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The detection of incipient faults has attracted industrials and researchers
specific attention in order to prevent the motor breakdown, improve its reability
and increase its lifetime. This paper presents a squirrel cage induction machine
broken bar and rings diagnosis approach. This technic uses a new monitored
signal as an auxiliary winding voltage related to a small coil inserted between
two stator phases. Monitoring behaviors of the Lissajous curve of this auxiliary
winding voltage park components under different load levels is the main key of
this study. For this purpose, the squirrel cage induction machine modeling and
the explicit expressions developed for the inserted winding voltage and its Park
components will be presented. Then, an induction machine with different
broken cases: one broken bar, two broken bars, broken end ring and broken
bars with end ring are investigated. The simulation results confirm the validity
of the proposed approach.
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1. INTRODUCTION

The squirrel cage induction motor is the most extensive employed electrical machine in many
industrial applications owing to its effectiveness, robustness and its high performance. It present a keystone of
electromecanical conversion chain. Thus, any undesired breakdown of the induction machine due to failures is
costly. It can lead to stopping production [1]. So, early detection of abnormality is necessary to avoid motor
damage. For that purpose, several researchers have continuously been attracted by induction motor fault
diagnosis using on-line condition monitoring methods in order to maintain the machines normal operation.

After an induction machine failure surveys, the breakdown occurred in the motor have been
categorized according to its main components [2], [3]: stator faults (37%), rotor fault (10%), bearing faults
(41%) and others (12%). Even if the rotor faults percentage is only 10%, they represent one of the major [4]
fault arising in the squirrel cage induction machine after the openining or shorting stator winding, turn to
ground fault and abnormal connection of stator winding. Moreover, the broken bars and rings faults cause
several damage in the machines. In early stage, they may not show any symptoms until the fault propagation
to the next bars reducing the motor efficiency or provoking a sudden collapse. For that purpose, the early
detection and online diagnosis of this kind of failures can be realized by choosing proper signal processor and
analyzing the induction machine measurement. This is the key issue for this paper.

A great attention has been devoted to the detection of the squirrel cage induction motor behavior
with broken bars and broken end rings. Various condition monitoring approaches have been presented in [5]
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that can be classified in three streams [6]: signature extraction-based approaches [6]-[9], model-based
approaches and knowledge-based approaches [10]-[13]. The signatude extraction approaches are widly used
in on-line monitoring by surveying diffrents signals such as current, voltage, vibration, power and
temperature. The motor current signature analysis master of science in customer (MSCA) [14], [15] is
included on the extraction approaches. It is powerful in detecting broken bars and end rings and based on
spectal analysis method using fast fourier transform [12]-[17] and discrete wavelet transform (DWT) [8], [9].

The auxiliary winding voltage is a new method used for diagnosising the squirrel cage induction
machine [18], [19]. It needs the insert of a small coil “sneak” between two stator phases. The main
contribution of this paper is to introduce this new technique for diagnosing the squirrel cage induction
machine using the lissajous curves of the auxiliary winding voltage park components for detecting various
motor faults without disturbing its operation. Then, different cases will be treated in order to show the
effectiveness of the proposed method.

After the introduction, modeling the squirrel cage induction machine as a mesh circuit will be
presented in section 2. Then, the proposed method will be developed in section 3. In section 4, the simulation
results of this technic for broken bars and end rings will be presented.

2. SQUIRREL CAGE INDUCTION MACHINE MODELING

To study squirrel cage induction motor rotor faults, a mesh model of the rotor is required. This mesh
takes into account the machine geometric construction. It is constituted of multiple loops consisting of two adjacent
rotor bars connected to portions of the end rings. The study is based on the following assumptions [14], [15], [20]:
sinusoidally distributed stator windings, infinity iron permeability, neglecting saturation, uniform air gap,
neglecting inter-bar currents, evenly distributed rotor bars, and neglecting flux coupling between different
winding without air gap crossing.

The motor matrix mathematical model can be written as [18], [21]-[23]:

[Ve] = [Re][las] + il (1)
Re
Vol 0| B W Pr]
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where [I] is the currents vector, [Rg ]3x3 and [R.]nrxny are the stator and the rotor resistances matrixes, [V]
is the voltage vector. Whereas [ L ]5x3 IS the stator winding inductance matrix, [ L. Jyrxnr 1S the rotor
inductance matrix, [ Mg, Jsxnr 1S the mutual inductance matrix between stator and rotor. [¢d¢] and [ ] are
the stator and rotor fluxes vectors respectively. The details of this matrixes are presented in [4], [16]-[18].
Furthermore, the overall mathematical model machine equations can be written as follows:
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The fundamental equation of dynamics lead to determine the mechanical parts of the system, as follow:
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where C.p, is the electromagnetic torque, C, is the load torque, w is the mechanical speed and f, is the
friction coefficient. With:
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The geometric parameters R, L, and e are defined respectively as the air gap mean radius, the stack length,
and the ring thickness.

