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This paper presents the studies of degradation mechanisms in a mono-inverter multi-machine permanent magnet synchronous (PMS) system subjected to stator phase disconnection. The system principle operation in normal condition will first be presented. The degradation scenarios and their consequences for motor phase and inverter phase disconnection modes will be analyzed in detail. Control solutions under the given degraded condition are also proposed and based on analytical method and Saber simulations. This study contributes to the availability improvement of multimotor/mono-inverter system.

INTRODUCTION

PMSM has been largely used in industrial applications due to its attractive mass power efficiency. The electromechanical driving systems comprising parallel motors and one voltage inverter will certainly lead to improvements in term of inverter structure, volume and weight compared to classic solution. The integration of parallel PMSMs into the monoinverter structure leads, thus, to a better comprising between efficiency and structural optimization. Some research activities are already conducted to explore its application in wind power [START_REF] Dittrich | Synchronous Multi-Motor Drive with Field-Oriented Position Control for Windpower Pitch Drive Application[END_REF], lift door control [START_REF] Chiasson | Independent control of two PM motors using a single inverter: application to elevator doors[END_REF] and aeronautic application (blade, reverse) [START_REF] Foch | Power system comprising several synchronous machines synchronously self-controlled by a converter and control method for such a system[END_REF], where all motors need to be operated under identical conditions. However, a perturbation in one motor or in the common supplying voltage inverter may influence total system degradation due to their electrical, mechanical and control coupling. Works concerning the principle control of mono inverter / multi PMSM can also be found in literature [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and Control strategy[END_REF] [START_REF] Bidart | Multimachine Mono inverter for PMSM: architecture and control[END_REF]. This paper investigates the failure scenarios related to phase disconnection in a system of 2 PMSM and one inverter. The basic system operation during normal condition, including motor modeling and selection method for master/slave motor, will be first presented in section II. Otherwise, in section III and IV, failure modes related to stator phase disconnections are studied, considering both inverter and motor phase disruption. A solution for the considered failure mode based on control method, including their feasibility will be also proposed and discussed. This study contributes to the availability improvement of mono-inverter/multi-motor system but limited to a priori known failures. As a result, the work related to fault detection is not in the scope of this paper.

II. PMSM CONTROL IN MONO INVERTER MULTI MOTOR SYSTEM

To develop PMSM model, the motor has p pairs of poles, sinusoidal back-electromagnetic force (emf), non saturate winding coil (linear inductance) and that stator phase windings are geometrically shifted by 120 0 angle. Widely known, the control of PMSM requires rotor information for position synchronization and for its stability [START_REF] Louis | Commande numérique de machines synchrones[END_REF] [START_REF] Batzel | Implementation and Experimental Investigation of Sensorless Speed Control With Initial Rotor Position Estimation for Interior Permanent Magnet Synchronous Motor Drive[END_REF]. In this paper, motor speed control is achieved with a speed controller and 3 phase current controllers, using PI controllers (Fig. 1). Otherwise, the reference input voltages are applied to the motor via a power inverter using Pulse Width Modulation (PWM). In case of multi-motor mono-control system, only one PMSM can be selected as a master motor, while another is operated in slave mode, i.e. in open loop operation. The selection method for master motor is defined in [START_REF] Bidart | Multimachine Mono inverter for PMSM: architecture and control[END_REF] and based on rotor position comparison. The PMSM of smallest position is hence selected as master (Fig. 1). The Master/Slave function selects thus an appropriate position for speed and current controller via output Enable. The electrical and mechanical model of a PMSM can be expressed as:
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where k (1,2) and j (a, b, c) represent the indexes of motor number and phases, respectively. R is the stator phase resistance, L is the stator cyclic inductance, e is the back emf, J is the rotor inertia, Tem is the electromagnetic torque and f is the viscous friction coefficient. The phase diagram representation of the stator equation can be also represented in Fig. 2. Considering input voltage, emf and phase current as sinusoidal ( 2) and (3), the electromagnetic torque can be written as in (5):
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with p: magnet pole pair number, Φm rotor flux amplitude, ψ current/rotor flux angle. As a consequence, an optimal electromagnetic torque is reached while imposing ψ = 0 via the current controller. Besides, for ψ≠0 the current amplitude needs to be relatively higher so that the motor delivers an equivalent torque. In our study, all motor electrical and mechanical variables are obtained from an existing test bench composed of 2 principal PMSM of 1kW and an auxiliary motor which can be served as load torque (Fig. 3). Experimental results presented in Fig. 4 illustrate the operation of 2 parallel PMSM without load torque. It can be seen that motor '2' generates electromagnetic torque slightly higher than that of motor '1' since its viscosity is more important. The switching of Enable to 1 during motor transient state corresponds to a selection of motor '2' as master. The later is thus operated at optimal torque (ψ2 = 0). Meanwhile, motor '1' is operated in open loop. Its non optimal electromagnetic torque is indicated by its current amplitude slightly higher than that of motor '2' [START_REF] Bidart | Multimachine Mono inverter for PMSM: architecture and control[END_REF].

