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Multiple coupled circuit modeling (MCCM) of squirrel-cage induction motors (SCIMs), or winding
function approach is the most detailed and compl ete analytical model used to analyze the performance
of faulty SCIMs. Already, in various papers this approach has been used for 3-phases SCIMs, but this
paper extends the above-mentioned model to 6-phases SCIMs. Various smulations of variative faults
were carried out on faulty 6-phases SCIMs, and then, results obtained fromthe smulation were
presented. The innovation of this paper is the first time smulation of broken bars and stator winding
faults on 6-phases SCIMs using winding function approach with cons dering magnetic saturation effect
that precise results were obtained as presented.
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1. INTRODUCTION

For economic utilization of the magnetic materia,
operating regions of electrical machines have to be
extended above the knee of the magnetization
characteristic, which forces the machine into saturation.
Therefore, many attempts have been made to include
saturation effects in squirrel-cage induction machine
(SCIM) models [1-5]. The multiple coupled circuits
model (MCCM) of SCIM, based on the winding
function theory [6-10] is one of these models. MCCM
has gained a wide application in the analysis of SCIM,
mainly due to its ability to analyze faulty machines.
Such analysis helps to realize the faulty SCIMs
performance, to extract proper indexes for various faults
and to develop effective fault diagnosis and condition
monitoring techniques for the SCIMs. As the magnetic
saturation may have considerable effect on the
performance of SCIMs and their fault indexes [11, 12],
it is reasonable to include saturation effect to MCCM
properly. An extension to MCCM, which includes
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variable degrees of saturation effects, has been reported
in the literaturel5]. The proposed saturable MCCM
(SMCCM) needs to track the air gap rotating flux
density, and this has been done by a rather smple
technique n [5]. However, application of that technique
may lead to a wrong result if the air gap flux
distribution is distorted. As it will be clear in the next
sections, many SCIM faults cause the air gap flux
density to be disturbed. Thus, existing SMCCM is not
viable to analyze faulty SCIMs. In addition, the
saturation factor (Kg) has been determined using air
gap voltage fundamental harmonic amplitude [5], which
depends on the rotation speed of the air gap flux density
as well as its amplitude, while the saturation degree
depends only on the flux density amplitude.n this
paper, according to technique proposed in the
literature[13], flux-linkages of rotor meshes, which are
calculated in every simulation step, are used to estimate
the air gap flux dendty distribution around the air gap.
Then, Fourier series analysis is used to determine the
gpace harmonics of the air gap flux density. Beside,
multiphase machines of various types have received
great deal of attention. Space-harmonic in a multiphase
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machine is less than 3-phase machine. Also, the
redundancy in a multiphase machine is greater than 3-
phase one [14-16]. One of the most interesting
multi phase machines is the 6-phase induction.

2. SATURABLE MULTIPLE COUPLED CIRCUIT
MODEL OF  SQUIRREL-CAGE  INDUCTION
MACHINES

According to the winding function or modified winding
function theories defined in the literature13],
inductances between stator phases, rotor bars and
mutual inductances between stator phases a and rotor
meshes are calculated as follows:

\2 - .
L,=mrig g n N, di 1)

where x and y can be any phase of the stator or any
mesh of the rotor, g, is the air magnetic permeability, r
isthe air gap mean radius, | isthe stack length, g™* isthe
inverse air gap function, n, is the x phase (mesh) turn
function and ¢ is the angle in the stator stationary
reference frame. In the case of uniform air gap, Ny isthe
winding function of y phase (mesh). Figure 1 shows the
air gap flux density distribution and its fundamental
space harmonic for a SCIM with two broken rotor bars.
Digtortion of the flux density due to the fault is obvious
in thefigure.
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Figure 1. Fundamental space harmonic (---) for a SCIM with
two broken rotor bars.Estimated air gap flux density (__)
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Figure 2.Stator phase “a” sdlf inductance (L) variation
versusKg and j
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Figure 3. Rotor mesh “1” sdlf inductance (Ly; —top) and its
derivative versus (dL,; —bottom) variations versus Kg; and
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Figure 4. The mutud inductance between stator phase “a”
and rotor mesh “1”(Ly; —top) and its derivative versus
(dL,—bottom) variations versus K

An 1HP, 380V, 50Hz, 2-poles, 6-phases, Y-
connected general purpose SCIM was simulated using
SMCCM. Figures 2 and 3 represent, respectively, the
variation of salf inductance of the stator phase “a” (Laa)
and sdf inductance of the rotor mesh 1 (Ly;) plus its
derivative versus 6, (dL;;) and Figure 4 shows the
mutual inductance between stator phase “@’ and rotor
mesh 1 (Ly) plus its derivative versus 6; (dL,,) for a 2-
pole CIM. As seen, by increasing saturation factor (Ksy)
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, Laa @nd Ly; fluctuate increasingly around decreasing
the mean value while dL 4, fluctuates around zero.

