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This study aims to assess the impact of inter-turn short-circuit in stator windings of squirrel cage induction generators on variable-speed wind turbine systems. The shortcircuit fault detection is based on a steady-state technique which is Motor Current Signatures Analysis (MCSA). Thus, theoretical developments of both healthy and faulty three-phase squirrelcage induction generator of the wind turbine system models in the abc-reference frame are made to recognize the current signature variations. Simulation results are carried out to illustrate the severe consequences of inter-turn short-circuit fault on the generator signatures and moreover on the whole system. This work highlights the importance of the existence of a robust monitoring and diagnosis system for wind turbine systems.

INTRODUCTION

Due to the continuity of environmental degradation conditions, renewable energy is still an effective way to deal with energy crisis and global warming [START_REF] Zeng | Integrated Planning for Transition to Low-Carbon Distribution System With Renewable Energy Generation and Demand Response[END_REF][START_REF] Islam | A review of offshore wind turbine nacelle: Technical challenges, and research and developmental trends[END_REF]. Within this framework, wind energy capacity has become one of the most essential energy sources and expected to carry on increasing around the world [START_REF] Baringo | Strategic Wind Power Investment[END_REF]. Thus, high-power variable speed wind turbine systems are ones of most active research fields [START_REF] Carrasco | Power-Electronic Systems for the Grid Integration of Renewable Energy Sources: A Survey[END_REF]. Wind turbine systems modeling and control has recieved considerable attention [START_REF] Giraldo | An Adaptive Control Strategy for a Wind Energy Conversion System Based on PWM-CSC and PMSG[END_REF][START_REF] Satpathy | Control Scheme for a Stand-Alone Wind Energy Conversion System[END_REF][START_REF] Tapia | Modeling and Control of a Wind Turbine Driven Doubly Fed Induction Generator[END_REF][START_REF] Ekanayake | Dynamic Modeling of Doubly Fed Induction Generator Wind Turbines[END_REF]. However, with growing concerns about a high level of reliability and the continuity of service and operating flexibility, fault tolerant control has also become an important issue during the last years [START_REF] Tang | Fault diagnosis for a wind turbine transmission system based on manifold learning and Shannon wavelet support vector machine[END_REF] and monitoring and diagnosis are the most important parts of this research area [START_REF] Devriendt | Monitoring resonant frequencies and damping values of an offshore wind turbine in parked conditions[END_REF][START_REF] Morren | Ridethrough of Wind Turbines with Doubly Fed Induction Generator During a Voltage Dip[END_REF][START_REF] Ciang | Structural health monitoring for a wind turbine system: a review of damage detection methods[END_REF][START_REF] Hameed | Condition monitoring and fault detection of wind turbines and related algorithms: A review[END_REF]. Indeed, several failures can occur in variable speed wind turbines system. Among them, failures related to the power converter such as open-circuit faults [START_REF] Freire | A Fault-Tolerant Direct Controlled PMSG Drive for Wind Energy Conversion Systems[END_REF][START_REF] Duan | Open-switch fault diagnosis and system reconfiguration of doubly fed wind power converter used in a microgrid[END_REF] and those concern sensor faults [START_REF] Berriri | Easy and Fast Sensor Fault Detection and Isolation Algorithm for Electrical Drives[END_REF][START_REF] Berriri | ELECTRIMACS 2011[END_REF] and [START_REF] Freire | A New Approach for Current Sensor Fault Diagnosis in PMSG Drives for Wind Energy Conversion Systems[END_REF], also failure of gearbox bearings and torque arms [START_REF] Zappala | Side-band algorithm for automatic wind turbine gearbox fault detection and diagnosis[END_REF], rotor blades [START_REF] Nguyen | Proactive maintenance of offshore wind turbine blades using knowledge-based force analysis[END_REF], etc.

