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Abstract. The early detection for motor deterioration can increase plant
availability and safety in an economical way. Many publications have investi-
gated the detection and diagnosis of broken rotor bars in electrical machines
supplied directly on line or supplied by pulse width modulation (PWM) voltage
source inverter. However, much fewer research results have been published
when the induction motor is fed by multilevel inverter voltage source for the
applications requiring high power. The multilevel inverter drives become a so-
lution not only for higher power applications and traction drives but also for
the renewable energy. In this paper, we present a technical method based on
spectral analysis of stator currents for detection of broken rotor bars in induc-
tion motor when it is fed from three level voltage inverter. Using more sophisti-
cated models of the type of multi-circuit windings meshes adopted for the faults.
The obtained simulation results show clearly that motor current signature
analysis can effectively detect and locate fault in squirrel cage motor feed by
the three level voltage inverter.
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1. Introduction

In the last decades, the induction motor has become the widest motor for industry.
This is mainly due to its low cost, reasonably small size, ruggedness, low mainte-
nance, and operation with an easily available power supply. On the other hand, the
spreading of power electronics and the development of specific control techniques
have made the induction machine a good solution for very different kind of applica-
tions [1]. Substantial operational costs in industrial plants are related to maintenance.
In many cases, there is a lack of factual data to determine the real need for repair or
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maintenance of machinery, equipment and industrial plant systems. Induction motors
can be found in almost all types of applications. It is prone to many problems, such as
broken bars, eccentricities, shorted windings and bearing defects. These problems are
usually detected when the machine is broken, and sometimes, after irreversible dam-
age. Condition monitoring can significantly reduce maintenance costs and the risk of
unexpected failures through the early detection of potentials risks. However, there
must be an accurate means of condition assessment and fault diagnosis [2]. The area
of system maintenance can not realize its full potential if it is only limited to preven-
tive approaches. In general, fault diagnosis of induction motors has concentrated on
sensing failures in the stator, the rotor, bearings, and especially in the motor loads.
Even though mechanical sensing techniques based on thermal and vibration monitor-
ing have been widely utilized, most of the recent research has been directed toward
electrical sensing with emphasis on analyzing the motor stator current [3]. On line
fault diagnostics of induction motors are very important to ensure safe operation,
timely maintenance, increased operation reliability, and preventive rescue. In recent
years, intensive research efforts have been focused on developing new techniques for
monitoring and diagnosing electrical machines. Unfortunately, most of these works
consider the diagnosis of a machine powered directly from the network. However, in
the industrial reality, the use of diagnostic machine when fed by an inverter is inter-
esting. Thus, the method presented in this paper seems one of the powerful methods
for diagnosing motor faults and have recently been successfully applied to diagnosis
the rotor faults of large induction motor used in the industrial field and it becomes the
standard of online motor diagnosis. The main advantage of this technique is its ability
to extract automatically the characteristic frequencies relative to the different machine
operating modes [4] [5]. So, we are interested, in this paper the use of spectral analy-
sis of stator current for detection of broken rotor bars in squirrel cage motor fed by
the three level voltage inverter. The obtained results show clearly that motor current
signature analysis can effectively detect abnormal operating conditions in induction
motor applications and the possibility of extracting signatures to detect and locate
fault.

2. System and Mathematical Model

The three level voltage inverter is a new conversion structure used for supplying
high power motor. Industry has begun to demand higher power ratings, and multi-
level inverter drives have become a solution for high-power applications in recent
years. A multilevel inverter not only achieves high-power ratings but also enables the
use of renewable energy sources. Renewable energy sources such as photovoltaic,
wind, and fuel cells can be easily interfaced to a multilevel converter system for high-
power applications [6]. There are several structures of the three level inverter [7]. In
this paper , we present the three-level neutral point clamp inverter supplying a squir-
rel induction motor .The figure 1 shows the configuration of the three level inverter.
It consists of twelve switches bicommandables and bidirectional current and six uni-
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directional current switches connected to the midpoint of the two sources, allowing
access to p
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Fig. 1. Configuration of three level inverte

For different control strategies, the voltage issued from this type of inverter rate
lower harmonics than which it corresponds to the voltages supplied by a conventional
structure of two-level inverter. At the end of defining different configurations of
three-phase inverter at three levels, we consider the view the symmetry of three level
modeling inverter. We consider only one arm as show in figure. 2.
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Fig. 2. Structure of one arm of the inverter