From motor models and system structure presented in this section, motor operations during phase disconnection will be studied.

III. PHASE DISCONNECTION FOR ONE MOTOR

In general, during the open supplying phase, motor current cannot be controlled and the system produces torques and speeds oscillations [START_REF] Shamsi Nejad | Architectures d'alimentation et de Commande d'Actionneurs tolérants aux défauts, Régulateur de courant non linéaire à large bande passante[END_REF] [START_REF] Shamsi-Nejad | Fault Tolerant and Minimum Loss Control of Double-Star Synchronous Machines Under Open Phase Conditions, Industrial Electronics[END_REF]. As basic motor control structure is designed for an equilibrium operation, the control method has to be modified in order to be adapted to this degradation condition. Since motor neutral point is not connected to inverter medium one, the current sum is always zero. So when motor phase 'a' is disconnected, the remaining phase currents are of equal amplitude and opposite sign. So for, a disconnection of phase 'a', currents in phase 'b' and 'c' can be expressed as:
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The electromagnetic torque can be developed [START_REF] Shamsi Nejad | Architectures d'alimentation et de Commande d'Actionneurs tolérants aux défauts, Régulateur de courant non linéaire à large bande passante[END_REF] as below:
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Motor torque in degradation mode is thus constituted by an average term, contributing to shaft driving, and an oscillation torque of double electrical frequency and the same amplitude as average term. Optimal motor torque is obtained by imposing ψ = π/2 in current controller [START_REF] Shamsi Nejad | Architectures d'alimentation et de Commande d'Actionneurs tolérants aux défauts, Régulateur de courant non linéaire à large bande passante[END_REF].
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The maximum average torque in degradation mode is approximately equal to 60% of the torque in nominal operation for the same current. In order to simulate phase disconnection with Saber software, a controlled switch can be placed in series between inverter and motor phase (Fig. 5). To approach a real phase disconnection, the "on" switch resistor Ron must be much lower than motor phase impedance during its conduction, and its "off" resistor Roff must be much higher than motor phase impedance. The switching time needs also to be lower than the sampling time in order to obtain simulation convergence.

U DC M Fig. 5. Simulation of phase disconnection with a controlled switch Fig. 6 presents simulation results of motor operation with phase 'a' disconnection introduced at t=0.3s. The two phase control is applied at t=0.6s. During phase disconnection, the current amplitudes in phase 'b' and 'c' increase, while motor rotation speed and its electromagnetic torque present oscillations. Nevertheless, the motor behavior with and without two phase control is very similar. However, for the first case, the generated reference voltages increase significantly until saturation value Fig. 7, system operation mode is far from optimum. After the two phase control is applied (t=0.6s), motor phase voltage amplitudes decrease considerably and become comparable to those in normal mode. It can be noticed that during phase disconnection, without applying 2 phase control, the excessive reference voltage increase requires high DC bus voltage in order to obtain an equivalent average motor speed comparable to ideal operation. This non optimal operation is due to persistent phase lag between the reference currents and motor currents described in the following paragraphs.

Considering stator model in (1) and emf compensation in the current controllers, the sum of input voltage at phase 'b' and 'c' during 2 phase operation can be expressed as in (10). 
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By taking first into account the sinusoidal component of reference voltages (12), neutral voltage and motor phases voltages are expressed as in ( 13) and ( 14):
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Consequently, motor phase currents can be also written as:
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Without two phases control, ψ is usually imposed as zero for an optimal electromagnetic torque according to the conventional three-phase operation. The resulting currents (ωt +/-π/2) are thus at persistent phase lag with reference currents (ωt +/-2π/3) in the current controllers, and also generate at controller outputs the corresponding voltage references (ωt +/-π/2). However, the later components do not have any impact on the neutral components. Based on the present analysis of phase disconnection and two phase control for one motor, in the following sections, this failure mode will be applied to the multi-motor mono-inverter system.