3. 6-PHASES SCIM PERFORMANCE DUE TO
MAGNETIC SATURATION UNDER BROKEN ROTOR
BARS

Many kinds of stresses on a SCIM may lead to rotor
bars breakage, induding thermal stresses, magnetic
stresses, residual  dresses,  dynamic  stresses,
environmental stresses and mechanical stresses[17]. 5%
-10% of total SCIMs failures are due to the rotor faults
and considerable research reports, aiming at diagnosis
of these faults are available in the literature [17]. Here
the SCIM performance under broken rotor bars is
studied using SMCCM and compared to those obtained
by MCCM. So, the magnetic saturation effect on the
performance will be clear. As mentioned previoudly,
many faults, such as rotor broken bars, may disturb the
air gap flux density distribution (see Figurel), and this
intensifies the space harmonics of the air gap flux
density.

Magnetization curve of the motor was determined by
experiments as well as simulation and shown in Figure
5. As seen, the nominal voltage of the motor is above
knee-point of the magnetization curve. In both figures,
simulation and experimental results agree well and this
implies the high accuracy of the developed SMCCM.
The SMCCM results in Figure 5 are quditatively in
agreement  with the corresponding experimental
resultg/18]. Figure 6 shows the rotor teeth flux densities
determined by a manner described in section |l
assuming the total flux passing through any rotor mesh
isconcentrated in relevant rotor tooth uniformly. As
seen, a broken rotor bar has reduced the flux of an
adjacent tooth and increased the flux of other adjacent
tooth considerably.

This leads to a higher local saturation in the later
tooth. Saturation effect on the teeth flux dengties is
obvious in the figure and is in agreement with the
similar finite elements results [18].The influence of a
rotor broken bar on the stator line current of SCIM can
be realized using an approach based on rotating
magnetic fields. For positive-sequence supply voltage,
the stator windings produce a magnetic field in the air
gap, which rotates at synchronous speed (ws) in forward
direction.

The rotor rotating at w,=(1-9)ws, is therefore seeing
the rotating field at speed sws, where sisthe dip. Thus,
currents at frequency sf are induced and flow in the
rotor bars, where f isthe supply frequency.A broken bar,
whose current reduces to zero, can be represented asthe
superposition of a healthy bar and a current source
injecting, at all times, a current in the bar of opposite
value as the current flowing in the healthy bar [18, 19].
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Figure 5 Saor line voltage versus no-load current

(magnetization curve) obtained by simulation usng SMCCM

(L) and experiment (x).
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Figure 6. Estimated rotor teeth flux densities in healthy (---)
and 6 broken bar (__) CIMs obtained by simulation.

This superimposed current (current source) creates a
superimposed pulsating fiddd of pulsation sws with
regard to the rotor. This pulsating field can be split in
two rotating fields of opposite directions; the forward
field, rotating at swewith respect to the rotor, and
therefore, at ws with regard to the stator windings,
which affects the value of the fundamental stator
currents, and the backward field, rotating at (1-
29)wqwith respect to the stator windings, induces
currents a frequency (1-29)f in the stator windings.
Furthermore, in this dSituation, the torque has a
component fluctuating at frequency 2sf, which creates
speed ripple a the same frequency. This finally results
in inducing the currents at frequency (1 + 29)f in the
stator windings [17]. These are main signatures of a
broken rotor bar in the dator currents, which are
generally used as indexes for the fault diagnosis
propose. To verify this the normalized frequency
spectra of stator line current are shown in Figure 7 for
SCIM with one and six broken bars and healthy motor
under 50% rate load. As seen, harmonic components at
(1+29)f frequencies are clear in the spectra and their
amplitudes are amplified due to the fault. Also, the
amplitudes of the harmonicsin SMCCM results are very
closeto thosein experimental results.
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Figure 7. Normalized frequency spectra of stator line current
obtained through simulation using SMCCM for SCIM on &)
healthy motor, with b) one and ¢) six broken rotor bars and
MCCM for SCIM on d) healthy motor, with €) one and f) six
broken rotor bars under half rate load

4. SCIM PERFORMANCE DUE TO MAGNETIC
SATURATION UNDER STATOR WINDING FAULT

Stator winding faults are usualy related to insulation
failure. Almost 30%-40% of the reported induction
motor failuresfall into this category [17]. Winding fault
may take place in one of the following forms [20]:

Turn to turn fault.
Coail to coail fault.
Phase to phase fault.
Cail to ground fault.
Open circuit fault.

In this case a stator winding turn to turn fault is
considered. Generaly, this fault is the initial cause of
the other stator faults [20], therefore, it was appreciated
by enormous research studiesin the past [17, 21-25].

Short turns in one of the stator phases which can be
modeled as a seventh phase with zero voltage in the
machine equations. The turn functions are shown in
Figure 8.Figure 9 shows variations of 7th phase self
inductance versus Kg; and ¢ and also Figure 10 shows
variations of mutual inductance between 7th phase and
rotor mesh “1” and its derivative versus Kg and 6, via
simulation using SMCCM for SCIM with 9 shorted
turns under no load.

