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Safety, disponibility, and continuity of industrial systems are major concern topics in maintenance". A key entity in the production chain is the asynchronous machine. Because of its critical role in different areas of production, its maintenance and monitoring remains of undisputed importance. During its operating time, the machine may be subject to various malfunctions like stator or rotor defects, demonstrating the absolute need for its regular diagnosis. This work provides new elements about the diagnostic in case of combined faults between turn to turn short circuit fault and unbalanced supply voltage using current signature analysis. These faults features will be analyzed through frequency domain parameters, and component harmonics spectrum analysis. The study of this combined electrical defect will be able to clearly and definitively define the fault index specific to the short-circuit fault. Simulation and experimental results validate the hypothesis.

It is also known, that any asymmetry of induction machine or any unbalanced in the voltage supply can be detected through stator current negative component.

The machine behavior is not the ideal one but no severe action must be taken into account in case of these small perturbations. When supply voltage is unbalanced, the symmetry of the machine is lost and a reverse rotating magnetic field is produced. Then, a frequency component appears in the stator current at frequency -f s .

This negative order frequency (-f s ) is translated in the rotor by the frequency component (s-2)f s , which generates a pulsating torque and a speed oscillation at 2f s frequency.

This frequency generates both a reaction current at frequency (s-2)f and a new component at the frequency (s+2)f. This new component produces new components in the stator currents at frequencies ±3f, and the process starts again [START_REF] Gandhi | Recent advances in modeling and online detection of stator interturn faults in electrical motors[END_REF][START_REF] Garcia-Perez | The application of high-resolution spectral analysis for identifying multiple combined faults in induction motors[END_REF][START_REF] Abdallah | Stator winding inter-turn shortcircuit detection in induction motors by parameter identification[END_REF][START_REF] Henao | Trends in fault diagnosis for electrical machines: A review of diagnostic techniques[END_REF][START_REF] Kini | Anovel approach toward interpretation and application of voltage unbalance factor[END_REF][START_REF] El-Kharashi | Approach to measure the degree of the unbalanced power in induction motor for energyefficient use[END_REF][START_REF] Drif | Stator fault diagnostics in squirrel cage three-phase induction motor drives using the instantaneous active and reactive power signature analyses[END_REF][START_REF] Xiao | A New Diagnostic Method for Winding Short-Circuit Fault for SRM Based on SymmetricalComponent Analysis[END_REF][START_REF] Maraaba | An Efficient Stator Inter-Turn Fault Diagnosis Tool for Induction Motors[END_REF][START_REF] Gandhi | Recent advances in modeling and online detection of stator interturn faults in electrical motors[END_REF][START_REF] Berzoy | Complex-Vector Model of Interturn Failure in Induction Machines for Fault Detection and Identification[END_REF].

However, augmentation of these components is also results from an inter-turn short-circuit fault or any other disturbance that can affect the machine during his life. The most inconvenient disturbance for the machine is when the supply voltage is unbalanced.

That is why, the separation of harmonics due to the supply unbalanced with those originated by the stator fault is a difficult step.

For this reason, the analysis of the degradation of the performance of the induction motor under conditions of unbalanced supply voltage is very important [START_REF] Kini | Anovel approach toward interpretation and application of voltage unbalance factor[END_REF][START_REF] El-Kharashi | Approach to measure the degree of the unbalanced power in induction motor for energyefficient use[END_REF]. The main purpose of this article is to give an accurate indicator of the turn-to-turn fault under unbalanced voltage supply using MCSA method. The validity of the advanced theory is confirmed by comparison with simulation and experimental results.

II. CURRENT SIGNATURE ANALYSIS METHOD

Motor Current Signature Analysis is a method to diagnose and prognose the induction machines.

Several studies use this method for fault detection and identification [START_REF] Kini | Anovel approach toward interpretation and application of voltage unbalance factor[END_REF][START_REF] Babaa | Experimental investigation and comparative study of interturn shortcircuits and unbalanced voltage supply in induction machines[END_REF][START_REF] Babaa | An accurate inter-turn short circuit faults model dedicated to induction motors[END_REF]. It can be easy to implement in industrial systems where process measurements are subject to vibration or unbalanced situations and any fault occurrence. In this method, it is not necessary to stop the machine to have the most important information about the motor. This is a crucial point for the continuity of the system. The first step of the method is fault detection, followed by its characterization through specific indication.

