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I. INTRODUCTION

In a general way, the problem of fault diagnosis consists in the determination of the fault type with as much as possible details as the fault size, location and time of detection. From these important details, various approaches using mathematical models are developed for more than three decades, and it has a rich literature of hundreds of papers including many surveys [START_REF] Benbouzid | Bibliography on induction motor faults detection and diagnosis[END_REF][START_REF] Mt Rangarajan | A survey of methods for detection of stator related faults in induction machines[END_REF]. For the electrical machines, the faults and their diagnosis techniques are reported in a great number of papers and categorized in three important sections that we expose in full paper:

-Coupled magnetic circuit theory -Multiple coupled circuit approach -Spectral analysis and parameter estimation. This paper presents a generalized induction machine model for the diagnosis of rotor defects by an approach of magnetically coupled multiple circuits (using ideas A.R. Muñoz and T. A. Lipo, [START_REF] Fudeh | Modeling and analysis of induction machines containing space harmonics[END_REF]). The developed approach is based on the determination of inductances (self and mutual inductances). Considering the configuration of the rotor it is more realistic to model the cage as m-identical magnetically coupled circuits. Moreover, one advantage of this approach is that it is applicable for all number of broken bars per polepair.

From where the need for determining inductances and resistances to the rotor meshes affected by the defect. Experimental results and simulation confirm the validity of the proposed approach.

II. MODELING OF AN INDUCTION MACHINE BY A MULTIPLE COUPLED CIRCUIT APPROACH

The three-phase -three-phase model does not make it possible to know the actual values of the currents circulating in the rotor bars and thus does not allow determining the defects with the rotor. This is why the model multiwindings were developed. One will represent then, a model of the rotor as being made up with as many phases as bars; what results in regarding the currents circulating in the endring segments as rotor phase currents. By taking account of the following assumptions: -negligible saturation, -sinusoidal distribution of the Emf, -uniform air-gap, -negligible inter-bar currents

A/ Generalized model by mathematical recurrences

The same reasoning, that in the case of a bar and two broken bars, is valid in the case where there are several broken successive bars. By mathematical recurrences, we determine the generalized model. The number of rotor equations will be fallen according to the number of broken bars, and the meshes concerned with the break are eliminated; the mesh j will be k time broader: L 0j = L jj +2(Lb + (k+1) Le), with
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The new rotor resistance matrix becomes then 
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B/ Machine with end-ring broken

If one or more segments of end-ring are broken, the number rotor equations decreases according to the number of broken segments, since the currents of the meshes relating to the broken segments are null but the whole of electric equations remains unchanged. It is rather simple to carry out the simulation of the dynamic performance degradations of the induction machine under conditions where one (see several) end-ring segment is broken. One can recapitulate, in appendix 1, the determination of self and mutual inductances by the mathematical recurrences. The determined expressions of inductances, for rotors having k broken bars, by using of mathematical recurrences, as that is quoted previously in this paper are presented in Table1.

III. Parameter determination for rotor with k-broken bars

The suggested approach was tested on a 4 kW, 2 polepairs, 44 bars squirrel cage induction machine which detailed parameters are given in this section. The defects are introduced into the program by removing the blocks defining the bars concerned with the break, and by introducing new inductances and resistances calculated in the previous section. The variations of the equivalent resistance and the inductances of the rotor are given in table2.

Table2: Parameter values for various broken rotor bars 
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IV. SIMULATION AND EXPERIMENTAL RESULTS

A complete model of a squirrel cage induction machine with m-stator circuits and n-rotor bars is elaborated in Pt. I, and implemented using MATLAB/SIMULINK softwares to obtain dynamic and electric responses in the asymmetric conditions. are calculated in this paper. Rotor resistance is given in table1. Again, for further details ref. [START_REF] Touhami | Course notes on construction of electric machines[END_REF], should be consulted. The experimental tests were carried out on four produced induction machines, for the needs for the diagnosis of defect to the rotor, by Electro-Industries Algerian manufacturer of electric motors. Therefore, we show in Fig. 1, a photograph of the test bench of induction machine which we lay out at the laboratory. Studies were done for healthy operation and asymmetric operations such as rotor-bars broken and endring broken for load conditions: Several fault operations of the induction machine have been simulated to demonstrate its validity.

