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The permanent magnet synchronous motor (PMSM) has been widely used in industrial applications thank to its very attractive power efficiency. The parallelization of PMSM motors allows further reduction of inverter number and the improvement of system reliability, while the motors can be operated by common controllers. However, the main difficulty in such structures is concerned by optimal operation conditions of the whole system when motors are susceptible to different parameter changes. As a result, an appropriate motor modeling is necessary in order to ensure global structure efficiency. The analysis of motor parameters impact including viscosity variations and motor inertial differences in a bi-motor-mono-inverter system is presented in this paper. In addition, the study of Stribeck friction will also be included to improve mechanical model. The experimental and Saber simulation results will also be provided. This study will contribute to a better control of a multi motor system.

INTRODUCTION

PMSM has been largely used in industrial applications due to its attractive power efficiency. The parallelization of motors in drive system leads to a better integration of electrical power module, while motors can be operated by common controllers. So its size will also be smaller compared to conventional mono motor mono inverter system. Moreover, in case of inverter failure in the later configuration, it is possible to connect motor phases to another inverter in order to improve the system availability. Generally, in multi motor mono inverter system, only one motor is chosen as master to be operated in closed loop control while the remaining slave motors operates in open loop [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and Control strategy[END_REF] [START_REF] Dittrich | Synchronous Multi-Motor Drive with Field-Oriented Position Control for Windpower Pitch Drive Application[END_REF]. The parallel motors are required to have the same characteristics in order to attain global performance guaranteed by the shared controllers. The study of such structure has already been conducted and can be found in literature [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and Control strategy[END_REF]- [START_REF] Foch | Power system comprising several synchronous machines synchronously self-controlled by a converter and control method for such a system[END_REF]. However, one of the main concerns in this system is about its optimal operation when motors are susceptible to different parameter changes. An appropriate model is thus necessary in order to improve the synthesis of controller as well as system performance. The analysis of motor parameter impacts in a bi-motor-monoinverter system is presented in this paper. In part 2, the principle system control, associated with the method for master/slave motor selection assuring system stability, will be provided. Moreover, the development of Stribeck friction related to ball screw of motor axes is also given in part 3 for model completeness. Besides, Part 4 and 5 mainly focus on the impact of motors parameters including motors inertial differences and viscosity variations. The simulation and experimental results will be presented. The whole study will contribute to an optimum control of a multi motor mono inverter system.

CONTROL OF BI MOTOR MONO INVERTER SYSTEM

Fig. 1 illustrates a system of 2-three phase parallel motors supplied by only one inverter. To develop motor models, we suppose the machines have p pairs of poles, sinusoidal electromagnetic force (emf), non saturate winding coil (linear inductance) and that stator phase windings are geometrically shifted by 120 0 . Stator and rotor equations of each motor can be given as in [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and Control strategy[END_REF]:
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with R phase resistance, L cyclic inductance, e electromagnetic force, J rotor inertia, Cem electromagnetic torque and f viscosity coefficient. The control of PMSM requires self piloting with rotor position for motor stability. As a result, only one motor will be chosen to operate in closed loop control, while the other remains in open loop. In [START_REF] Bidart | Mono inverter dual parallel PMSM -Structure and Control strategy[END_REF][6], the selection of master motor is based on one with more dominant mechanical load which is equivalent to the minimal rotor position. A small hysteresis band was also included in the commutation function in order to avoid successive position switching when the position difference slightly oscillates around zero. The control scheme principle for two motors is illustrated in Fig. 2.
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The electromagnetic torque for each motor can be obtained (Eq. 2).
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with p: magnet pole pair number, Φm rotor flux amplitude, ψ angle between current and rotor flux. In our study, motor speed is controlled by conventional PI controller, while the current control is based on "abc" natural frame, with the same kind of controller. For the master motor, the torque can be optimised by controlling the load angle ψ = 0 via phase currents while the angle ψ for slave motor can slightly shift from optimal value (ψ≠0) which results in current amplitude increases. Fig. 3 illustrates typical motor currents, speeds and positions in this case, considering that motor parameters are identical. The hysteresis band for master/slave commutation function is 0.03rd. The simulation results thus prove the system global optimal operation when motors characteristic are alike. The master/salve function 'Enable', initialized to select motor '2' as a master, does not change since their positions are equal.

