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Modelling of Induction Motor Including Skew
Effect Using MWFA for Performance Improvement
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Abstract—This paper deals with the modelling and simulation of
the squirrel cage induction motor by taking into account all space
harmonic components as well as the introduction of the bars skew in
the calculation of the linear evolution of the magnetomotive force
(MMF) between the slots extremities. The model used is based on
multiple coupled circuits and the modified winding function approach
(MWFA). The effect of skewing is included in the calculation of
motors inductances with an axial asymmetry in the rotor. The
simulation results in both time and spectral domains show the
effectiveness and merits of the model and the error that may be
caused if the skew of the bars are neglected.
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I. INTRODUCTION

ODAY squirrel cage induction motors are widely used in

variable speed industrial drives, so that the speed control,
the optimal design and the faults diagnosis of these motors are
very important [1]-[7]. For example, as most diagnostic
methods make use of the spectral domain analysis for more
information on faults diagnosis, authors [8]-[10] tend therefore
to move towards the introduction of the skew of bar in their
motors modelling and analysis in order to obtain less polluted
and clear spectra.

Skew is applied to electrical machines in order to reduce
undesirable effects such as cogging torques, higher-harmonic
air-gap fields, torque ripple, vibrations and noise. The squirrel
cage of an induction machine is skewed as to filter out the first
significant field harmonics due to the slotting of the machine.
The skewing of induction motors induces an electrical field in
the azimuthally direction, which can lead to additional
currents, if the rotor bars are not sufficiently insulated with
respect to the lamination.

Several authors take this skew effect in his model according
to the application to be used on one hand and the way the
inductance variation is to be taken into account on the other
hand. Simulation of induction motors with skew effects, using
a 2-D time stepping finite element method (FEM) has been
developed [11]. The 2-D FEM equations of each slice are then
coupled together and solved simultaneously for further
refinement by authors in [12]. To consider the inter-bar
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currents in the skewed rotor bars, a multi-slice-network-
coupled FEM has also been proposed [13]. However, in all
these formulations the axial length of each slice along the
motor axis has to be equal. G. Barakat [14] has also analysed
the effect of the static eccentricity including the effect of the
skewed slots of the rotor and the stator in the permeance
function obtained by means of simulation using FEM.

In this paper, the dynamic performance of the squirrel cage
motor has been calculated by considering the various stator
and rotor magnetizing inductances as well as the mutual
inductances between the stator phases as variables (not
constants). The variation due to the skew of the bar is taken
into account by the axial asymmetry in the rotor, thus using
the modified winding function approach (MWFA) for our
motor modelling. The simulation results obtained illustrate; in
both time and spectral domains; the effectiveness of the model
and point out to the necessity of considering skew effects in
some applications particularly those related to faults diagnosis
in induction squirrel cage motors.

II. THE SQUIRREL CAGE INDUCTION MOTOR MODEL

Consider an induction motor having m stator circuits and n
rotor bars. The cage can be viewed as n identical and equally
spaced rotor loops [2]. Voltage equations for the motor can be
written in vector-matrix form as follows:
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and the stator and rotor flux linkages are given by
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Ly is an m*m matrix with the stator self and mutual
inductances, L,, is an n¥*n matrix with the rotor self and mutual

| (6)
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inductances, Ly 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 and L, = L,".

The mechanical equations for the machine are

do, )
dgf _ a) . (8)
dt

where 0, is the rotor position, ® is the angular speed, J is the
rotor-load inertia and T, is the load torque. The machine
electromagnetic torque T, can be obtained from the magnetic

co-energy as:
- {aWw} ©
00 J, )

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

Werm |1 Lo I 41" Lo 14T LI +1' Lo 1, |
2 (10)

The precise knowledge of the inductances making up the
matrices in (5) and (6) is essential for the analysis and
simulation of the motor. In the next section a method for the
calculation of such inductances while taking into account the
skewing of rotor bars is being presented.

III. THE INDUCTANCES CALCULATION

All obtained inductances of the system, are calculated by
using the MWFA) [15]. If we consider the modified winding
function given by the following expression:

2

1
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Mp.0)=nlp,60)-

(11)

From (11) and by carrying out the variable change

@=x/r and 6. =x,_/r , This is equivalent as if one
referred to an X-Z axes orthonormal reference, as shown in
Fig. 1, where it is possible to imagine a planar representation
of the machine. It is clear that x, in this case, correctly
represents a linear displacement along the arc corresponding
to the angular opening ‘¢’ and similarly for the case of x, [5].

Knowing that N is the MMF per unit current, the flux seen
by the turns of a coil due to the current through another coil is
given by the expression:

2mr

!
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00 (12)

The inductance between any two coils will be:

221
Ly, (x,)= x4 I INA, (x,z,x,)nB/.(x,z,xr ) (x, 2, x, Wzdx
00 (13)

In order to design for subroutines to calculate for the
various inductances of the machine, it is then possible to
derive a new expression that may be easier to be translated
into algorithm. Let us put P = gil(x,z,x,,), defined as the air
gap permeance. In this case, the expression (13) of the mutual
inductance can be rewritten as follows:

2 1
Ly (x,)= o I J.P[nAi(x’Z’x <Pn’“>]ﬂ x, 2, X, )dzdx
3o P) (14
Pn Y Png,
LBin(x,z,xr):Zﬂrlyo(pnAinEj)—zﬂrlﬂo<nA'>I§>nB/> (15)

Knowing that n4; (x, z, x,) is the distribution function of coil
A; of winding 4, and ng; (x ,z, x,) is the distribution function of
a rotor mesh [4]. In the same way as in [6], and according to
the type of connection between the coils, the inductance is
obtained by the sum of all mutual inductances between p and q
winding coils 4 and B, respectively [7]-[9].