From another point of view, it is also possible to use two phase control method to operate motor without actual phase disconnection. This operation can be obtained by imposing current reference at phase 'a' as zero. Fig. 8 presents simulation results for two phase control where real disconnection of motor phase is applied on phase 'a' at 0.5s. It can be seen that motor behavior before and after is almost the same. This typical characteristic provides an additional interesting solution for multi motor system. Actually, when a phase is disconnected, it will be not necessary to physically disconnect other parallel phases of parallel motors, in order to drive all motors using 2 phase control. This study will be detailed in the next section.It should be noticed that the 2 phase control can also be applied for other disconnected phase, by shifting the injected angle ψ of +/-2π/3. Otherwise, the problem of high torque oscillation encountered in this study, is due to the degree of freedom in motor current control. It was shown that the oscillations are better reduced in a double-fed PMSM driving system [START_REF] Shamsi-Nejad | Fault Tolerant and Minimum Loss Control of Double-Star Synchronous Machines Under Open Phase Conditions, Industrial Electronics[END_REF]. Failure can be divided into 2 scenarios: motor phase disconnection and inverter phase disconnection (Fig. 9). The study of the 2 cases will be carried out separately and the comparison of both systems will be presented at the end of this section. It should be noticed that in mono-inverter multi-motor system, the Master/Slave function is employed in order to select a master motor for self-piloting. This parameter still plays an important role in system stability during degradation operation.

A. Motor Phase Disconnection

Fig. 10 and Fig. 11 present simulation results of both motors operation where phase disconnection is applied on phase 'a' of motor '1' at t = 0.3s. Before phase rupture, the motor '2' is master since its friction is slightly more important. During phase disconnection, motor '1' is supplied by only 2 phases, while motor '2' remains supplied by its 3 phases. Immediately after phase disconnection, electromagnetic torque developed by motor '1' naturally decrease significantly and presents torque oscillation. The resulting speed causes its position delay compared to position of motor '2'. The function Master/Slave switches to motor '1' as Master (Enable = 0). According to the descriptions in previous section, motor '1' can thus operate in degradation mode, despite its torque and speed oscillations.

Nevertheless, the configuration of motor '2' submitted to a three-phase structure cannot be compatible with a two-phase configuration. Its operation is consequently in unstable state characterized by its high current, speed and torque overshoots, which will lead to high copper losses and mechanical degradation. The whole system is thus in unstable state.

The two phase control is supposed to be applied as fast enough at 0.32s. The reference current in phase 'a' is imposed to zero by current controller. Both motors operate in degraded condition with controllable phase 'b' and 'c'. Torque and speed oscillation is still present. However, the overshoots observed earlier are suppressed. The master/slave function also operates correctly. Motor '2' becomes master (Enable=1) as in ideal case. 

B. Inverter Phase Disconnection

Fig. 12 presents simulation results for inverter phase disconnection applied at t = 0.3s. Contrarily to previous case, both motors are thus submitted to the same phase configuration. As a result, the system can operate under degradation illustrated by their similar speed and torque oscillations, while presenting non optimal voltage references.

During phase disconnection, none of torque, current or speed overshoots is presented in motor operation as in motor phase disconnection. The two phase control is supposed to operate at t = 0.5s. In this case, the reference current in phase 'a' is not necessarily imposed to zero. Motor behaviors considering their currents, speeds and torques do not present any significant change before and after 2 phase control application. Both motors continue to operate in the same ways as without phase control. However, reference voltages are more optimal and the motors can thus be driven at higher power for the same DC bus voltage.

It can be seen that the main difference between the motor and inverter phase disconnection resides in the phase compatibility between parallel motors, which may cause phase unbalance of one motor relative to another. In case of inverter phase disconnection, the motors perceive the same connection and can thus be driven at the same operation. As the system is relatively stable, even under degraded conditions, two phase control can more lately be applied. Motors-Inverter phase connection uniformity is hence crucial for system stability. In this paper, it is demonstrated that such a structural uniformity can also be reconfigured by controller.

Concerning the problem of speed and torque oscillation reduction encountered in this study, additional explorations should be conducted in order to improve system tolerance in degradation conditions.

V. CONCLUSION

In this paper, we presented the operation in a mono inverter double PMSM system including one phase disconnection either in motor or in inverter phase. It can be seen that a two phase control makes it possible to operate motors in degraded conditions with modified optimal reference voltages. Nevertheless, the motors inevitably present torque oscillation.

In addition, it can be put in evidence that the system under inverter phase disconnection is relatively more stable than in inverter disconnection, thanks to phase uniform configuration. Furthermore, in case of motor phase disconnection, the motors are exposed to non uniform phase connection with inverter. As a result, motor current overshoot, speed and torque oscillations are increased. These consequences inevitably provoke additional heat losses and could lead to unwanted mechanical degradation. By imposing the reference currents to zero in the disconnected phase, it is possible to apply two phase control in order to reconstruct phase connection uniformity and operate all parallel motors, without physically disconnecting the affected phases.
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The complete experimental study of the presented system is still under investigation. Future works may also deal with control strategy for reducing torque and speed oscillations in the present system.