Samir Bouslimani 
email: s.bouslimani@hns-re2sd.dz
  
Laurant Delahoche 
email: laurent.delahoche@u-picardie.fr
  
Said Drid 
email: saiddrid@ieee.org
  
Larbi Chrifi-Alaoui 
email: larbi.alaoui@u-picardie.fr
  
  
  
  
  
  
  
  
  
On line inter-turn short-circuit fault diagnosis and nonlinear control of PMSM
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This paper deals with the detection of inter turn fault in the stator winding of a permanent magnet synchronous motor (PMSM) in closed-loop. The technique proposed to detect the turn-to-turn short circuit faults is based on the parametric estimation and therefore the analysis of the two voltage signals over the resistance Rd and Rq. The proposed approach is tested and the simulation results confirm the effectiveness of the proposed method to detect the turn-to-turn short circuit fault. As it provides the information essential for the fault isolation.

INTRODUCTION

The stator end winding leakage field of the electrical machines causes the mechanical vibrations of the end winding which generates electrical faults of winding [START_REF] Shally | Generator end winding vibration monitoring[END_REF]. The stator faults reduce the value of the electromagnetic torque and increase the vibrations, which cause oscillations of the speed, and generates mechanical vibrations. The large amplitude of these oscillations are the main reasons of the machine deterioration. The presence of faults affects the efficiency of the motor drive, so early detection not only reduces repair costs but also energy losses. In electrical machines, one of the most critical faults is the break in the inter-turn insulation in the stator winding, generating a inter turn short circuit. [START_REF] Penman | Detection and localization of inter turn short circuits in the stator windings of operation motors[END_REF]- [START_REF] Kallesoe | Estimation of stator winding faults in induction motors using an adaptive observer scheme[END_REF].

To avoid motor failure, it is important to have information on the state of health of the stator winding. The majority of work carried out in the field of system monitoring and diagnostics, the tools used to detect and locate faults are synthesized from an open-loop representation of the system. However, the reality of industrial applications means that systems are generally inserted in a regulation or control loop. Closed loop diagnostics are particularly tricky for a number of reasons. On the one hand, the controller can mitigate the effect of faults which makes their detection difficult.

On the other hand, the system inputs being correlated with the outputs because of the looping, this creates a difficulty for localization. In order to detect the faults, there are two methods: offline testing and online monitoring [START_REF] Grubic | A survey on testing and monitoring methods for stator insulation systems of low-voltage induction machines focusing on turn insulation Problems[END_REF], [START_REF] Stone | Electrical insulation for rotating machines: design, evaluation, aging, testing, and repair[END_REF]. The first one requires to stop the machine, while the second does not need to stop the process [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][START_REF] Kliman | Sensorless, online motor diagnostics[END_REF][START_REF] Jung | Online diagnosis of induction motors using MCSA[END_REF][START_REF] Bouslimani | A Extended Park's Vector Approach to Detect Broken Bars Faults in Induction Motor[END_REF][START_REF] Bouslimani | Inter-Turn Faults Detection using Park Vector Strategy[END_REF][START_REF] Bouslimani | An Extended Park's Vector Approach For The Detection Of Inter-Turn Faults In Induction Motor[END_REF][START_REF] Bouslimani | Sensorless Control and Diagnosis of Synchronous-Generator used in Wind Energy Conversion System Under Inter Turn Short-Circuit Fault[END_REF].

In this paper, a new diagnostic technique is applied to the PMSM in order to detect the Inter-Turn Short Circuit Fault, this method is based on the parametric estimation of the stator resistance on the d and q axis and therefore the analysis of the voltage drop Vd and Vq. This approach can be used at different levels monitoring and as a tool for online diagnosis. 

II. PMSM MODELING

The PMSM model in synchronous reference frame is given as follows:
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Where Id and Iq are stator currents in rotating reference frame (d q reference frame), Rd, Rq is stator resistances, Ld and Lq are dq reference frame stator inductances, ɷ is electrical rotor speed, Vd and Vq are stator voltages in d-q reference frame, f is permanent magnet flux. The expression for the electromagnetic torque can be described as:
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The dynamic equation of the wind turbine is described by:
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Where J is the moment of inertia, F is the viscous friction coefficient and Tm is the mechanical torque developed by the turbine.

