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A B S T R A C T  

 
 

Multiple coupled circuit modeling (MCCM) of squirrel-cage induction motors (SCIMs), or winding 
function approach is the most detailed and complete 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 simulations of variative faults 
were carried out on faulty 6-phases SCIMs, and then, results obtained fromthe simulation were 
presented. The innovation of this paper is the first time simulation of broken bars and stator winding 
faults on 6-phases SCIMs using winding function approach with considering magnetic saturation effect 
that precise results were obtained as presented. 
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1. INTRODUCTION1 

 
For economic utilization of the magnetic material, 
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 literature[5]. The proposed saturable MCCM 
(SMCCM) needs to track the air gap rotating flux 
density, and this has been done by a rather simple 
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 (Ksat) 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.In 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 density distribution around the air gap. 
Then, Fourier series analysis is used to determine the 
space 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 
multiphase 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 literature[13], 
inductances between stator phases, rotor bars and 
mutual inductances between stator phases a and rotor 
meshes are calculated as follows: 

∫ −=
π

ϕµ
2

0

1 dNnglrL yxoxy  (1) 

where x and y can be any phase of the stator or any 
mesh of the rotor, μo is the air magnetic permeability, r 
is the air gap mean radius, l is the stack length, g-1 is the 
inverse air gap function, nx is the x phase (mesh) turn 
function and φ is the angle in the stator stationary 
reference frame. In the case of uniform air gap, Ny is the 
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. 
Distortion of the flux density due to the fault is obvious 
in the figure. 
 
 
 

 
Figure 1. Fundamental space harmonic (---) for a SCIM with 
two broken rotor bars.Estimated air gap flux density (__)  
 
 

 
Figure 2.Stator phase “a” self inductance (Laa) variation 
versus Ksat and fϕ  

 

 
Figure 3. Rotor mesh “1” self inductance (L11 —top) and its 
derivative versus (dL11 —bottom) variations versus Ksat and 
θr where 0=fϕ . 
 

 

 
Figure 4. The mutual inductance between stator phase “a” 
and rotor mesh “1”(La1 —top) and its derivative versus 
(dLa1—bottom) variations versus Ksat 

 
 

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 self inductance of the stator phase “a” (Laa) 
and self inductance of the rotor mesh 1 (L11) plus its 
derivative versus θr (dL11) and Figure 4 shows the 
mutual inductance between stator phase “a” and rotor 
mesh 1 (La1) plus its derivative versus θr (dLa1) for a 2-
pole CIM. As seen, by increasing saturation factor (Ksat) 
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, Laa and L11 fluctuate increasingly around decreasing 
the mean value while dL11 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, including thermal stresses, magnetic 
stresses, residual stresses, 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 previously, 
many faults, such as rotor broken bars, may disturb the 
air gap flux density distribution (see Figure1), 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 qualitatively in 
agreement with the corresponding experimental 
results[18]. Figure 6 shows the rotor teeth flux densities 
determined by a manner described in section III 
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 densities 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 (ωs) in forward 
direction.  

The rotor rotating at ωm=(1-s)ωs, is therefore seeing 
the rotating field at speed sωs, where s is the slip. Thus, 
currents at frequency sf are induced and flow in the 
rotor bars, where f is the supply frequency.A broken bar, 
whose current reduces to zero, can be represented as the 
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]. 

 
Figure 5. Stator line voltage versus no-load current 
(magnetization curve) obtained by simulation using SMCCM 
(__) and experiment (×). 
 
