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I INTRODUCTION

The development of more electrical aircrafts leads to the intensive use of permanent magnet synchronous machines (PMSM) in systems such as flight control actuators, braking systems or landing gear. To make these machines more attractive for aeronautic, it may be advantageous to develop specific multi-machine architectures. Indeed, to respect standards of the aeronautical industry such as redundancy and reliability, a lot of power electronic components should be necessary, knowing that the majority of them being almost never used. Many studies, concerning electrical railway traction have been done for systems composed of several induction motors [START_REF] Bouscayrol | Weighted control of traction drives with parallel connected AC machines[END_REF], but only a few concerns synchronous machines. Therefore, our work, already valued by a patent [START_REF] Foch | Power system comprising several synchronous machines synchronously selfcontrolled by a converter and c o n t r o l m e t h o d f o r s u c h a s y s t e m[END_REF] and in [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF], presents an original study of a system composed of two PMSM connected in parallel on the same shared inverter. The Master-Slave Control was chosen to drive this dual-PMSM / Mono-PWM Inverter System.

PMSM stability

In this section we analyze the stability aspect according to the parallel connection of two PMSM on the same PWM Inverter. These motors are considered as 3 phase smooth-airgap PMSM. The rotor field, created by permanent magnets is constant and the e.m.f is assumed as sinusoidal. When the voltage v j is applied to the phase j, the electric equation for this phase is given by equation 1 [START_REF] Vas | Vector Control of AC Machines[END_REF]:
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where R is the stator resistance per phase, L the cyclic inductance and for each phase j: i j is the stator current and e j back electromotive force ( Back EMF). 
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is the impedance argument, =(V,E) is called the load angle.

In these conditions, the electromagnetic torque T em , produced by the motor, can be determined by equation 2:
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where k T = p m represents the torque constant (Nm.A -1 ), p the number of pole pairs and m the maximal induction flux.

The variation of the load angle value depends on the mechanical load torque T L : the increase of the load leads to the increase of the angle. Therefore, to insure the stability of the PMSM, when a voltage V is applied with an electrical rotation speed , the condition 0 em T has to be respected.

A s d e s c r i b e d i n e q u a t i o n 2 , t h e e v o l u t i o n o f t h e electromagnetic torque T em v e r s u s t h e l o a d a n g l e i s sinusoidal. Thus, when it is not self-commutated, a PMSM is stable if the condition (3) is respected:

the PMSM is stable (3)

The master-slave configuration

The control structure chosen is a master-slave, as depicted in figure 1. Only one motor, called master machine is selfpiloted and controlled, the other one, called slave machine operates in open loop.

To ensure the stability of such a system, the synchronism of the two machines should always be respected. Thus, both machines have to be driven at the same speed and their parameters should be identical or similar. Concerning the slave motor, the relation (3) has to be respected. Therefore, to ensure the stability of the system, a control strategy has to be developed depending on the mechanical load applied to both motors. In this paper, a first case, when mechanical loads T L_m and T L_sl are independent is studied. Then, the case when both PMSM need to move a common inelastic mechanical load is presented.

II INDEPENDANT LOADS

In this section, both motors are considered as identical: the resistance and the inductance values are the same:

m sl
. Therefore, the torque expression determined by equation 2 and the stability condition are the same for the master and the slave motor.

Master motor choice

Considering that the master motor is self-piloted and controlled, the condition presented on equation 3 is always respected, which leads to the relation 4:

m (4)
The stability of the slave motor is insured if the condition sl m is respected, which means, considering the mechanical loads, if T L_sl T L_m . For a positive rotation speed, the same voltage being applied on both motors, this condition is respected when m sl . When the rotation speed is negative, it is the contrary.

Hence, considering two motors, called M 1 and M 2 , connected in parallel on the same shared inverter, to ensure the stability of this system, the master motor has to be chosen as the one with the lower rotor position value . The mechanical load applied on both motors can vary, so each of them can be chosen anytime as the master motor and a process, presented in [START_REF] Bidart | Mono inverter multi-parallel permanent magnet synchronous motor: structure and control strategy[END_REF] makes continually a comparison between the rotor positions 1 and 2 .

Experimental results

To validate these theoretical principles, simulations are realized with Saber software and an experimental test bench has been created (Figure 3). In this process, two PMSM (M1 and M2) are plugged in parallel on the same PWM inverter. Each of the motors is coupled to its own linear actuator ball screw driven and is driving its own cart.

