multiple-coupled circuits
with m stator circuits and n rotor bars was also presented.
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