INTEGRATION OF STRIBECK FRICTION MODEL

The experimental test bench presented in Fig. 4 explains the interest in our work for the development of motor friction model. Two main motors (left and right) are placed in parallel and each possesses on its axe a plate allowing the connection to the load motor whose torque is controlled by an external driver. Motor plates move horizontally on axes due to mounted ball screws. The integration of mechanical model taking into account the friction related to the ball screw makes it possible to approach the system model to the real one. Actually, the friction is composed of several terms appearing at low speed and high speed [START_REF] Borsotto | Les frottements : origines physiques et modèles[END_REF]. According to [START_REF] Karam | Modelling and simulation of mechanical transmission in roller-screw electromechanical actuators[END_REF], the ball screw friction can be presented by the Stribeck equation as in Eq. 3. Some experiments are carried out in order to define Stribeck model parameters. In this configuration, two motors are supplied by an inverter and assisted by a Dspace control board allowing a real time system control. The test operations can be independently conducted on each motor. The Stribeck friction profiles for two motors for different conditions are presented in Fig. 5. The frictions of motors '1' and '2' without load are also slightly different. In case of load connection with motor '1', motor efforts necessary to drive the load are different both in transient and steady state, depending on load characteristic as a resistant or assisting torque. It should be noted that from our experimental results the Stribeck phenomenon appear only at low speed (from zero to several rd/s), thus its effect is present when motors start up and stop. From the obtained experimental results, the parameters can be identified based on least mean square algorithm. The resulting friction model is thus included in motor equations. Fig. 6 presents simulation results considering the Stribeck models for each motor. The Stribeck effets are present just after motor speeds rise from zero. Motor '1' is initially set as master, nevertheless, since motor '2' has electromagnetic torque slightly more significant, it becomes master (Enable = 1) after a short duration in transient state. In addition, the phase currents of both motor are not in phase as in previous simulation results (Fig. 3). With a smaller friction torque, the phase current amplitude of motor '1' is slightly higher.
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Hence, the operation of motor '1' as slave motor is shifted from its optimal point (ψ = 0). 

IMPACTS OF VISCOSITY VARIATION

In general, the optimal operation of the multi motor mono inverter system is perfectly assumed when the parallel motors have the same characteristic, as the selection of an optimal operation of a master motor also applies to the slave motors. However, as shown in our previous studies in section 3, in practice the motors basically have slightly different electrical and mechanical characteristics even they originate from the same manufacturer.

In this section, we study the impacts of viscosity variation on the global system performance. Small signal model can be developed in rotor equations to determine the relationship between viscosity variation and motor outputs: Thus, a small variation on motor speeds, input torques and viscosity coefficients can be introduced (Eq. 4).
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From Eq. 1 and Eq. 4, the rotor equation can be defined as:
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Using Laplace transformation, system transmittances relating the input, viscosity disturbance and speed are obtained:
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From Eq. 6, it can be inferred that motor speed variations is opposite to the viscosity variation. According to Eq. 1, the stator phase current can also be written as:
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As the emf is proportional to motor speed, the current variation varies in opposition with emf variation. Fig. 7 presents the applied viscosity variation to motor '1' and motors behaviors controlled at a reference speed of 30rd/s. During the viscosity variation [0-150%], global motor speeds are susceptible to a slight change from the desired speed. It can be observed that motor speed variations change in opposition direction from viscosity, while the current amplitudes alter with its variation. It should be noted that viscosity disturbances applied on motor '1' also influences the speed and currents of motor '2' and thus the optimal operation of the global system. The presented velocity error can actually be interpreted as an equivalent system with ramp reference using PI controller. In necessary case, this error can be cancelled by introducing a double integrator controller such as one of the structure given in Eq. 8.