Figure 11 shows normalized frequency spectra of
phase “@’ sator line current obtained through
simulation using SMCCM for hedthy SCIM and for
SCIM with 5 and 9 shorted turns under no load and also
Figure 12 shows the same results as Figure 11 for phase
“b”. As seen, even harmonics of stator currents can be
used for identification of stator winding turn-turn faults.
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Figure 10. Mutual inductance between stator phase “d” and
160 rotor mesh “1”(Ly —top) and its derivative versus (dLg—
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Figure 12. Normalized frequency spectra of phase “b” stator
line current obtained through simulation usng SMCCM for @)
hedthy SCIM and for SCIM with 5 and 9 shorted turns, (b,c)
respectively under no load

5. CONCLUDING REMARKS

Rotor meshes flux-linkages, caculated in every
simulation gep by winding function approach, can be
used to estimate the air gap flux density distribution.
Then, space harmonic components of the air gap flux
density can be determined using Fourier series analysis.
The phase angle of the space fundamental harmonic is
utilized to locate the air gap flux density during
simulation of the faulty SCIMs. Also, the amplitude of
this fundamental harmonic is applicable to evaluate the
saturation factor more reasonably. Saturation may affect

the performance and the fault indexes of the faulty
SCIMs considerably and the new SMCCM is a helpful
tool to anayze such effects.
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APPENDIX

Short turns in one of the stator phases whichcan be
modeled as a fourth phase with zero voltage in the
machine equations. In both faulty and faultless motors
with a sinusoidal distribution of windings, the self-
inductance of each winding is proportional to the square
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of the count of turns, and the mutual inductance of five
windings is proportional to the product of the counts of
tuns in two windings [21, 22]. The resultant
mathematical model for a motor with short turns in
phase “a’is derived and shown in Equations (2)-(16).

[vs]=[Rs][|sl+%[ys] @

- d
[0]-[Rr][|r]+dt[Yr] ©)

B’s]=[|—ss][|s]+[|—sr][|r] (4)

y r 1=l ] +Lpr 11 ] )

NVel=, v, V. v, v, v, of (6)

ng=l. i i i i, i, i,] @

(1= [i0, il ®)

bd=b. vo Ve VeV, V. Yl )

bI=b., v, - v (10

Te=lg ﬂ;; I (11)

d
Te-T =J

L™ (12)

o
3
N
- O
o o

_‘
o o o

o o o o

-

[Rs]= (13)

o u
o ©O o o o

DD (D (D> D> D> D> (D (D> D> Dy
'
o © ©o o o
o © ©o o o
o © o o
o o o
o
o
3
O O O O o o
—
oo oo ooao

2(R,+R)
-R
0
[l

_R) 0
2R+R) -R

R 2AR+R)

[ [

0 K

-R
0
[
[

)
(‘DGD)(‘D)(‘D)(I‘IIJ)(‘D)(‘D)%
AAARXAA

u
u
u
g (14
u
i

2R +R)

Y

(15

cooooc

<



A. Taheri and M. Sabouri/IJE TRANSACTIONS C: Aspects Vol. 27, No. 9, (September 2014) 1359-1366 1366

§1- nf)" L, +(1-m" L,
a-m’
@-m’
a-m’

—

g
8

8

[Lss] =

D: D> D D D> <‘D> ™ D D ‘D’,Q
r— | I i
s B

&

@aGmitL ¢mL, ¢&mML, &ML, &mML mdmL,U
Lbb + L|S LbC Lb)( Lby LbZ m L 3
L, +L, L. L, L. mL, U

L, L, +L, L, L mL, g (16)
. L, L, +L, L mi,
. L, L, L, +L, mL,
MLy o omL, omL, oml, m Lg+md

Magnetic Saturation Impacts on Fault Analysis of Squirrel-cage Six Phases Induction
Motors Using Winding Function Approach

A. Taheri, M. Sabouri

Department of Electrical Engineering, University of Zanjan, Zanjan, Iran

PAPER INFO

oS>

Paper history:

Received 10 November 2013

Received in revised form 15 March 2014
Accepted 22 May 2014

Keywords:

6-Phases Squirrel-cage Induction Motors
Saturation Effect

Rotor Fault

Stator Fault

Winding Function Approach

5 Jabe @ e U o b (SCIM) oo uis L1 sl 550 (MCCM) w18 i T2 slalte
e SVe 3 sy ol 1B AL e s B GBI clas e 3 Shas VT (g 0t oaliad Jo o AlS
o303 Jous 366 LWl (gla, e 1y B33 e Wlis ol el il o eslizad 313 o s Wl sl 550 (ol 5
ooy gl s o 5 Sl 0 43 S alonil U6 LU la) 550 555 2 OSUS g 5l e s (3l a2
)La6wa_,wanéu)yyjujbnénf@uwdw 2 eosl s il ois S &l ds (g3l a3l el
S AL oot S Ao b s 5 0Pkl e e s b b lite gLEL 3 8 K 5 Ly e 6 )

.J.jia,\.:.e:l:ol:.j&)}q&é:@)w@tﬁ

doi: 10.5829/idosi.ije.2014.27.09¢.05