The main purpose of the MCSA method is to detect and analyze an electrical signal to study, in a detailed way, the variations of the harmonic components. This method can also detect the faults at an early stage and avoids a complete failure of the machine. Unfortunately, the unbalanced supply Combined Electrical Faults Detection and Diagnosis Using Current Signature Analysis F. Babaa, O. Bennis, F. Kratz, A. Hadri-Hamida T voltage is the most inconvenient fault that it gives the same harmonic components, a consequence of the short circuit fault.

Using this method, the objective of the article is to be able to provide a reliable fault index concern inter-turn shortcircuit fault under an unbalanced supply voltage and implement a reliable detection process-oriented to industrial systems.

III. SIMULATION RESULTS

MATLAB simulation results are obtained by using simulation models presented in [START_REF] Babaa | An accurate inter-turn short circuit faults model dedicated to induction motors[END_REF]. Accurate differential equations results using the fourth-order Runge-Kutta method are presented and treated. To extract, in a precise way, information related to combined defaults, we used the waveform of the stator current before and after the application of the defect, we also present spectra of stator current to visualize, in the clearest way possible, the indices for detection and identification the shorted faults under unbalanced supply voltage circumstances.

Fig. 1 shows a detailed waveform of currents with applied 20% of inter-turn short circuit faults under imbalance voltage of 10% appearing at time 1.5s. The effects of combined fault are clearly shown. Also, the effect of turn-to-turn fault is highlighted through the representation of shorted circuit current. Combined inter-turn short circuit and unbalanced supply voltage fault plot of electromagnetic torque with time are represented in Fig. 2. The torque oscillations, created by the torque ripples, which are produced by the interaction of negatives and positives components, are evident.

In Fig. 3 Simulation results of harmonics frequencies for no loaded condition with 10% voltage unbalance under different shorted circuit faults are shown. In this figure, a detailed plot of positive and negative harmonic distributions of the currents under 5% and 10% imbalance supply voltage respectively, for the healthy machine (Black), with 2% of inter-turn short circuits (red) and 20% of inter-turn short circuits (blue), under no-load condition are shown. We remark the predicted increase of harmonics frequencies after unbalanced supply voltage. Inverse sequence component is directly reflected after any disturbance in the machine due to faults or any asymmetries. Third negative and positive components appear as a result of torque oscillations and speed ripple at (s-2)f frequency. In the same figure (Fig. 3), The red plot represents component frequencies with 10% of inter-turn short circuits under 5% imbalance supply voltage in phase A. We notice an increase of all harmonics frequencies in line current spectra. This increase is due to the short circuit disturbance in the machine. On the other hand, when we apply an augmentation of unbalanced supply voltage percent with the same percent of inter-turn short circuit fault (the blue plot), we observe the insensitivity of the third negative sequence amplitude to unbalanced voltage. We can conclude that the third negative sequence component is significantly proportional to the percentage of shorted faults. IV. EXPERIMENTAL RESULTS

The experimental system has been developed to study different conditions of operation of the electric machine in the healthy state or with electrical faults, like unbalanced supply voltage or inter-turn short circuit fault, under different load conditions. A magnetic powder brake is used to apply different loads.

In the test bed, the three-phase asynchronous motor, 50 Hz, 4 poles, 1.1 kW, rated at 400V, 2.95 A and 1450 rpm is used. To introduce the fault, we have rewound the motor with intermediate wires distributed in the three phases to be able to choose beforehand several shorted turns.

The welded connections are taken back to a terminal plate (see Fig. 4) [START_REF] Babaa | Experimental investigation and comparative study of interturn shortcircuits and unbalanced voltage supply in induction machines[END_REF].

Measurements of the stator currents and voltages of the machine are performed using the voltage and current sensors. Then these values are recorded by the Le Croy Wave Runner 6050 oscilloscope which includes 4 signal acquisition channels, offers 5GS s on each ADC channel and 1 MB of standard memory. The sampling frequency chosen for each data acquisition is 25kHz, for a duration of 2s.

After the acquisition, MATLAB programs are used for frequency-domain analysis. 

A. Unbalanced supply voltage conditions

When line voltages applied to an induction machine are not identical, unbalanced stator winding currents appear, the magnitude of these currents depends on the degree of unbalance. Also, a very small voltage unbalance may augment the current an extreme amount. The voltage imbalance gives a reverse current. This new current produces a negative electromagnetic force that provokes variations of certain harmonic components include in stator current. These harmonic frequencies interact with the magnetic field and aggravate the torque and speed oscillation to a double frequency ( s f 2 ). Current spectra analysis permits to filter the harmonic components and to give a large amount of spectral information.