Figure 3. Experimental Dual PMSM test bench

To simulate a load torque variation T L_var , the cart of M1 is mechanically connected to a third load motor situated in figure 3 in the middle, between motors M1 and M2.

A trapezoidal rotation speed reference ref =± 50 rad.s -1 is applied. The load torque have the values T L1 0,35T nom +T L_var a n d T L2 0,2T nom with T nom the nominal torque values (T nom =1,5 Nm) and T L_var = 0 or ±0,2 T nom.

Figure 4. Experimental results with load variations

The values of the rotation speeds 1,2 , the phase currents i a1,2 and the rotor position 1,2 are measured for each motor, their evolutions being presented in Figure 4. Experimental results confirm the theory: whatever the mechanical load variations, system stability is always guaranteed. Concerning the current values, they stay acceptable for both of the motors: I max 6A for the slave motor, the nominal value being I nom 4,6A and the maximal acceptable value being 10A.

Resistance variation

Even if machines have the same characteristics, electrical parameters, especially the motor resistance could change because of temperature or spare part replacement. In this section, the system being studied is the structure presented in (5)

Considering the system stability, two cases are thus appearing:

Case 1 -R m R sl : m sl : the relation sl sl is verified and the system is stable.

Case 2-R m R sl: m sl : the system sta bi li ty is not ensured. Indeed, when the torque T L_sl i s i nc rea s in g, the sl value is also increasing. In this case, the system stabi lity depends on the sl value.

-While sl sl : the system is stable: the electromagnetic torque T em_sl is als o increasing.

-When sl sl : the stability is not respected anymore: T L_sl is increasing whereas T em_sl is decreasing. This leads to a decrease of the sl value until sl m .

-When sl m : the slave motor becomes master and the master becomes slave. Resistance values of the motors are the same, so this change leads to the case 1: R m R sl and the system becomes stable. -While 2 2 : the electromagnetic torque T 2 is increasing. -When 2 2 : T 2 is slowly decreasing, like 2 , until 2 1 .

-When 2 1: M1 becomes the slave motor and the condition 1 1 is respected.

III COMMON LOAD

I n t h i s p a rt , t he t w o P M S M , M 1 a nd M 2 c o n ne c t e d i n parallel on the same inverter, need to move a common inelastic mechanical load. Therefore, a rigid connection between the two rotors is created leading to the same rotation speed. Resistance variation is taken into account and its consequences on the current values are studied.

The master motor being self-commutated, its stator and rotor magnetic fields are rotating at the same rate. Due to the electrical coupling, the evolution of the slave stator field is the same than the master one. Moreover, considering that a mechanical rigid coupling is created between the rotors, their rotation speeds are similar. Evolution of the slave rotor is thus the same than the master motor. Thus, whatever the master motor, synchronism of the slave motor is respected.

Considering two PMSM M1 and M2, the relation 6 is always verified:

0 1 2 (6) with 0 the initial value of 2 1
The mechanical coupling is considered as inelastic, therefore, the study can be done with 0 =0, this value being imposed during the mechanical assembly of the system. Under these conditions, emf E 1 and E 2 are equal. Moreover, the electrical coupling leads to the relation V 1 =V 2 . Considering the Figure 2, the relation 7 is deducted:

2 2 1 1 I Z I Z (7)
Consequently, in such a system, the motor with the lowest impedance, i.e with the lowest resistance value has the highest current. To control the current values of both machines, the relation I sl <I m has to be verified. Indeed, the control of the master motor current involves the relation I m I sat with I sat the maximum current value allowed in the motor. Thus, when I sl <I m , the slave current, which is not controlled, has a value I m I sat.

Therefore, the choice of the master motor is done taking into account the rms motor currents. Considering that the motor is a balanced three-phase system and that the 3 currents are sinusoidal, the relation (8) is verified for both motors:

2 2 2 2 2 3 I i i i c b a (8)
with i a,b,c the instantaneous currents of the phase a,b,c and I their common rms value. Knowing that i c =-(i a +i b ), the rms value is obtained with two phases instantaneous current values. Consequently, the master motor is chosen by comparing the I 1 and I 2 values, given by the equation ( 9), the motor with the higher value being chosen as the master motor A simulation of this master motor choice is realized, considering that:

The load speed reference is a step v ref = 0, 2m.s 1 This load is constant, The resistance values R 1 and R 2 are variable.