Ly, (X’Z’xr) = Zﬂrlﬂo[[ii<pnmn3/>] - <PnA><PnB>} (16)
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qg p
:ZZ LB/Al ) (19)

i=1 j=1

A. Inductance Calculation without Skewing Bars

nAi(x,z,xr):{

N, x, <x<x2,.,0<z(x)<l

0 in the remaining interval 20)

1 Xp; <X <Xy, ,0<z(x)<l

n, (x,z,xr)z{

0 in the remaining interval @1

Analytical integration gives us the results consigned in
Table I. For each given interval, there is a value of the mutual
inductance which depends on 6,.
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Fig. 1 Distribution function of the stator coil A;
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B. Inductance Calculation with Skewing Bars

It is assumed that the machine always has a uniform gap,
but having an axial asymmetry in the rotor translated by
skewing bars. Knowing that the distribution functions in Fig. 2
can be defined in two dimensions as follows:

my (v ) =] Vo BsEem <)<l g

0 in the remaining interval

" 4(x .y ): 1 X, <X<Xy, ,le(x)<z(x)<zzj(x) (23)
(A 0 in the remaining interval

with
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Fig. 2 Skewing bar presentation
—(x—xl.),xl. Sx<x, try
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0 X Hry Sx<x,,

Such that y is the angle of skew of the bars, and
ﬂ,i = (xZi —xli)/ 7 represents the opening of the stator coil

phase. When the mesh is partially in the field of the coil, the
range of integration is reduced to the common area 'D'
between the projection surface of the rotor mesh and that of
the coil (the gray portion of Fig. 2). Referring to (22) and (23),
it is clear that the integral in the remaining field is zero.

The analytical integration gives us the mutual inductance
between a stator coil and a rotor mesh. The results are
illustrated in Table II. After the analytical calculation of the
mutual inductance between all coils of a stator phase with a
rotor mesh, we can plot their forms. In Fig. 3 (a), we can see
the shape of L, (Q,)which is far from a sinusoid. It should
be noted also that an analytical calculation of the first
derivative of L, A(@) (in red color) may lead to a
discontinuous function. While in Fig. 3 (b), we can see the
effect caused by the inclusion of skewing bars. These effects
occur in a sensible change in the form of the mutual
inductance, and hence a clear change in its first derivative,

particularly in terms of its form rather than in terms of its
maximum value.
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IV. SIMULATIONS RESULTS

Once the squirrel cage induction motor model was obtained,
a simulation program written in Matlab language was then
developed. The proposed program enables us to highlight the
behavior of a squirrel cage induction motor in both time and
spectral representations and to compare its performance for
both cases that is with and without considering the bars skew
effects.

A. Time Domain

The simulation model of the induction motor in the time
domain gives us the electromagnetic torque curves shown in
Figs. 4 (a), (b) and the stator currents in Figs. 5 (a), (b). From
these curves, it can be easily noticed the improvements
brought by the bars skewing, in terms of peaks reduction in
the transient mode and oscillations reduction in the start-up
and steady state conditions. On the other hand, the steady state
current fluctuations are less important with the introduction of
the skewing bars effects and the shape of its waveforms is
more sinusoidal.

B. Spectral Domain

The simulation model of the induction motor in the spectral
domain gives us the stator current spectra without skew effect
consideration, shown in Figs. 6 (a), (b) and the stator current
spectra with skew effect consideration, shown in Figs. 7 (a),
(b). From these spectra, it can be easily noticed the
improvements brought by the bars skewing, in terms of peaks

reduction in the stator current spectra compared to the stator
current spectra without skew effect consideration. Note that,
for the case of our simulation without skew effect, using the
FFT analysis, the rotor slot harmonics occur at frequencies:

S =017-18s)f =842.35hz
Sra =(19-18s)f =942.35hz
Jrs =(35-36s)f =1734.7hz
Jra =37 =36s)f =1834.7hz
s =(53=54s) f =2627.05hz
e =(55—54s) f =2727.05hz
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Fig. 3 Mutual inductance between the stator phase A and rotor mesh
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Fig. 5 Current of stator phase (a) without skew, (b) with skew

Also note that, for the case of our simulation with skew
effect, the spectra are improved by indicating attenuation
peaks with a small offset due to increased slip, which means
an improvement of current, torque and speed. The rotor slot
harmonics occur at frequencies:

S =(17—=18s) f =839.8%hz
Jro =(19-18s) f =939.89hz
Jfrs =(B5-36s)f =1729.8hz
Jia =(37—36s)f =1829.8hz
Jis =(53—=54s) f =2619.6hz
S =(55=54s5) f =2719.6hz

V. CONCLUSION

In this paper, a proposed model of a squirrel cage induction
motor is being presented. To take into account some of the
secondary effects existing in a real motor, the model has
included these effects by firstly considering all space
harmonics due to the non-sinusoidal distribution of the air gap
MMF and secondly all the effects produced by the skewing of
bars as in our case.

The simulation results obtained, enabled us to compare the
motor performance for both cases; that is; with and without
skewing effects and showed us clearly the effectiveness and
merits of including skew effect in the model. Both time and

spectral domains are been presented. The spectral domain
analysis is particularly interesting for applications related to
fault diagnosis of motors where the spectrum should be less
polluted to easily locate the harmonics characterizing faults in
the stator current spectrum.
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Fig. 6 The phase A stator current spectrum without taking into
account the inclination of the bars, (a) for low frequencies order, (b)
for high frequencies order
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Fig. 7 The phase A stator current spectrum with taking into account
the inclination of the bars, (a) for low frequencies order, (b) for high
frequencies order
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