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Modeling Of The Induction Machine For The Diagnosis Of Rotor Defects Part. II: Simulation and experimental results

Two softwares are coupled for the parameter calculation and the differential integration of the dynamic model of the squirrel cage rotor induction machine, in part. II of this paper. From theoretical study of the induction machine by an approach of multiple coupled circuits, we worked out the necessary various blocks to simulation. The calculation of machine inductances (with and without rotor defects) is carried out by the tools of software MATLAB before the beginning of simulation under Software SIMULINK. The machine parameters are then computed by using the concepts of the construction of electric machines. Simulation and experimental results are presented to confirm the validity of proposed model.

I. Introduction

A study on the breakdowns of induction machines showed that nearly 40% are related to the bearings, 38% are concentrated to the stator and 10% on the level of the rotor. The remainder is allotted to other parts of the machine [START_REF] Bonnett | Root cause AC motors failure analysis with a focus on shaft failures[END_REF]. As regards the rotor, the ruptures of the bars or end ring segments were the subject of many works, on the one hand because of the inaccessibility to the rotor and on the other hand this type of defect proved to be dangerous involving other faults also [START_REF] Meshgin -Kelk | Interbar Currents and Axial Fluxes in Healthy and Faulty Induction Motors[END_REF][START_REF] Elkasabgy | Detection of broken bars in the cage motor on an induction machine[END_REF][START_REF] Henao | An Equivalent Internal Circuit of the Induction Machine for Advanced Spectral Analysis[END_REF]. The faulty operation of an induction machine can be due to the rotor and stator faults. These faults are of various natures, namely: 1. Rotor faults Rupture of the bars, the bars or end ring segments are damaged, static and/or dynamic eccentricity, 2. Stator faults Short circuit in the whorls of the one phase, short circuit between two phases, cut-off a phase, faults of magnetic circuit electrical sheet ruptures. The diversity of the faults and the cause possible involving a breakdown in the machine facilitate the errors on the nature and the localization of this breakdown. A reliable diagnosis requires a good knowledge of the mechanisms of faults to be supervised like their consequences on the electric quantities, magnetic, mechanical and thermal. The development growing that the equipment of measurement and the software of digital signal processing had made possible the diagnosis of faults of the electric machines [START_REF] Marques-Cardoso | Rotor cage fault diagnosis in three-phase induction motors, by Park's vector approach[END_REF]. Usually, motor current signature analysis (MCSA) is used for the detection of the electrical and mechanical faults of induction machines, where most of the authors use the stator current spectrum to identify rotor bar faults. It is a difficult question which must be treated upstream by the full design of the induction machine model using the circuit theory (laws of Kirchhoff), it is possible to exploit all the data for the spectral analysis. It is what we will show in a Part. I of this paper which treat of modelling in a detailed way.

II. 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. A 4 kW, 50-Hz, 4-pole, 3-phase squirrel cage induction machine with parameters given in Appendix 2 in Part. I was used for simulation study. The magnetizing and mutual inductance are calculated from Eq.(3) and Eq.( 5) respectively in part. I of this paper. Rotor resistance is given in table1. Again, for further details ref.

[10] of part. I, 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. 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 harmonics at the frequencies f m around fundamental of frequency f=50 Hz. During the rupture of a bar, we note the appearance of a harmonic 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. Fig. 4 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 end-ring 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 timeconstant 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 timeconstant is about 0.25s. The results (see Figs. [START_REF] Marques-Cardoso | Rotor cage fault diagnosis in three-phase induction motors, by Park's vector approach[END_REF]) also showed that the rupture of a endring segment and the break of a rotor bar have almost the same effects on the stator current, the electromagnetic torque and speed (in particular with starting). 

III. Conclusions

• The spectra of the stator currents indicate to us very clearly which the defect caused on the rotor is more serious each time than there is break of bars, because the amplitude of the harmonics relating to the defects increases. It is this criterion which will enable us to evaluate the importance of the defect of the rotor cage, indeed, it will be the amplitude of the harmonic on the left the fundamental one which will give us information relating to the rotor defect.

• If the harmonic presents the fundamental one on the left appears, that will mean that defect appeared on the level of the rotor. Moreover if this harmonic increases in amplitude, that will represent an increase in the rotor defect.

• Thanks to the spectral analysis of the stator current, we could observe the harmonics present around fundamental whose frequencies correspond to the mathematical relation (1± 2s) f the rotor failure causes an oscillation of the satoric envelope of the current which induces undulations of the electromagnetic couple which they even cause oscillations number of revolutions of the machine generating of the mechanical vibrations, these last can generate other defects such as the defect in the bearings, the eccentricity, the curve of the axis of the rotor, etc.

• The currents in the bars of the rotor are the first with being affected by the defect, the currents in the adjacent bars with the broken bars reach very significant values and can exceed the double of the current in the other bars, which causes an excessive heating and generates the break of these bars. The results showed that the rupture of a end-ring portion and the break of a bar has almost the same effects on the stator current, the electromagnetic torque and the speed.
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 1 Fig.1: Test bench of induction machines intended for the diagnosis of rotor defects Studies were done for healthy operation and asymmetric operations such as rotor-bars broken and end-ring broken for load conditions:
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 123 Fig.1: 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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 45 Fig.4: Motor speed for five different rotorsB/. Analysis of currents in rotor barsThe modification of the circuit representing the rotor implies a direct change of the currents which circulate in this circuit, which makes their observation interesting. by observing the currents of bars resulting from simulation, one sees clearly that the amplitudes of the currents of the adjacent bars to the broken bars increase considerably and reach the double, even more, of the current in the other bars, which is in agreement with the results given in the references[START_REF] Henao | An Equivalent Internal Circuit of the Induction Machine for Advanced Spectral Analysis[END_REF][START_REF] Thomas | Online cage rotor fault detection using air-gap torque spectra[END_REF]. One also notices that the pace of the currents of bars, which was sinusoidal in the case of a rotor machine without defect, become deformed at the time of the break of bars, to see Fig.(5.a) shows the pace of the current in one of the bars of an operational rotor; and in Figs.(5.b,c,d,e) one accounts for the currents in the adjacent bars in the case of one, two and three broken bars.
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 67 Fig.6: stator current torque for: a/ Healthy induction machine, b/ One broken bar, c/ Two broken bars, d/ One end-ring brokenThe current spectra to the stator clearly indicate which the defect caused on the rotor is all the more serious as the number of broken bars increases, because the amplitude of the harmonics relating to the defect increases, Figs.6. This is the criterion which allows evaluating the importance of defect in the rotor cage. Indeed, it is the amplitude of the harmonic on the left the fundamental one which provides information relating to the defect of the rotor. If this harmonic appears, that means that one defect appeared on the level of the rotor. Moreover, if its amplitude increases, that results in an increase in the rotor defect.
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