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Detection of External Rotor PMSM Inter-Turn Short Circuit Fault using Extended Kalman Filter

Keywords: Inter-turn short circuit, fault detection and diagnosis, external rotor permanent magnet synchronous motor, extended Kalman filter

The presence of an inter-turn short circuit in electrical machines can lead to the complete shutdown of the system and cause disturbances in operation. In this paper, a diagnosis method for the detection of a stator inter-turn short circuit fault on an external rotor permanent magnet synchronous motor is proposed. The detection approach is based on the Extended Kalman Filter, which continuously estimates the different quantities of the machine. The designed technique is based on a comparison of the estimated and measured stator currents. An analysis of the signals resulting from the comparison is used to detect and locate the fault. Simulation results are presented to validate the proposed fault detection and diagnosis approach.

I. INTRODUCTION

Nowadays, External Rotor Permanent Magnet Synchronous Motors (ER-PMSMs) comprise a very significant component of the drive systems used in the powertrains of hybrid and electric vehicle (HEV). Therefore, diagnosis and early detection of faults become crucial issues to ensure continuity of service. These techniques enable monitoring, fault detection, and isolation, as well as reconfiguration of the control strategy to protect the healthy parts of the machine [START_REF] Tariq | Data-Driven Robust Fault Detection and Isolation of Three-Phase Induction Motor[END_REF].

ER-PMSMs are exposed to various types of magnetic (Permanent Magnet (PM)), mechanical (eccentricity, bearings, unbalance), and electrical (stator winding) faults that disturb the normal operation of the machine [START_REF] Henao | Trends in Fault Diagnosis for Electrical Machines: A Review of Diagnostic Techniques[END_REF]. According to [START_REF] He | Diagnosis of stator winding short-circuit faults in an interior permanent magnet synchronous machine[END_REF], stator winding faults are the predominant faults that appear in AC electrical machines, accounting for 36% to 66%, respectively, according the size of the motor. These types of faults appear as an imperceptible Inter-Turn Short Circuit (ITSC) fault, which expands very fast throughout the winding, potentially causing a ground fault of a Lack of Turns (LTs) faults [START_REF] Belkhadir | Torque Ripple Minimization Control of Permanent Magnet Synchronous Motor using Adaptive Ant Colony Optimization[END_REF].

Currently, several research has been conducted on Fault Detection and Diagnosis (FDD) methods in ER-PMSMs. The three most recognized approaches developed over the years are signal analysis methods, diagnosis employing mathematical modeling, and methods using techniques of artificial intelligence [START_REF] Orlowska-Kowalska | Fault Diagnosis and Fault-Tolerant Control of PMSM Drives-State of the Art and Future Challenges[END_REF].

Inter-Turn Short Circuit (ITSC) can be detected by various techniques based on signals, models, and data. Among them, the FDD method performs a time domain analysis using adaptive observers to conduct a residual analysis between the estimated signals of the healthy and faulty model with the measured ones in healthy and faulty machine. This technique has the advantage of non-invasive methods without the need for additional sensors. The residual signal is usually compared to a threshold to avoid false alarms due to disturbances or uncertainty. In [START_REF] Toumi | Observer-based fault diagnosis and field oriented fault tolerant control of induction motor with stator inter-turn fault[END_REF], an adaptive observer has been proposed to establish a system that can identify the ITSC fault condition in an induction machine. In [START_REF] Guefack | Improved Detection of Inter-turn Short Circuit Faults in PMSM Drives using Principal Component Analysis[END_REF], a detection algorithm based on the principal component approach and combined with a classical vector method yields results under real conditions.

The main objective of this paper is the implementation of a non-invasive time-domain ITSC fault detection technique for a closed-loop controlled ER-PMSM without sensor feedback using the Extended Kalman Filter (EKF). The residual signals generated by the FDD approach are employed by comparing the measured stator currents with those estimated using an EKF. Simulation and analysis are conducted to evaluate the proposed methodology in the ER-PMSM control system.