On the other hand, there are failures related to the generator, such as broken rotor bar [START_REF] Bouchikhi | A comparative study of time-frequency representations for fault detection in wind turbine[END_REF] or windings inter-turn fault [START_REF] Bonnett | Cause and analysis of stator and rotor failures in three-phase squirrel-cage induction motors[END_REF]. In this respect, inter-turn short-circuit in stator windings is the most common stator fault witch it can progress to turn-turn or turn-ground short-circuit [START_REF] Tallem | Transient model for induction machine with stator winding turn fault[END_REF], where moisture, partial discharge, m-echanical stress and breakdown of the turn-to-turn insulation are the most important causes of this type of faults [START_REF] Lamim Filh | Review Detection of stator winding faults in induction machines using flux and vibration analysis[END_REF]. Such faults can damage the machine and immediately interrupt the wind turbine system. The Power converter and the transformer can be damaged too [START_REF] Amirat | A Brief Status on Condition Monitoring and Fault Diagnosis in Wind Energy Conversion Systems[END_REF]. To avoid these impacts, fast and effective fault detection technique should be considered [START_REF] Hameed | Condition monitoring and fault detection of wind turbines and related algorithms: A review[END_REF]. Many methods have been used for short-circuit fault detection in wind generators [START_REF] Sellami | Sliding Mode Observer-Based Fault-Detection of Inter-Turn Short-Circuit in Induction Motor[END_REF][START_REF] Romary | Stator-Interlaminar-Fault Detection Using an External-Flux-Density Sensor[END_REF]. Motor Current Signatures Analysis (MCSA) is a non invasive and on-line fault detection method [START_REF] Schoen | An unsupervised, on-line system for induction motor fault detection using stator current monitoring[END_REF][START_REF] Spinat | Reliability of wind turbine subassemblies[END_REF]. Analyzing stator current spectra had been fruitfully utilized for short-circuit fault detection without influencing the system operation [START_REF] Thomson | Current signature analysis to detect induction motor faults[END_REF]. This paper is structured as follows: In Section II, a description of the wind turbine system is made. The next section describes both healthy and faulty squirrel-cage induction generator models in the abc-reference frame. In Section IV stator current signatures are analyzed by considering healthy and faulty operation mode. Conclusions are presented in the last part.

II. DESCRIPTION OF THE WIND TURBINE SYSTEM

Despite the sprawling double-fed induction generator, a three-phase squirrel-cage induction generator (SCIG) is still widely used within wind turbine plants [START_REF] Li | Overview of different wind generator systems and their comparisons[END_REF]. The use of SCIG is advantageous since they are relatively inexpensive, robust, and require low maintenance. Even for variable-speed turbines, it is used instead of synchronous generators by the ad of converters. The basic configuration of a variable-speed turbine driven SCIG is depicted in Fig. 1. As the rotational wind turbine speed is low and variable, it must be adjusted to the suitable electrical frequency by a gearbox. A SCIG is coupled to the grid through a back-to-back converter driven by vector oriented control. The back to back converter includes the stator side converter connected to the stator windings so that ensures decoupling the electrical and the mechanical frequencies, and the grid side converter connected to the grid through the transformer. Both sides are linked by a DC bus. The DC bus voltage reference and the grid voltage level are used to establish the current references which determine the voltages to be applied on the grid side converter. The aim is to control the DC bus voltage and the reactive power which is consumed or supplied by the converter of the grid side. In the stator side converter control, the torque and rotor flux cascade loops establish the current references which determine the voltages to be applied. The stator side converter include a maximal power point tracking algorithm (MPPT). The control is performed in the synchronous rotating frame, which is oriented according to the rotor flux. 

III. HEALTHY AND INTER-TURN FAULT DYNAMIC MODELS OF THE SCIG

A. Healthy model

The SCIG equivalent circuit in healthy conditions (no stator fault) is given in Fig. 2, where s 1 , s 2 , and s 3 are the stator threephases, r s the stator phase resistance (Ohms), L s a self inductances (H), r r the rotor phase resistance (Ohms), L r a self inductances (H). The neutral is connected so V NN' =0V. The SCIG voltage equations written in its natural reference frame (abc) are expressed by [START_REF] Zeng | Integrated Planning for Transition to Low-Carbon Distribution System With Renewable Energy Generation and Demand Response[END_REF]. 
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The SCIG electromagnetic torque C em is given by equation (2). 
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Where J is the moment inertia and p is the pole pair's number. The SCIG mechanical angular speed Ω, is got from the gearbox.

B. Faulty model

A stator inter-turn short-circuit fault in stator windings causes an insulation failure which affects phase windings. This failure is modeled by an insulation resistance r f . The resistance value depends on the fault severity. A graver short-circuit fault of the phase is got when the fault insulation resistance r f decreases toward zero. This decrease in most materials, from infinite toward zero is very fast. Fig. 3 represents the SCIG stator windings with a shortcircuit fault. This fault is occurred in the first phase s 1 . The sub-windings (as 1 ) represent the healthy part of the phase windings s 1 and (bs 1 ) represent the faulty one. N s is the s 1 turns phase number and N s f is the turns short-circuited number. The short-circuit report k cc = N s f / N s is between 0 and 1. M s , and M sr , are the stator mutual inductances (H) and mutual inductance between stator and rotor phases (H). M r is the rotor mutual inductances (H). r s 1b and L s 1b present resistance and self-inductance of the faulty winding. M 1a,2 and M 1a,3 present mutual inductances between as 1 and the windings s 2 and s 3 . In addition, M 1a,1b , M 1b,2 and M 1b,3 present respectively three mutual inductances between bs 1 and the windings as 1 , s 2 and s 3 . M sr1 , M sr2 are the mutual inductances between as 1 , bs 1 and rotor. 
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IV. SIMULATIONS AND RESULTS