 

 
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 field of pulsation sωs with 
regard to the rotor. This pulsating field can be split in 
two rotating fields of opposite directions; the forward 
field, rotating at sωswith respect to the rotor, and 
therefore, at ωs with regard to the stator windings, 
which affects the value of the fundamental stator 
currents, and the backward field, rotating at (1-
2s)ωswith respect to the stator windings, induces 
currents at frequency (1−2s)f in the stator windings. 
Furthermore, in this situation, the torque has a 
component fluctuating at frequency 2sf, which creates 
speed ripple at the same frequency. This finally results 
in inducing the currents at frequency (1 + 2s)f  in the 
stator windings [17]. These are main signatures of a 
broken rotor bar in the stator 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±2s)f  frequencies are clear in the spectra and their 
amplitudes are amplified due to the fault. Also, the 
amplitudes of the harmonics in SMCCM results are very 
close to those in experimental results. 
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Figure 7. Normalized frequency spectra of stator line current 
obtained through simulation using SMCCM for SCIM on a) 
healthy motor, with b) one and c) six broken rotor bars and 
MCCM for SCIM on d) healthy motor, with e) 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 usually related to insulation 
failure. Almost 30%-40% of the reported induction 
motor failures fall into this category [17].  Winding fault 
may take place in one of the following forms [20]: 

• Turn to turn fault. 

• Coil to coil fault. 

• Phase to phase fault. 

• Coil to ground fault. 

• Open circuit fault. 

In this case a stator winding turn to turn fault is 
considered. Generally, this fault is the initial cause of 
the other stator faults [20], therefore, it was appreciated 
by enormous research studies in 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 Ksat and φf and also Figure 10 shows 
variations of mutual inductance between 7th phase and 
rotor mesh “1” and its derivative versus Ksat and θr via 
simulation using SMCCM for SCIM with 9 shorted 
turns under no load. 

Figure 11 shows normalized frequency spectra of 
phase “a” stator line current obtained through 
simulation using SMCCM for healthy 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 8. The turn functions of phase_a winding for a) healthy 
winding, b) faulty winding and c) 7th phase winding with 9 
shorted turns, respectively 
 
 

 
Figure 9. Phase “d” self inductance (Ldd) variation versus 
Ksatand fϕ  

 

 

 
Figure 10. Mutual inductance between stator phase “d” and 
rotor mesh “1”(Ld1 —top) and its derivative versus (dLd1—
bottom) variations versus Ksat and θr where 0=fϕ . 
 

 

 

 
Figure 11. Normalized frequency spectra of phase “a” stator 
line current obtained through simulation using SMCCM for a) 
healthy SCIM and for SCIM with 5 and 9 shorted turns (b,c) 
respectively under no load 
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Figure 12. Normalized frequency spectra of phase “b” stator 
line current obtained through simulation using SMCCM for a) 
healthy SCIM and for SCIM with 5 and 9 shorted turns, (b,c) 
respectively under no load 

 
 
5. CONCLUDING REMARKS 

 
Rotor meshes flux-linkages, calculated in every 
simulation step 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 analyze 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 

of the count of turns, and the mutual inductance of five 
windings is proportional to the product of the counts of 
turns 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). 
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  چکیده
  

  

یا روش تابع سیم پیچ، مفصل ترین و  (SCIM)موتورهاي القایی قفس سنجابی  (MCCM)مدل مدارهاي مزدوج چندگانه 
قبال از این روش در مقاالت مختلف . کاملترین مدل استفاده شده براي آنالیز عملکرد موتورهاي القایی قفس سنجابی می باشد

ده فاز بسط دا 6فاز استفاده شده است اما این مقاله مدل فوق را به موتورهاي القایی  3براي موتورهاي القایی قفس سنجابی 
فاز انجام گرفته شده است و سپس نتایج بدست  6شبیه سازي هاي مختلفی از عیوب گوناگون بر روي موتورهاي القایی . است

فاز با  6نوآوري این مقاله شبیه سازي براي اولین بار موتورهاي القایی قفس سنجابی . آمده از شبیه سازي ها، ارائه گردیده است
گرفتن اثر اشباع مغناطیسی با عیوب سیم پیچی استاتور و روتور با میله شکسته شده می باشد که روش تابع سیم پیچ با در نظر 

  .نتایج بصورت دقیق به خوبی نشان داده شده اند
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