The organization of the paper is presented as follows. Section II presents the healthy and faulty ER-PMSM model. In section III, the extended Kalman filter synthesis is described. Then, the ITSC fault detection and diagnosis approach in closed-loop is developed. Finally, the robustness of the FDD method is shown followed by tests and simulation results.

II. ER-PMSM MODEL

The detection of ITSC faults is particularly crucial since they might lead to more significant problems on the machine. To evaluate the FDD technique for the ER-PMSM with an ITSC fault, an accurate model including the faulty machine structure is required. Fig. 1 depicts the model of the ER-PMSM with an ITSC fault. The ER-PMSM is a double-layer fractional-slot concentrated-wound (FSCW) structure with 24 slots and 22 poles (24/22). Assuming the ITSC fault occurs in phase a, the circuit model is shown in Fig. 2. 
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A. Healthy ER-PMSM Model

The mathematical model of ER-PMSM can be represented as follows: 
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The product of the currents and the flux space phasor generate the electromagnetic torque:
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The flux and current can be determined with:
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B. Faulty ER-PMSM Model

The ITSC fault is not necessarily straightforward, and equivalent resistance is used to model what remains of the insulation resistance between the shorted turns. The value of the resistance indicates the severity of the insulation fault. According to Fig. 2, the winding in which the fault occurs is thus divided into two parts. In reality, the evolution of the fault resistance rf between infinity and zero is very fast when the machine is in the presence of an ITSC fault. It is therefore interesting to determine the behavior of the machine when this resistance is high enough not to induce an LTs fault [START_REF] Belkhadir | Analytical Modeling, Analysis and Diagnosis of External Rotor PMSM with Stator Winding Unbalance Fault[END_REF] or the global destruction of the winding but also small enough for its impact to be perceptible on the currents absorbed by the ER-PMSM. The electrical equations written in two parts of phase A for a faulty three-phase ER-PMSM in the abc frame are provided by the following expressions [START_REF] Vaseghi | Fault Analysis and Parameter Identification of Permanent-Magnet Motors by the Finite-Element Method[END_REF]:
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The following additional equation describes the mesh created by the ITSC fault:
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Where: ϕrah, ϕrf, ϕrb and ϕrc are respectively the flux linkages through the windings ah, af, b and c, and which can be expressed by the following expressions:
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The representation of the electromagnetic torque during the faulty state of the ER-PMSM can be represented as follows:
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Taking into account the polarity of the ER-PMSM, the actual configuration of the winding, and the ITSC fault, the different elements are presented in the Appendix. We will use the following expressions where the coefficient μ describes the relative number of short-circuited turns:
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Considering that the fault occurs in an elementary coil, the fraction of Nf in this coil over the NT is:
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C. Analytical Identification of ER-PMSM Parameters

The identification and determination of the FSCW ER-PMSM parameters are based on the methodologies developed in [START_REF] Belkhadir | Analytical Modeling, Analysis and Diagnosis of External Rotor PMSM with Stator Winding Unbalance Fault[END_REF] and [START_REF] Vaseghi | Inductance Identification and Study of PM Motor With Winding Turn Short Circuit Fault[END_REF].
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The healthy and faulty resistances and inductances are calculated from the following expressions:
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III. EXTENDED KALMAN FILTER

The EKF is an approach for estimating the state of a system characterized by a stochastic model, which is based on a discrete model of a process, taking into consideration the noise and errors of the modeling. The EKF must be able to describe the system state of the ER-PMSM. Fig. 3 depicts the schematic diagram of the EKF observing the state of the system.