III. A NON-LINEAR CONTROL STRATEGY

With the presence of uncertainties in the studied system and to enhance the overall system performances, a nonlinear Control Based on Lyapunov is proposed for control of PMSM. The suggested PMSM control scheme is shown in Fig. 2. We can also note the placement of the estimator block which evaluates the feedback function fd and fq given by:

                  q f q q d q q q q q d q d d d d L I L L I L R f I L L I L R f (4)
To determine the control feedback, we rewrite (1) as follow
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With: λd = 1/Ld and λq = 1/Lq The nonlinear functions fd and fq involved in the state-space model (1) are strongly affected by the conventional effects of PMSM.
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Let the candidate Lyapunov function related to the currents dynamics defined by:
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This function is globally positive defined over the whole state space. Its derivative is given by
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Inserting ( 6) in ( 8) we obtain:
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Selecting the control law as:
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Where K11 and K22 > βi New entries must be designed to ensure that:
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Inserting the control law ( 9) in [START_REF] Bouslimani | A Extended Park's Vector Approach to Detect Broken Bars Faults in Induction Motor[END_REF], we obtain:
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Where V  is given by:
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The Δfd and Δfq variations can be absorbed if we take:
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These inequalities are satisfied if K1,2 > 0 and |Δf| < β < K11,22 Finally, we can write: 
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A NEW DIAGNOSIS METHOD

In order to detect the stator faults, we propose this method based on the estimation of the resistances Rd and Rq and therefore analysis of the two signals based (Vrd=Rd.Id, Vrq=Rq.Iq ).

The Park and inverse Park transformation are given by equations ( 13), ( 14):
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A. Observer of Luenberger

The state observer structure is showed in Fig. 4, it is based on the system model. The feedback error ensures that the observed states do not drift from the real ones. The error states estimation is used to correct the observed states. The observer dynamics error are defined by placing the eigen values of matrix (A-LC).

Usually, pole placement algorithms, such as Ackermann's equation, are used to calculate L [START_REF] Lunze | Regelungstechnik 2[END_REF]. The Luenberger observer is given in (15) and is shown in Fig. 4.

B. Observer design

The Luenberger observer can be expressed by the follow Equations:
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Also, by using (1) we can write
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where kd and kq : gains, and , : are the estimated values of the resistances. The error equation is given as follows:
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Where:
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Consider the Lyapunov functions is given in (19):
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where:

, > 0.

Therefore, the Lyapunov function derivative of the is given as:
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Ensuring convergence and stability of the process in closed loop control with observer, we get:
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Finally, we have: This paper proposes a novel approach diagnostic method for permanent-magnet synchronous motor in closed loop. The simulation results: Fig. 6 and 7 confirm the difficulty of detecting the fault in a closed loop (absence of Harmonics signifying the presence of fault) since the regulator attenuates the effect of fault. On the other hand in Figs. 8, 9, 10 and 11 the spectral analysis of the vectors Vrd = Id and Vrq = Iq, shows the appearance of the Harmonics at 2.fS of the Park vector of the stator currents under fault (inter-turn short-circuit) conditions. 
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VI. CONCLUSION

In certain industrial sectors and transport systems, breakdowns of electric motors are not acceptable and conditional preventive maintenance must be implemented in order to minimize repair downtime. It is therefore essential to develop new techniques for detecting faults in a closed loop. In this paper, an original approach is proposed, it concern on-line detection the PMSM stator shorted turn faults, by sing the parametric estimation and therefore the analysis of the two voltage signals over the resistance Rd and Rq. We have shown that the fault can be detected on the basis of a spectrum analysis. This approach is based on the stator current, which is measurable state and is used in closed loop. The proposed technique has been validated using simulation results.
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 1 Fig. 1. PMSM stator windings with an inter-turn short circuit faults.
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 2 Fig. 2: The diagram block of PMSM control system.
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 3 Fig. 3: Robust controller design scheme.
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 4 Fig. 4: Block diagram of Luenberger state observer
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 52 Fig. 5: The proposed approach for Stator Winding inter turn Short-Circuit Fault of PMSM in closed loop.
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 6 Fig. 6: Spectrum of current vector of phase (a) in healthy PMSM.
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 78 Fig. 7: Spectrum of current vector of phase (a) during the short circuit of phase ( a), (2,5 %)
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 910 Fig. 9: Spectrum of Vrq=RqIq in healthy PMSM.
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 11 Fig. 11: Spectrum of Vrq=RqIq during the short circuit (2,5 %).