Tablel shows the switching states and output voltage. By turning on two switches of
upper (S;, S), lower (Ss, S,) or middle (S, S3), the output voltage can be clamped to
the positive (P state), negative (N state) or zero potential (O state), respectively. Since
three kinds of switching state exist in each phase, the three-level inverter has twenty
seven 27(3%) switching states [7].
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Table. 1. Switching voltage and output voltage

Switching states S S Sz Sy Vi
P ON ON OFF OFF + E2
0 OFF ON ON OFF 0
N OFF OFF ON ON -E/2

3. Model of Squirrel Cage Induction Machine

The rotor of the squirrel cage motor consists of ¢ isolated bars, uniformly distrib-
uted over the surface of the rotor. Each bar of the rotor cage is modeled by a resis-
tance R, [8] in series with a leakage inductance L, and each portion of the ring of
short circuit with a resistance R, in series with a leakage inductance L., as shown in
figure 3.
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Fig. 3. Rotor mesh circuit

With application of Kirchoff’s laws on the circuit described on figure 3, the form
of [R,] rotor resistance matrix and [L,] rotor inductance matrix can be easily derived.
It is also apparent that the calculation of all magnetizing and mutual inductances as
defined in the previous equations is the key to successful simulation of the squirrel
cage induction machine.

The application of Kirchoff's law on a grid gives us:

2.(R, +R.)i, —R,i,, —R,i,, —R.i, =0 W

d . . ) . .
Et[(lfkr/) AL, +L) i ALy =) bg HLogga =) i g+ —Ld, g g+ + L, ]=0
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For the stator, it is assumed that it is composed of three phases each consisting of
coils placed in series, regularly distributed in slots on all of its bore. We'll develop an
analytical model of induction machine from the general equations; we calculate dif-
ferent inductance of the machine. For this purpose, it suffices to consider the me-
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chanical angle (6, ) difference between the i and j stator phases in the calculation of
flux. The three phase squirrel cage induction machine equations with ¢ rotor bars can
be written as follow:
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[Vr]=[0 0 0 ... O]Tlxq+1 (8)
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The resistance and inductance matrix are respectively represented by the following

general form:
=] [£] [o]
[Fl=|lF] 5] [-F] (11)
o] [£] [aF]
With:
F=R, resistance matrix
F =L, inductance matrix

F,, =F,. =0, for considered resistance matrix

The matrix of inductances of stator phases expressed by the relationship (12) is
of the order (m, m) with m=3:
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Lma Ls ab Lsac
[Ls ]3><3 = sta stb stc (12)
Lsca ch scc
With:
Ly; if (i=): the proper inductance of the phase i ;
Lg; if (i#): mutual inductance between i and j stators phase
The matrix of rotor inductance is of the order (¢+1, ¢g+1).
L, L, .. .. Lrlq L,
Ler Lr2p Lqu Le
L= o @
qul quZ o o quq Le
_Le L, - - L ‘]Le_

The mutual inductance matrix between stator phases and rotor mesh is of the order
(m, Np):

lerl lerZ I lerq
[Lsr] = Ls2rl Ls2r2 e e LSqu (14)
Ls3rl Ls3r2 Lsgr

The rotor resistance matrix is:

R -R 0 -~ 0 -R R

-R, R -R, 0O - 0 R

PR (15)
[R]=

-R, 0 0 -R, R R

| R R oo o R gR|

With:
[Z,]=[L,] and R=2(R,+R,) (16)
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The model presented in equation (3) and (7) is resolved as follows:
()=~ R+ L]+ [L] Y] (a7

Where:

o) ]

Inductions can be calculated either by using the winding functions as did by [9],
knowing that it requires a precise knowledge of the shape of the winding machine, or
by using decomposition into Fourier series of induction gap of the machine. The
presence of a broken bar in the cage rotor produces a geometric and electromagnetic
asymmetry in the rotor circuit and induced currents are created in direct rotating field,
another field is turning around.