Given the following linear, stochastic and stationary model:
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Where: Ad, Bd and Cd are the control and observation transition matrices, respectively. w and λ are the state and measurement noise sequences, respectively, which are presumed to be white, Gaussian, decorrelated, zero-mean noises with known covariances. Before implementing the EKF, it is essential to discretize the model by conducting a limited expansion for a small sampling period Te [START_REF] Cava | Application Of The Extended Kalman Filter To Parameter And State Estimation Of Induction Motors[END_REF]. The nonlinear representation is given by the following expression:
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The execution of the EKF begins with the phase of predicting the state x[K+1] based on the knowledge of the previous state. The model (24) allows the following expressions:

  1| | ˆˆ, K K K K K x f x u                     (25) 
The covariance matrix of the estimation error must be essentially predicted to determine the correction phase of the estimator. The covariance matrix of the prediction error is given by the following expression:
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Where F is the Jacobian matrix of the system, which allows for linearizing the mathematical model of the ER-PMSM, and Q is the covariance matrix.

  1| , K K K K K x x f x u F x                                (27) 
1 3 0 0 0 0 0 1 3 0 0 0 0 0 1 2 0 0 0 0 0 1 5 0 0 0 0 0 1 5 e e e Q e e                             (28) 
The prediction of the covariance matrix of the estimation error allows us to determine the Kalman gain characterizing the correction phase of the estimator. The calculation of the matrix K will be done for each sampling step according to the following expression:
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Where R is the covariance matrix.
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The identification of the correction matrix ensures the updates of the predicted state as follows:
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y[K+1] represents the vector of measured conditions. The error covariance matrix must also be updated at each sampling step to ensure that the corrective phase and estimated state variables are updated.
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IV. ITSC FAULT DETECTION AND DIAGNOSIS APPROACH

The diagnosis of the ER-PMSM represents a significant lever to increase the availability of the machine and to ensure the continuity of service in the presence of the ITSC fault. The most important task in diagnosis activity is the detection and localization of the fault. In order to detect ITSC faults that can occur in the machine, the three-phase stator currents can be used as a tool for detection. Observation-based FDD approaches focus on the design of residuals that will be used as indicators of ITSC fault. The principle of this method resides in the exploitation of the state variables estimated by the EKF to generate a residual with a non-zero mean value in the faulty case. By exploiting the residuals, we derive signatures that will be used in the development of an algorithm enabling the detection and localization of the fault.

A. Residual Generation

EKF-based residual signal generation involves reconstructing the outputs of the ER-PMSM to compare the measured output vector to the estimated ones. Indeed, for the detection of the ITSC impacting the stator winding of phase a, three signals must be conducted. These signals are employed as flags to indicate the presence of the ITSC fault. It is then necessary to introduce detection thresholds to avoid false alarms.
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B. Threshlod Setting

The threshold is defined as the maximum value that the residual can reach in the absence of the ITSC fault and the presence of parametric load variations. The FDD method must not be susceptible to disturbances due to a variation in the stator resistance. The defined threshold can be described as the utmost value of ra, rb and rc.
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C. Fault Detection

The detection is accomplished via the application of decision logic implementation able to generate signatures according to the comparison of the residual signals to the detection threshold ε [START_REF] Azzoug | An Active Fault-Tolerant Control Strategy for Current Sensors Failure for Induction Motor Drives Using a Single Observer for Currents Estimation and Axes Transformation[END_REF].
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The circuit shown in Fig. 4 is charged to ensure the detection of the ITSC faults by examining the residual between the estimated and measured quantities. A Low Pass Filter (LPF) is used to extract the signal which will be compared to ε. 

V. SIMULATION RESULTS

In this section, we present simulation results showing the operation of the ER-PMSM affected by an ITSC fault in its stator winding. The simulation test was performed using MATLAB/Simulink software. A 1.5 kW FSCW ER-PMSM is used with the parameters specified in Appendix (Table I). Fig. 5 illustrates the block diagram of the EKF-based control and the FDD structure under healthy and faulty states.

A. Test and Robustness of the EKF

To highlight the performance, robustness, and efficiency of the sensorless control algorithm, various tests are performed, i.e., no load start, load application, and reversal of the ER-PMSM speed rotation.