A/. Simulation of electric and dynamic responses

Stator current, stator current spectra and electromagnetic torque for both symmetric and broken rotor-bars and broken end-ring at load conditions are given in Figs. 2, The stator current spectra clearly show that the defect caused on the rotor becomes more significant than the number of broken bars increase. It is this criterion which will make it possible to evaluate the importance of the rotor cage defect; indeed, the magnitude of the harmonic on the left of fundamental gives information relating to the rotor defect. The presence of a harmonic on the left of fundamental means that defect appeared and more its magnitude increases more the increase in defect is specified. The current spectral analysis shows an appearance of lines at the frequencies f m around fundamental of frequency f=50 Hz. During the rupture of a bar, we note the appearance of a line 44 Hz from amplitude 0,14 and in the case of the rupture of two bars, there is appearance of two symmetrical harmonics around fundamental (44 Hz and 56 Hz on both sides) whose amplitudes are respectively 0,2 and 0,07. The rupture of a third bars successively made shift the two lines with 43 Hz and 57 Hz, because of a light increase in the slip and increases their amplitudes. Fig. 4 also shows that the undulations of the electromagnetic torque are increasingly strong that the number of broken bars increases. This is with the fact that the torque is produced by the interaction of linkage flux and the currents. The spectral analysis of the torque shows that the broken bars reveals a line at weak frequency equal to 2s.f s , as shown in ref. [START_REF] Mt Rangarajan | A survey of methods for detection of stator related faults in induction machines[END_REF]. In our application, the slip is 0.06 (6%), which corresponds to a line with 2sf s = 6Hz. Fig. 5 presents the machine speed for both symmetric and asymmetric operation. It is noticed that the acceleration time increases more and more as the number of broken bars increases. Speed slightly falls according to the number of broken bars. However, there is a great similarity between the acceleration time for a broken bar and that due to a endring of short circuit. Since speed is related directly to the electromagnetic couple by the mechanical equation, it is obvious that it undergoes the variations due to the asymmetry of the rotor. We observe on the curves speed that the break of bars causes considerable oscillations in speed, in the same figure. Moreover, one notes that the mechanical time-constant increases with the number of broken bars. For a broken bar, the time-constant is equal to 0.5s that of two broken bars is of 0.7s and for three broken bars it is of 0.8s, whereas for a machine without defect the mechanical time-constant is about 0.25s. The advantage of this model is that it is applicable to cage rotors with non-integral number of rotor bars per pole pair. The proposed approach can also be used for the simulation of variable speed induction machine drives under rotor faults. 
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 1 Fig.1: Test bench of induction machines intended for the diagnosis A 4 kW, 50-Hz, 4-pole, 3-phase squirrel cage induction machine with parameters given in Appendix was used for simulation study. The magnetizing and mutual inductance

Figure2:Figure3:

  Figure2: Stator current for: a/ Healthy induction machine, b/ One broken bar, c/ Two broken bars, d/ One end-ring segment broken
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 4 Fig.4: Electromagnetic torque for: a/ Healthy induction machine, b/ One broken bar, c/ Two broken bars, d / One end-ring broken
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 567 Fig.5: Motor speed for five different rotors B/ Experimental ResultsThe experimental stator currents (see Figs.6) also showed that the rupture of rotor bars and an end-ring portion and the spectrum currents are represented in Fig.7.

  3 and 4. The stator current spectra shows that the broken bars give rise to a sequence of sidebands around the supply frequency that
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Table 1 :

 1 Expressions of the self and mutual inductances for squirrel-cage rotors having k defects.
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