We insert a series of resistors in one of the phases supplying and as we testing the motor under different loads. We applied different configurations of unbalancement such as 5%, 15%, and 30% in the voltage amplitude of the concerned phase. For the calculation of the voltage unbalance factor (VUF), we use the expression of the International Electrotechnical Commission [START_REF] Kini | A novel approach toward interpretation and application of voltage unbalance factor[END_REF] (VUF) voltage unbalance factor (in %) = 100% n p V V  Where Vp and Vn are the amplitudes of the positive and negative sequence voltages, respectively. For example, for 15%, 20%, 36% and 60% of unbalanced supply, one obtains a VUF 5.2%, 7%, 12% and 10%, respectively (show table III).

B. Inter-turn short circuits faults conditions

To introduce shorted faults, we modify the stator winding motor to have different inter-turn short-circuits, with a different number of turns and different locations along the stator windings.

The intermediate terminals at the level of two stator windings were added to allow the realization of short-circuit with different numbers of turns: 1%, 2 %, 10% and 20% (see Fig. 5).

Fig. 5.View of different locations of inter-turn short circuits

In the beginning, the motor was initially tested in the absence of faults, to verify the intensity of the harmonics' amplitude before the faults (see Fig. 6).

In the case of the healthy machine with 5.2% of unbalance supply voltage, the stator-current fault frequency components may become more important because of the imbalance already existing in the supply network.

However, certain frequencies ( s f  , 3 s f 

) show observable stator currents with and without inter-turn short circuits, under unbalanced voltage supply which cannot be considered as an effective diagnostic index (see also table I and Fig. 7).

s f 
is the result of any imbalance that may occur to the machine during its lifetime and a substantial increase of the 3 s f  components can be seen when balanced power supply is replaced by unbalanced power supply. However, the 3 s f  component clearly shows up due to the presence of a fault. This confirms the observations derived from Table II and Fig. 9. In order to verify the validity of the advanced theory, figure 7 defect, on the contrary, the harmonic 3 s f  sees its amplitude very little influenced by the defect. (see also table III and Fig. 10). 

V. CONCLUSION

In this article, different assumptions about turn-to-turn fault under unbalanced supply voltage conditions have been issued. Through simulation and experimental results, we study the impact of unbalanced voltage when the machine is under shorted faulty conditions. It was shown that the induced harmonics in this stator current give reliable information on the stator fault condition. A study of presented results was conducted to prove that the inter-turn short circuit defaults induce particular harmonics in the stator current which were considered as default signatures. In fact, the third negative sequence component is defined as the most adequate indicator for the inter-turn short circuit fault because of its sensitiveness to the fault under unbalanced supply voltage condition. Fortunately, this new signature permits cancel the similitude between both. 
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 123 Fig. 1. Stator currents resulting from 20% inter-turn short circuits under 10% of unbalanced supply voltage with no fault and fault situation

Fig. 4 .

 4 Fig. 4. View of the test bed for experimental set-up.

  was presented. When the fault occurs, we clearly see the increase of the component 3 s f  , according to the phenomena. Nevertheless, the proportionality to the number of turns in a short circuit is not yet clear. The harmonic 3 s f  testifies to the presence of the

Fig. 6 .Fig. 7 .

 67 Fig.6.Normalized FFT spectrum of the stator current: healthy machine under 5.2% of unbalance supply voltage (top), with 10% of inter-turn short circuits under 20% of unbalance supply voltage (middle) and 20% of interturn short circuits under 20% of unbalance supply voltage (bottom), no load condition.
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 8910 Fig. 8. 3D representation of the amplitude of the negative harmonic for different percent of unbalanced supply voltage, under 10% interturn shorted faults, no load and full-load condition.
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TABLE I EFFECT

 I OF LOAD LEVEL ON THE NEGATIVE HARMONIC FREQUENCY FOR INTER-TURN FAULTS UNDER POWER IMBALANCE

TABLE III EFFECT

 III OF LOAD LEVEL ON THE THIRD NEGATIVE HARMONIC FREQUENCY FOR INTER-TURN FAULTS UNDER DIFFERENT LEVEL POWER IMBALANCE