Fig. 7 Velocity error due to viscosity variation
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From Eq. 8, system closed loop transmittance can be obtained in Eq. 9. Otherwise, by evaluating the velocity error Eq. 10, the error due to viscosity variation is thus omitted.
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Based on the order of closed loop transfer function Eq. 9, the controller parameters can be obtained by using Naslin method based on the denominator structure given in Eq. 12, and imposing the first cutoff pulsation (1/τ) of the closed loop system, and α=2 corresponding to system output overshoot defined the relationship (Eq. 11) [START_REF] Naslin | Système linéaire, critère d'amortissement[END_REF]. The parameter α represents damping ratio between successive cutoff pulsations.
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The simulation results given in Fig. 8 present the resettling of motor speeds when the double integrator controller is used in the closed loop control. Eq. 10 Eq. 12 Eq. 11 Eq. 9

Eq. 8

The speed can thus be maintained following the desired value. However, the phase currents of slave motor '2' are still increased due to the increase of its load angle with rotor flux. This consequence will directly report to the design problem of power inverter.

IMPACTS OF MOTOR INERTIAL DIFFERENCE

In this section, the two motors are supposed to have different inertias when they drive distinct loads. Since the total inertia of each motor can also be different, the designed control parameters applied in the control procedure may correspond to a specific inertial value of one motor, but is susceptible to be less compatible with one of another motor:
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Fig. 9 illustrates motor behaviors for different motor inertias. It can be shown that in steady state, both motor reach the same speed. Besides, in transient state, their dynamics can be far different according to their inertias. In case J1 > J2, when the step reference is present, the master motor '1' with higher inertia accelerates its position more slowly than motor '2'. After the speed overshoot is reached, both motor decelerate. However, since the dynamic of motor '2' is more important due to its smaller inertia, its deceleration is faster, thus its position can also be smaller than the position '1'. Consequently, within this sub-transient state, motor '2' can become a master motor. The inverse results can be inferred when the inertia of motor '2' is more significant.

Fig. 9 Inertia impacts on motor positions and speeds

The similar scenario is present when the zero speed reference is applied and motors are going to stop. The main difference from previous case is that the impact of system friction at very low speed including (Colomb and Stribeck) is more important than motor inertia. The motors are susceptible to an immediate halt when their speed approaches zero. As a consequence, speed overshoot will not appear and both motors can have significant position difference depending on their inertial divergence. Meanwhile, the commutation of master/slave motor function can also be produced. In other words, the system may see several master/slave commutation during transient state as long as motors inertia diverges. Appropriate motor parameters for the controller need to be explored in order to minimise system performance in transient state.

CONCLUSION

The impacts of viscosity variation and inertial differences in a multi motor mono inverter are presented in this paper. The basic system control was described. Moreover, the Stribeck friction due to ball screw was developed and integrated to the rotor model. In a typical case of viscosity variation, the imperfection of a motor can provoke a general effect on the system. This degradation can be cancelled by the use of a typical double integrator controller. In case of inertial difference, motor dynamic can significantly be different in transient state which can lead to several changes in master/slave function. The choice of global parameters for motor control plays an important role in system optimization in transient state. The whole study will contribute to an optimum control of a multi motor mono inverter system.

ACKNOWLEDGEMENT

Our works can be achieved thanks to the sponsorship of European group EADS foundation contributed to our research activities within Laplace laboratory.

Fig. 1 1 Fig. 2

 112 Fig. 1 Two PMSM motor one inverter system

Fig

  Fig. 4 Experimental test bench

  Coulomb friction; δS, FS, ΩS : Stribeck coefficients; c : External effort factor; d : Quadrant factor (resistant/assisting load); and fv : Viscosity coefficient

Fig. 5

 5 Fig. 5 Stribeck friction profiles

Fig. 8

 8 Fig. 8 Speed resettling using double integrator controller