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I. INTRODUCTION

Modeling an electric machine is an essential phase for a strong and effective diagnostic. Advances in computer science and software engineering make it possible to achieve efficient modeling and to consider the optimization of electrical machines. Thus, the modeling makes it possible to guide the developments by the exact quantification of the phenomena. A precise model is a valuable contribution because it allows restoring a correct image of what can be observed experimentally, and also, to predict machine behaviors under different defects observation, therefore to make a good diagnosis.

The squirrel cage induction motor is the base on which it stands the industry domain [START_REF] Bellini | Advances in diagnostic techniques for induction machines[END_REF] and [START_REF] He | Fault Diagnosis of Inter-turn Short Circuit Faults in Dual Three-Phase PMSM Drives[END_REF]- [START_REF] Jardine | A review on Machinery diagnostics and Prognostics Implementing Condition-based Maintenance[END_REF]. Therefore, it is exposed to many various and undesirable stress pushing these machines to fail caused by the occurrence of fault conditions. Early system diagnosis stands for predictive maintenance techniques to maintain reliability, availability and operational efficiency and reduce operating damage, breakdown losses and maintenance costs. Understanding the behavior of the machines in different states (healthy, faulty) and monitoring the operating characteristics of electrical and mechanical systems within the industrial processes, is the main of academic research [START_REF] He | Fault Diagnosis of Inter-turn Short Circuit Faults in Dual Three-Phase PMSM Drives[END_REF]- [START_REF] Tu | Simulation of internal faults in synchronous machines using winding function[END_REF].

Several studies showed that there are four types of motor prevalent faults: stator fault, bearing fault, eccentricity, and broken rotor bars fault. Stator fault is the most existing fault (turn-to-turn, coil-to-coil, phase-to-phase short circuits, and phase breakdown). It is also well known that the inter turn fault is related directly to the winding breakdown caused by many factors like the supply voltage transient generated by opening or closing of circuit breakers, variable frequency drives, Thermal stresses created by the overloading, leading to the crash of circuit insulation [START_REF] Tu | Simulation of internal faults in synchronous machines using winding function[END_REF], [START_REF] Babaa | Experimental investigation and comparative study of interturn short-circuits and unbalanced voltage supply in induction machines[END_REF]. It is very important to detect earlier these faults because the failures can lead to an unexpected stop of the industrial process or more energy consumption. So, a lot of research proposes methods to diagnoses faults in induction machines [START_REF] Babaa | An accurate inter-turn short circuit faults model dedicated to induction motors[END_REF] and [START_REF] Bouzid | Reliable and Robust Inter-turn Short-CircuitFault Detection in PMSG without confusion with Healthy Operating under Load Unbalance[END_REF]- [START_REF] Jardine | A review on Machinery diagnostics and Prognostics Implementing Condition-based Maintenance[END_REF]. It is necessary for any proposed model should be takes into consideration the behavior of the induction motor in both healthy and faulty states [START_REF] Das | Separating induction Motor Current Signature for stator winding faults from that due to supply voltage unbalances[END_REF]- [START_REF] Nandi | Novel frequency-domain-based technique to detect stator interturn faults in induction machines using stator-induced voltages after switch-off[END_REF]. Several research studies the techniques of monitoring this fault. In [START_REF] Thomson | On-line MCSA to diagnose shorted turns in low voltage stator windings of 3-phase induction motors prior to failure[END_REF] Thomson and al diagnose induction machines, using experimental results to shorted turns faults in low voltage stator windings via frequency components of a motor current signature. Toliyat and Lipo [START_REF] Toliyat | Transient analysis of cage induction machines under stator, rotor bar and end ring faults[END_REF] proposed techniques based on the measurements negative sequence current. The negative sequence can also be caused by voltage unbalance like in [START_REF] Das | Separating induction Motor Current Signature for stator winding faults from that due to supply voltage unbalances[END_REF]. In [START_REF] Nandi | Novel frequency-domain-based technique to detect stator interturn faults in induction machines using stator-induced voltages after switch-off[END_REF], Nandi and Toliyat came with the method based on the technique to detect stator inter-turn faults in induction motors with stator-induced voltages after switch-off.

In this paper, we offer a model and hoping to achieve efficient modeling. From the general mathematical formula of physical phenomenon, we characterize the failure caused by inter turn fault in working conditions of squirrel cage induction machine. Simulations and experimental results are shown at the end of this paper to justify the proposed analytical model.

II. SYSTEM EQUATIONS

Equations which describe the squirrel cage induction motor with 3 stator circuits and rotor bars can be written in vector matrix form as follows: 
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For a symmetrical squirrel-cage machine,   s V ,   s I The stator voltages vector and current vector. The equations describing the mechanical part of the system are:

   

      T sr e s r M T I I  =   () r ec d J T T dt  =- () r d dt  =  ()
Where: e T is the electromagnetic torque produced by the motor, J is rotor inertia,  is the mechanical angle, r  is rotor angular speed and c T is the load torque.

The inductances of the system are calculated using the winding function theory given in [START_REF] Ye | Modeling and simulation of induction motor with mechanical fault based on winding function method[END_REF], [START_REF] Ojaghi | Diagnosis methods for stator winding faults in three-phase squirrel-cage induction motors[END_REF]. The inductance between any two windings A and B in any electrical machine could be calculated with:

( ) ( ) ( ) 2 1 AB 0 A B 0 L rl n N g d  - =        ()
r, l : Average radius of the air gap and axial length of the machine respectively and

( )

1 g - inverse air-gap function. ( ) ( ) AB n , N
 : winding functions of windings A and B.