Simulation results are presented in figure 6 Figure 6. Simulation results with common load and resistance variation (1graduation equal to 0,1 )

As depicted in figure 6, it appears that the master motor is the machine with the highest current, i.e. the machine with the lowest resistance. Moreover, it appears that whatever the master motor, the load speed corresponds to the reference speed.

IV FAULTY OPERATION MODE

Other studies concerning the consequences of some faults such as stator phase disconnection, as presented in Figure 7, have been carried out [START_REF] Chhun | Analysis of open-phase degradation in a mono-inverter double PMSM system[END_REF]. The degradation scenarios and their consequences for motor phase and inverter phase disconnection modes have been analyzed in detail. Two default cases have been simulated with Saber: first a disconnection for one motor phase: case (a) in Figure 7 and then, a disconnection of one inverter phase: case (b) in Figure 7. Figure 8 presents simulation results of both motors operation where phase disconnection appears on phase 'a' of motor '1' at t = 0.3s. Before this failure, 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 of motor '1' decreases significantly and presents oscillations. The resulting speed causes its position delay compared to position of motor '2'. The function Master/Slave switches to motor '1' as Master. However, the healthy motor, which has become the slave motor, will also be controlled as if it was faulty, which can leads to mechanical degradations. To avoid it, the default is simulated on both motors: the controller imposes thus to zero the current of the healthy phase, which becomes equivalent to the faulty phase. The same regulation is applied to both motors and the system stability can be respected even in this degraded mode.

Figure 9 shows simulation results for inverter phase disconnection applied at t = 0.3s. In this case, both motors are fed in the same configuration. So, the system operates under degradation illustrated by their similar speed and torque oscillations. 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. 

CONCLUSION

In this work, theoretical, simulation and experimental results have been presented to confirm that it is possible to control a system composed by two PMSM connected in parallel on the same shared inverter. The survey is first achieved with independent loads, then we considered that the loads are coupled mechanically. The influence of parameter variations such as the mechanical load or the resistance value has been studied and the system stability has been approved in both cases. The influence of some faults, such as disconnection of one motor phase or disconnection of one PWM inverter phase, has been studied. Such a structure can be interesting for the aeronautical industry, e.g. it could be used as a safety system, instead of using redundancy inverters.
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 1 Figure 1. Parallel structure: Master-Slave configuration

Figure 2 .

 2 Figure 2. Vector diagram for a smooth-air-gap PMSM Considering that the steady state is achieved and that the currents are sinusoidal, the vector diagram for the PMSM is given in Figure 2. The different symbols used in this figure are defined as below: E, I and V represents the rms values of e j , i j and v j , is the electrical position, corresponding to the EMF position dt d is the electrical rotation speed,

Figure 1 ,

 1 considering that the resistance values and the m e c h a n i c a l l o a d s c a n v a r y o n b o t h m o t o r s : R m R sl and T L_m T L_sl . These parameters are usually considered has constant and the resistor effect negligible in most of the studies but could have a significant effect in the case of "small" machines which are considered here.The master motor is still chosen as the one with the lower rotor position value: m sl , which means that sl m. The resistance values being different: Z m Z sl ; m sl and the electromagnetic torque expressions T em =f( ), presented in equation (2), are not the same for the master and the slave motor. These conditions combined with the relation (4) leads to the relation presented in equation (5).

Figure 5 .

 5 Figure 5. Simulation results with load variations when R sl >R m These conditions are simulated and the results are presented in Figure 5. The studied case concerns 2 PMSM, motor M1 and motor M2, plugged in parallel, the resistance values of these motors being R 1 =R and R 2 = 1.5R. Concerning the load variation, two zones are distinguished: Zone (1): T L1 =1.25 Nm and T L2 =0.46 Nm. 2 > 1 : M2 is the slave motor but the condition 2 2 is respected. Zone (2): T L1 =1.25 Nm and T L2 =1.15Nm: 2 is increasing (i.e 2 is decreasing):
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 7 Figure 7. Motor phase disconnection (a) and Inverter phase disconnection (b)
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 8 Figure 8. Simulation results with motor phase disconnection
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 9 Figure 9. Simulation results for inverter phase disconnection