3. AUXILIARY WINDING VOLTAGE PARK COMPONENTS

As it is known, the inaccessibility of the rotor makes its maintenance and diagnosis difficult to
achieve. Therefor, this technic will be extremely beneficial. It was applied previously for a wound rotor
induction motor [24], [25]. The method is built considering that a small coil inserted in stator part forming an
angle 8,with the A stator phase as shown in Figure 1. This auxiliary winding has no conductive contact with
other phases but is mutually coupled with all the other circuits either in the stator or in the rotor sides. The
main key of this approach is to determine the voltage of this auxiliary winding and its Park components.
Monitoring the Lissajous curve of this signal enabls an efficient failures detection.

Figure 1. Auxiliary winding emplacement inside the squirrel cage induction motor

Using Runge-Kutta numerical method to resolve the differential matrix (5) we obtain the current
vector which allows us to determine the auxiliary winding flux:

Paux =@ g +b Iy + ¢ I+ 1\]=rl dj Iy (6)

The coefficients a, b, ¢ and d; depend on the angle 6, such as:

2
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Mgaux » Mraux are the stator and rotor with the auxiliary winding mutual inductances respectively.
The auxiliary winding voltage is a function of flux as:

d Qaux
Vaux = % (7
As it is known, the use of Lissajous curve requires the determination of the auxiliary winding
voltage Park components. For that purpose, we should consider a three fictive phases system of the inserted
coil to which we apply the Park transformation in order to obtain the two components(Vauxd, Vauxq)- Then,
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Choosing different values of angle 6, have no influence on the simulation result. Therefore, we
choose 6, equal to zero. [ A ] is the coefficients matrix when 8, = 0. Thus @,,x, IS represented as:

Qauxa = Psa + Psp + Qsc + Z{\Izrl Pri (10)
Msaux Msaux j :
Qauxa = Mgaux lsa——— Ilsp- s + Z{\Lrl M aux COS (9 + %) Li, j=024.. (11)
The flux Park components is defined as:

3 2 4
QPauxad = \[;((Pauxa COS(@O) T @auxp COS (60 - ?T[) T Qauxc COS (90 - ?Tl') ) (12)

3 . . 2 . 4
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The expressions of the auxiliary winding voltage Park components are obtained from the derivatives of its
flux Park components such as:

d
Va _ A Pauxad

d Yauxq
= |74 — rauxq
uxad dt a

and uxq = ",

(14)
where,

@ auxaa 1S the direct component of the auxiliary winding flux.

®auxaq 18 the indirect component of the auxiliary winding flux.

Vauxaa 1 the direct component of the auxiliary winding voltage.

Vauxaq 18 the indirect component of the auxiliary winding voltage.

4.  AUXILIARY WINDING VOLTAGE SIMULATION RESULTS

A broken bar fault is not only limited to the disturbance of the current in the faulty bar, it can give
rise to unbalance current in the adjacent bars that increases up to 50% of its value causing breakage of
multiple bars. This can lead to a broken end ring and torque pulsation. Moreover, it can generate an excessive
vibration in the machine and a louder noise. The stator windings can also be damaged by contacting of the
broken bar or its small pieces [9].

The simulations were carried out by MATLAB for a three phase non-defected 450 W squirrel cage
motor. The machine parameters values are given in Table 1. Then, this machine was simulated with incipient
broken bars and end rings under variable load. To simulate this kind of fault, we increase the bar resistance
such as the current of this bar is closest to zero.

During its starting, the machine is healthy. At the time t=1 s the motor is loaded by Cr=1.5 N/m. The
failure of the totally broken bar occurs at t=2 s followed by another one at t=3 s. This failure gives rise to
oscillations at the speed and the electromagnetic torque curves. The oscillations amplitude, in Figure 2, increases
according to the number of the broken bars and their position leading to the speed decreasing in Figure 3.