III. INTER-TURN SHORT CIRCUITS FAULTS

As known, among the types of faults happening with the stator the inter-turn short circuit, this defect occurs when there are crashes in the inter-turn insulation [START_REF] Stavrou | Current monitoring for detecting inter-turn short circuits in induction motors[END_REF].

Based on different methods given in the literature [START_REF] Fontes | Comparison of techniques based on current signature analysis to fault detection and diagnosis in induction electrical motors[END_REF]- [START_REF] Constantin | Detection Based on Stator Current Signature of the Single and Combined Short-Circuit, Broken Bar and Eccentricity Faults in Induction Motors[END_REF], we deduce the simplest way to represent and simulate the short circuit in a stator phase. We break the proposed analytical development, into two independent circuits. A first named "Healthy" is representing the non-short-circuited conductors of the phase, a second is representing the shorted conductors. In the second circuit, we remark a current flowing through it, which produces an MMF in the opposite direction. The short circuit between the turns decreases the FMM of the defective phase and other healthy phases also change.

The new system of equations with the presence of inter turn short circuit is: 
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The other equations for rotor voltages as well as the mechanical ones remain the same as for the healthy case seen previously.

IV. INDUCTANCE CALCULATIONS

For calculation of the inductance, we take into consideration the position of the short-circuited part. For this, we will develop the distribution functions and winding of each turn separately. Conferring to winding function theory [START_REF] Ye | Modeling and simulation of induction motor with mechanical fault based on winding function method[END_REF], [START_REF] Ojaghi | Diagnosis methods for stator winding faults in three-phase squirrel-cage induction motors[END_REF], the distribution function of a turn is represented here:
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The distribution functions of healthy stator windings: 
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Mutual inductance between defective stator phase and short-circuit turns: Mutual inductance between healthy stator phase and defective phase: Mutual inductances between the short-circuit turns and the rotor loops:
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Mutual inductances between a phase "q" and a rotor loop (k):
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Mutual inductance between defective phase and rotor loops:

=- defr sr ccr M M M  () V. SIMULATIONS RESULTS
We introduced the different inductance formulas in the system equations of the induction machine as in [START_REF] Fontes | Comparison of techniques based on current signature analysis to fault detection and diagnosis in induction electrical motors[END_REF], [START_REF] Cruz | Stator winding fault diagnosis in three-phase synchronous and asynchronous motors, by the extended Park's vector approach[END_REF], [START_REF] Constantin | Detection Based on Stator Current Signature of the Single and Combined Short-Circuit, Broken Bar and Eccentricity Faults in Induction Motors[END_REF], These equations can be solved by using fourth-order Runge-Kutta method. We take a simulated machine with 2 poles pairs, 3 phases, 50Hz and 22 rotor bars.

Fig. 1 shows the influences of the existence inter turn short circuits faults on the mutual inductances Msr for the defective phase. Fig. 2 shows waveforms of currents with applied 10% of inter turn short circuits faults. We used FFT spectrum of stator current to visualize the indices for detection and identification the shorted faults. Fig. 3 shows the influence of the degree of inter turn short circuits faults applied on the amplitude of some positive and negative frequencies which is clearly responsive of this fault calculated by the formula

( )( ) ( ) s 11 p 2   = -      f λn s k f cc b
, with  =0,1,2..,k=1,2…, this frequencies appears in many researches in literature and shows the correctness of our model. Fig. 4, we observe the presence of the negative sequence component frequency. This frequency component appears with any asymmetry in the machine or in the supply voltages.

We also notice the frequencies at ±3kfs as a result by a pulsating torque and a speed oscillation.

In Fig. 5 and Fig. 6, when we applied the inter-turn shorted fault, some frequencies increase. The increase of fault percents provokes the increase of some frequencies. This increase is a significant index of fault presence. 6. Spectrum of the FFT to the stator current: machine with 20% of inter-turn short circuit fault, under no load condition

VI. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental setup permits to study diverse working conditions of the induction motor. Different shorted faults under different load conditions are applied. We use a magnetic powder brake to apply different load torques. The induction machine used in experimental is a "three-phase asynchronous motor, 50 Hz, 4 poles, 1.1 kW, rated at 400V, 2.95 A and 1450 rpm". A re-winding the machine is necessary to choosing previously a number of shorted turns.

Experimentally results confirm the exactitude of the model with the analytical development of inductances. Normalized FFT spectral presentation of the stator current, in healthy condition and with different percent of inter-turn shorted faults under no load conditions, shows same frequencies like in simulation results. In Fig. 4, in healthy situation, we remark the presence of the negative sequence component frequency. This is due to any asymmetry in the machine or, in the supply voltages. We also observe frequencies at ±3kfs, as a consequence of a pulsating torque and a speed oscillation. In figure (B), we applied the interturn shorted fault, which provokes the increase of some frequencies. In figure C and D, we show that some frequencies increase jointly with increasing the fault percent. Therefore, augmentation in frequencies amplitude is significantly proportionally to the fault like those shown in the simulations results. In this paper, we consider a real distribution of magnetic induction in the air gap, which is represented by the introduction of space harmonics, implies the calculation of the inductances using the winding function approach. After introducing inter-turn short circuits faults, the distribution and winding functions will be modified. So, it is necessary to have a different calculation method from healthy case.

The proposed model is used for the inter-turn short circuit fault study, with a precise calculation of the different inductances of the induction machines. The position of the fault has taken into account, by the model, with precision. Diagnosis of the fault is then more precise. Simulation and experimental results are agreed with the analytical model.
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