The following figures show the mechanical and electrical quantities of the sensorless control law in a healthy state. According to Fig. 6, it can be seen that the speed follows the reference after a transient and decreases slightly when a load is applied. The estimation reveals excellent performances and the effective monitoring of the estimated speed compared to the measured one and the reference. The electromagnetic torque is presented in Fig. 7, and demonstrates a fast dynamic with the application of the load at t = 2s. Fig. 8 depicts the stator currents measured and estimated by the EKF. Here the estimated currents converge to the measured ones. These results prove that the EKF has good performance in terms of convergence speed and accuracy. Also, the observer allows a reduction of the oscillations at the level of the electromagnetic torque.

B. Test and Robustness of the Detection Threshold

Parametric variations are a very critical requirement for an efficient FDD method. Indeed, to evaluate the robustness of the steady state detection, various load torque and stator resistance variations of the machine are applied. Fig. 9 illustrates that the residuals have small variations because of the robustness of the EKF. Based on these tests, the threshold value is determined after an analysis of the residual signal magnitudes. The threshold of ITSC fault detection and diagnosis is ε = 0.2 A. 

C. Evaluation on the FDD Approach

The ITSC fault was initialized by controlling the resistance rf of the model proposed in Section II. The objective of this section is to study the behavior of the ER-PMSM with an ITSC fault as well as the robustness of the developed FDD approach. The control and detection structure is illustrated in Fig. 5. The various tests are performed under the scenario of an ITSC fault of 12.5% of the phase a winding, corresponding to an ITSC over one full coil Afull-coil, which results after 3.5s with a resistance rf = 5Ω. The following analyses present the state variables of the ER-PMSM controlled by a current field-oriented control. Fig. 10 illustrates the evolution of the rotor speed in the presence of the fault. After the occurrence of the ITSC, ripples appear on the speed, which might lead to vibrations. According to the electromagnetic torque (Fig. 11), torque ripples are introduced after the occurrence of the fault, which causes the appearance of new harmonics. Fig. 12 shows the fault current, which is due to the presence of the ITSC. We notice that the value of the if current is important and can reach values that are inaccessible for the machine, which can induce the deterioration of the ER-PMSM. The stator currents are depicted in Fig. 13. A rather important asymmetry appeared during the fault condition. This asymmetry will be used to design the FDD approach bases on EKF. The current isq (Fig. 14) also exhibits important oscillations once the fault appears. After presenting the impact of the ITSC fault on the various state variables of the ER-PMSM, we proceed to the implementation of the FDD method of the ITSC fault developed previously. The tests consist of generating the residuals to determine the specific signatures in the case of the ITSC fault. Fig. 15 and Fig. 16 depict the evolution of the residual ra and its flaga signature in the case of the fault impacting the stator winding of phase a. The residual ra remains very near zero in the absence of the ITSC (t<3.5s). From t = 3.5s, the magnitude of ra change substantially and exceed the predefined threshold, which triggers an alarm indicating the presence of the ITSC fault. 

VI. CONCLUSION

This paper presents the efficiency of the detection and diagnosis method based on the Extended Kalman Filter of an external rotor permanent magnet synchronous motor with an inter-turn short circuit fault. Taking the fault into account, a dynamic model of the ER-PMSM has been presented for the control of the machine in a closed loop control. The proposed detection strategy is based on the generation of residual signals by the EKF observer approach, which exhibits good estimation performance. From the detection point of view, the FDD technique is noninvasive and has a high sensitivity to faults. This allows the localization of the fault using observed signatures considering the tests under different loads and parametric variations. The effectiveness and robustness of the approach have been verified and validated by simulation. The proposed approach allows to improve preventive maintenance of the ER-PMSM and thus avoids unexpected failures and breakdowns. The next step in the development of the work is to make the fault-tolerant control and detection approach more reliable throughout the fully electric drive train, including sensor faults. ϕ is the magnetic flux produced by a phase i flowing through a phase j winding; Rs is the inner stator radius; Laxe is the length of the ER-PMSM; Kw is the winding factor; Fdistribution is the distribution function of the machine; ℘ is air-gap permeance; Fw is the winding function; θs is the angular position in relation to the stator reference axis.
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