Simulations were carried out for a wind turbine driven SCIG system. Dynamic models in healthy and faulty modes were established to study the behavior of the wind turbine system components signatures. The SCIG parameters are given in appendix. The simulation results are shown in figures Fig. 4 to Fig. 11 with a stator fault appearing at time t=0.15s.

In the first time, a partially short-circuited turns as 25% of the phase s 1 is applied: parameter k cc =0.25,. The other parameter r f is fixed to 0Ω as the decrease of this insulation resistance r f in most materials from infinite toward zero is very fast. Fig. 4 presents impact of this fault on the three-phase stator currents (i s a , i s b, i s c ), the three-phase rotor currents (i r a , i r b, i r c ) and the stator currents (i s d , i s q ) in the dq-frame. Fault current
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i f circulating in r f in the abc-frame variations is given too. Fig. 5 shows the short-circuit fault impact on the torque and the rectifier voltage. Active and reactive powers of the SCIG signatures are presented too in Fig. 6. In the second step, wind power system behavior is observed when increasing the severity of the fault to 90% short-circuited turns. Fig. 7 shows inpact of the high number of short-circuited turns on the three-phase stator currents (i s a , i s b, i s c ), the threephase rotor currents (i r a , i r b, i r c ), the stator currents (i s d , i s q ) in the dq-frame and the fault current i f circulating in r f . Fig. 8 and Fig. 9 show the fault impact on the torque and the rectifier voltage and on the active and reactive powers of the SCIG signatures, respectively.

When the severity of short-circuit fault exceeds a certain level, the imbalance of phase currents (especially i s a ) becomes significant. Torque ripples appear too. In addition, the active and reactive powers are disturbed. These disturbed signals transmitted from the SCIG to the rectifier affect the rectifier voltage signatures. Then the inverter and control equipment signals are troubled too.

The detection of inter-turn short-circuit via MCSA is based on detecting components caused by the induced faulty current components in the stator windings. This technique uses the results of spectral analysis of the stator currents. Current signals are analyzed in the time-domain and the frequencydomain. For frequency-domain study, Fast Fourier Transform (FFT) analysis is done to correlate the components of current signatures in order to detect utile frequency components. The simulation is effected with MATLAB-Simulink with a calculation step equal to T e = 100 μs.
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 1 Figure 1. Overview the SCIG based variable speed wind turbine system
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 2 Figure 2. Induction generator equivalent circuit.
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 3 Figure 3. SCIG equivalent circuit with short-circuit fault.The SCIG voltage equations under short-circuit fault conditions are
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 456 Figure 4. Impact of partially short-circuited turns (kcc=0.25) at t= 0.15s on currents (a) stator currents in the dq-frame (b) Fault current (c) three-phase stator currents (d) three-phase rotor currents
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 789 Figure 7. Impact of 90% short-circuited turns (kcc=0.9) at t= 0.15s on currents (a) stator currents in the dq-frame (b) Fault current (c) three-phase stator currents (d) three-phase rotor currents
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 10 Figure 10. Phase current spectral signatures healthy case with zoom at the sideband [0...400Hz] I. CONCLUSIONS In this paper inter-turn short-circuit fault in stator windings is detected by a Motor Current Signatures Analysis (MCSA) method. The first objective of this work is the establishment of sufficiently accurate models to determine the behavior of different wind turbine components variables in the healthy case. The second objective is the detection of shortcircuit fault by analyzing generator current signatures. The technique utilized in this paper has shown its effectiveness. Furthermore wind turbine generator faults detection by vibration analysis will be the objective of a next work. APPENDIX The SCIG used is characterized by 11kW power, stator turns number s  =48, rotor turns number r  =32, J=0.1 Kg.m², f=0.003 N.m.s, The load current 0 s I = 4A and the rated
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 1111 Figure 11. Phase current spectral signatures faulty cases Faulty case (kcc=0.25) with zoom at the sideband [200...400Hz]
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TABLE I .

 I PARAMETRES OF THE SCIG.
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