Table 1. Squirrel cage induction motor parameters

Symbol Quantity Value
\Y Power supply voltage 220/380 V
f Frequency 50 Hz
p Number of pole paires 1
N, Number of rotor bars 27
N Number of slots 193
E Ring thickness 0.38 mm
R Air gap mean radius 375
L Stack length 60 mm
Rs Resistanthe stator winding 4.1Q
Ry Resistance of a rotor bar 74 pQ
R. Resistance of the rotor end ring 74 uQ
Ly Leakage inductance of rotor bars 0.33 uH
Le Leakage inductance of rotor end rings  0.33 pH
J Moment of inertia 4.5 1073 Nms?

These figures do not give enough informations about faulty motor. Therefore, we apply the method,
presented above, based on the Lissajous curve of an auxiliary winding voltage to diagnose the totally broken
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bars and end ring failures. The machine is laoded at different levels. The effect of the broken bars in a loaded
machine is very noticeable as shown in the figures. The auxiliary winding voltage direct and indirect Park
components are used as the diagnostic signal of rotor damages. To validate the proposed approach, a set of
simulation is presented for different cases such as: a broken bar, two adjacent broken bars, two separated
broken bars, a broken end ring and the compination of two broken bars with an end ring.

In the case of a broken bar, Figure 4 shows the Lissajous curve formed of the auxiliary winding
voltage Park components. It has a spiral shape with equally spaced turnings. The pitch of this spiral is
substantialy proportional to the load. The more the motor is overloaded, the spiral widens gradually and the
pitch changes from about =10 in Figure 4(a) to e=100 in Figure 4(b).
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Figure 4. Lissajous curve of auxiliary winding voltage Park components for one broken bar:
(@) in case of Cr=0.5 Nm, (b) in case of Cr=1.875 Nm and (c) in case of Cr=3 Nm
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In the case of two separated broken bars, for a Cr=0.5 Nm, the Lisajous curve has a spiral shape
close to a circle with a radius r=145 as shown in Figure 5(a). Once the load increases to Cr=1.875 Nm, the
shape of the curve is a clear spiral with a constant separation between the turns e=80 as it appears in Figure 5(b),
while at Cr=3 Nm the spiral shape is changed and has lost all its characteristics as shown in Figure 6. For two
adjacent broken bars, the simulation results present that the Lissajous curve keeps the spiral shape which
continue to widen proportionally with the load as shown in Figure 7. The pitch of the spiral grows gradually
with the load and changes from e=9 to e=400.
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Figure 5. Lissajous curve of auxiliary winding voltage Park components for two separated broken bars:
(@) in case of Cr=0.5 Nm and (b) in case of Cr=1.875 Nm
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Figure 6. Lissajous curve of auxiliary winding voltage for two separated broken bars with Cr=3 Nm

For a broken end ring rotor shown in Figure 8, the auxiliary winding Park components lissajous
curve has the same shape for Cr=0.5 Nm as the one in the case of a broken bar with a different radius r=125
in Figure 8(a). For Cr=1.875 Nm the spiral pitch changes to e=25 Figure 8(b). For Cr=3 N/m, the spiral is
more widening until that the pitch reaches e=100 Figure 8(c). The breakage of two adjacent bars leads to a
broken end ring. Figure 9 illustrates the simulation result of this combination. The obtained shape is a spiral
that also widen with the increasing load. The pitch changed in this case from e=5 for Cr=0.5 Nm to about
e=200 for Cr=3 Nm. As far as for Cr=1.875 Nm is concerned, the spires are not equally separated.
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Figure 7. Lissajous curve of auxiliary winding voltage Park components for two adjacent broken bars:
(@) in case of Cr=0.5 Nm, (b) in case of Cr=1.875 Nm, and (c) in case of Cr=3 Nm
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Figure 8. Lissajous curve of auxiliary winding voltage Park components for a broken end ring,
(@) in case of Cr=0.5 Nm, (b) in case of Cr=1.875 Nm, and (c) in case of Cr=3 Nm
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Figure 9. Lissajous curve of auxiliary winding voltage Park components for two adjacent bars and one end
ring: (a) in case of Cr=0.5 Nm, (b) in case of Cr=1.875 Nm, and (c) in case of Cr=3 Nm

5. CONCLUSION

A new fault diagnostics technic has been proposed for a squirrel cage induction motor. Based on
monitoring the auxiliary winding voltage, the Lissajous curve has been applied to extract informations about
the machine state. Simulations were realized on Matlab software for different faults conditions. The results
are satisfactory when the machine is loaded at different levels. The shape of Lissajous curve is a spiral that
widens proportionally with the motor load. The combination of this diagnosis approach and the auxiliary
winding voltage fast fourier transform (FFT) will be presented in a future work in order to study the severity
of each failures.
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