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Many investigations have been conducted to detect single incipient
faults in squirrel cage induction motors. However, there is much less
research on detecting and discriminating simultaneous faults within
the induction motor. The simultaneous presence of eccentricity fault
with some other faults is unavoidable due to some manufacturing
imperfections or the possible misalignment of the motor-load shafts.
Neglecting the intrinsic eccentricity and simultaneous faults might
cause mistakes in the condition motoring of the motor. This article
presents an analytical and experimental approach to detecting the
simultaneous mix of eccentricity and broken rotor bar faults.
Theoretical analyses represented how the indicators appear in the
stator current due to mechanical faults according to dynamic
equations, MWFA, and Fourier series. Thus, a new frequency indicator
was introduced to identify simultaneous faults. The suggestive index
is monitored in the modified winding function (MWFA), and finite
element (FE) simulations and its amplitude was studied in motors
with healthy conditions and separate and simultaneous faults.
Simulation and experimental results confirmed the capability of the
proposed index to distinguish simultaneous faults from other cases.
This method is non-invasive, low-cost, load-independent, and can be
implemented in the monitoring system of any motor.
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EXTENDED ABSTRACT

Introduction

The principal portion of failures in SCIMs are linked to mechanical faults, and it is
essential to monitor and diagnose these faults in incipient procedures. Investigations have
been conducted to detect single faults in SCIMs. However, there is much less research on
discriminating simultaneous faults. The mechanical faults consist of broken rotor bars
(BRB) and air gap eccentricity (AE). The simultaneous presence of eccentricity fault with
some other faults is unavoidable due to some manufacturing imperfections or the possible
misalignment of the motor-load shafts. Neglecting the intrinsic eccentricity may cause
mistakes in diagnosing the faults. This paper by using motor current signature analysis
(MCSA) aims to diagnose combined mixed eccentricity (ME) and broken rotor bar (BRB)
faults. The analytical formulas according to the modified winding function approach
(MWEFA) reveal how the ME and BRB faults introduce some frequency components in the
motor line currents when occurring separately and simultaneously. Then, novel frequency
components will be introduced to diagnose the simultaneous ME-BRB faults. Finally, the
experimental results will prove the impressive ability of the suggested modelling,

Methodology

The MWFA was applied to simulate four cases: healthy, BRB, ME and the simultaneous
fault. In the healthy case, a novel formula to calculate Inductance and its harmonics was
presented firstly:

L @)= =85 > A, cos(Ph(0—,)) I *
7T.9p  h1liz1
1)
| ixa,—bxa, | sign(Ng (i) — N, (i +1))
" ixa, —(b-)xe, ™ |-sign(N, (i) — N, (i +1))

The BRB defect modelling can be considered as a healthy rotor with an additional bar,
which is located exactly in the position of the corresponding broken bar. The amplitude of
the extra bar current is equal to the healthy bar current, and its direction is in the opposite
direction. Therefore, the equivalent current of the two bars is zero, and the performance of
the two bars will be equivalent to one broken bar. To calculate all the harmonics of the rotor
bar current, the fifth and seventh order were considered in the rotor current for the first
time in the present study. The components of the rotor bar current will be:

[Im]:[hz;l,:lCOS(Ph@J_ra)St—(p,k)} @
= k

which ws is the principal harmonic of the motor supply current and equal to the
amplitude of h-th harmonic of the rotor current in k-th bar of the rotor. 8 can be defined in
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general, which includes the main rotational frequency of the rotor with speed fluctuations;
therefore:

w, = d0/dt = wg + X1 4 0y cos(2nswit) 3
wyo = (1 —s)ws/P
By analytical formulation, the frequency components of the rotor current were obtained
according to Equation (40). These frequencies include all frequencies expressed in the rotor
current in addition to the rotor current harmonics (s x fs):

f,. =(h@—s)+D)f, @

By using the dynamic model, the frequency components of the stator current in the BRB
defect were obtained in low and high frequencies, fis_ir, and fon nf respectfully:

foo_r = (£ 275) f (5)

foo_ne = (W Eh)A=8) F1F2735) (6)

These equations provide a more accurate view of the indices and state that these indices
are caused by speed fluctuations caused by the broken rotor bar defect. By increasing the
number of broken rotor bars, the speed fluctuations increased and the amplitude and
number of indices around the harmonics also increased with a possibility of interference
with the eccentricity index.

In this paper, for the first time, the exact expansion of the inverse air gap function is
presented. This expansion was presented using a two-sentence series, the Euler formula and
the Khayyam-Pascal triangle coefficients. This function was error-free and included all the
harmonics of the air gap function. The exact expansion of the air gap function was as per
Equation (7).

oo 35 (psle (e}

Using MWFA and the dynamic model of SCIM, the harmonics applied to the stator
current in ME fault were obtained as per Equation (8).

x f

f o —lph+hy)+(k=k ')}{1;3)111 25

ifP(hth)+(k+k)}=34, 1=1,2,--& n=0

8

According to the explanations of Equation (8), an additional bar is capable of generating
fluxes with frequencies of coefficient that are multiples of 3, and these frequencies are added
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to a healthy rotor with an eccentricity defect. The same added frequencies can be used to
distinguish between an ME defect and an ME and BRB simultaneous defect. It should be
noted that in a healthy rotor with ME defect, by applying the sum of the effect of the flux of
all rotor bars on the stator phases in the ME state, frequencies, which are multiples of 3, are
eliminated and only other multiples of 3, remain. Therefore, the ME and BRB simultaneous
defect index is presented as relation (9).

mebb_({p(h+h)+(k+k )}[ p j+1+277$)f

if P(h+h)+(k £k )}=32, A=12,-- & n=0 ©
if P(h+h)+(k £k )}#34, A=12,--- & =0

Results and discussion
The separate and simultaneous ME and BRB defects were studied by MWFA and Ansys
Maxwell-2D and then compared with experimental results in Figure 1.
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Figure 1. The normalized frequency spectrum using (a) MWFA4, (b) Flg, and (c) experimental results.
—  BRBindex with sign
—  ME index with sign
Simultaneous index with sign m
Conclusion

This article provides a comprehensive view of how to generate indicators in mechanical
faults and studies the effect of speed fluctuations and harmonic coefficients on it. According
to the MWFA and FE simulations, a new index was introduced to identify the simultaneous
mechanical faults in the stator current. Simulation and experimental results proved the
ability of the proposed index to distinguish simultaneous faults from other cases. This
method is non-invasive, low-cost, load-independent.
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1 Squirrel cage induction motor (SCIM)
2 Broken rotor bar (BRB)

3 Air eccentricity (AE)

4 Static eccentricity (SE)

5 Dynamic eccentricity (DE)

6 Mix eccentricity (ME)

7 Low sideband (LSB)

8 High sideband (HSB)
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