These electrical equations must be added to the following mechanical equation:

J%:Te—Tl + 1.0 (19)

The electromagnetic torque is calculated by using the basic principle of energy con-
version, the torque developed by the machine 7, can be obtained by considering the
change in co-energy (W,,) of the system produced by a small change in rotor position
when the currents are held constantly [10] deriving the latter expression with respect
to the position taken by the rotor towards the stator. The expression of electromag-
netic torque is ultimately determined by the relationship below [11]:

ow
T,=| —« (20)

00, |

(’3:,[m:mmz )
It follows that the electromagnetic torque can be expressed as:
oL, ]
T =i | =i (21)
1]

(22)

Tzl[[fsl}t d[lL] L] [4]}
2] adlL) LI

Where: [Ly], [L,], [Ls] and [L,s] , are respectively the matrix of proper and mutual
inductances of stator and rotor windings.

1078



1079 1J-STA, Volume 3, N°2, December, 2009.

3.1. Rotor faults

Figure 4 shows the circuit representation of a broken bar . In this case, it is appar-
ent from the theory that all parameters related to the loop one (1) must change, while
the equation remains the same except the equation related to the loop too (2) which is
dropped. Inductances related to the faulty bar are recalculated when fault occurs.
However, the equations related to loop 2 and n must be modified and the equation
related to loop 1 is dropped. So, modifying the faulty bar resistance R, with a higher
value than the nominal [12].
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Fig. 4. Equivalent circuit for one broken bar

The modeling of a fracture of a bar or a ring segment (see figure 4) by increasing
the value of its resistance so that the current crossing is the most close to zero in
steady state. This is introduced in the matrix of resistances by the addition of the
matrix of the rotor resistance [R,] with the default matrix [R]. In our study, the
method of modeling by increasing the resistance of the broken bar, the value of this
resistance is multiplied by a factor of M = 10°,

0 0 0 0
[R/']= E Ry Ry v 0 :
0 Rk +1,k Rk+1,k+1 :

_0 0 0_ (23)

With:

R =Rigpn= (M +1).R,+2.R,; Ry =Rijn= (-M).R,;
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Fig. 5. Simulation Results
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4. Simulation Results

Figure 5a presents a zoom on the output voltage of the inverter feeding the motor.
We see clearly the three levels of voltage. Figures 5b, 5c¢, and 5d show respectively
the behaviors of the speed of currents of the four rotor bars and the electromagnetic
torque. We notice that for every break, previous oscillations magnitudes increases.
So, with this result, we can conclude that if we can not detect the fracture in its early
appearances, the current flowing through the adjacent cross bar
(see fig. 5¢) resulting in its heating and consequently its fracture. Following this find-
ing, it is advisable and essential to detect the break so early in order to protect the
functionality of the machine and avoid its deactivation. Figure 5d shows that the first
break at time 1.5 seconds during which crossed the bar is zero and therefore the am-
plitude of the currents of adjacent bars increases. This phenomenon is seen when one
of the bars is broken. It is important to note that the effect of breaks appears directly
on the stator currents (see fig. 5e) with the envelope that is formed with undulations.
Therefore, since this signal is easily measured, it is worthwhile to analyze in order to
detect defects. First we apply spectral analysis on the first part of the signal (healthy
case) and we obtained the result of Figure 5g. We note the appearance of frequencies
of the order k.fs, (50, 100, 150, 200 ...) notably including fundamental 50 Hz, others
are multiples. These are the use of voltage inverter. Furthermore, the analysis on the
portion representing the default provides the spectral representation of Figure 5f and
its zoom in figure 5h. We notice that with much more frequencies, that accounts
healthy case other frequencies appear. These are the signatures of defects breaks of
barres. However, we recall that in case of motor powered directly by a pure sine
wave, only one harmonic appear. On the contrary, when it is fed by the three level
inverter, we notice the appearance of frequencies: 35, 40, 45, 50, 55, 60 and 65 which
appear

5. Conclusion

The good knowledge and information about the fault mode behaviour of induc-
tion motor fed by a three level source inverter is necessary to improve system
design and protection .This paper presents the simulation of induction machines fed
by a three multilevel source inverter with broken rotor bars faults and the fault signa-
ture analysis of stator current. The electrical model of induction motor under faulty
condition is given and the start up is simulated. The features of stator current of
healthy conditions of a three-phase induction motor are compared with that of the
faulty conditions with three broken rotor bars. The results show that motor current
signature analysis can effectively detect broken rotor bars and detect abnormal oper-
ating conditions in induction motor applications for diagnosis and detection fault
systems. The technique used allows detection of faults in induction machine and the
obtained simulation results show clearly the efficacity of its analysis and the impact
of such default on the current spectrum and the model for diagnosis.
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