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This paper presents a robust observer based on association of a reduced order torque observer and Kalman Filter. This approach makes it possible on the one hand to the control of PM synchronous motor without position encoder in spite of torque load variations and on the other hand, it makes it possible to reduce the ripple torque.

Introduction

Owing to the recent availability of high-energy permanent magnets, permanent magnet synchronous motors (PMSM) are emerging as potential candidates for industrial drive applications. In general, PMSM are controlled using a three-phase power semiconductor bridge. This type of motor requires position sensors such as encoders, resolvers or Hall sensors for providing the proper commutation sequence to turn on the power devices. However these external sensors increase the cost and size of the drives and reduce reliability due to the vibration or humidity. With these backgrounds, the eradication of such sensors has been the subject of many publications. Most of the observers proposed allow the reconstruction of the position but do not take into account the load torque or ripple torque [START_REF] Boussak | Digital Signal Processor Based Sensorless Speed control of PMSM drive using Extended Kalman filter[END_REF]. Ripple torque is due to the rotor anisotropy and by the distortion of the stator flux linkage distribution [START_REF] Thomas | Pulsating torque minimisation for permanent magnet AC motor drives a review[END_REF]. This torque fluctuation causes vibrations and deteriorates the performance, so it has become important to evaluate and reduce torque pulsating. In the traditional drive system operated in a high-speed region, it is not necessary to consider this problem because the torque pulsation is filtered out by the inertia of the motor and load. This problem, however, degrades the control performance in the direct-drive system because the motor is generally operated in a low-speed region. The first solution consists to estimate the load torque by extended Kalman filter but this solution increases the complexity of the calculation code and it is very difficult to fix the dynamic of this observer. To overcome the above-mentioned problem, we propose the association of a reduced load torque observer with a Kalman filter. The rotor position is estimated from with Kalman filter by only measurements of the stator voltages and currents. The instantaneous disturbance torque is estimated by a torque observer that uses only the speed measured [START_REF] Vorwald | Contrôle en position de la machine synchrone alimentée en courant entraînant une charge variable[END_REF][START_REF] Hamada | Sensorless control of PMSM using a linear reduced order observer including disturbance torque estimation[END_REF]. The knowledge of the load torque enables on the one hand to define active control schemes which modify the excitation to correct any of the non-ideal characteristics of the motor and on the other hand, to take into account this estimation in Kalman filter. In this case, the load torque is not any more considered as a state variable but as an entrance for the Kalman filter. The use of the proposed reduced order observer results in both the simplification of the system and the reduction of the calculation code. Both observers are uncoupled as regards their dynamics. With regard to Kalman filter, it is very easy to determine the dynamics of the reduced observer. The entrances of the Kalman filter are the currents, the voltage and the load torque estimated by load torque observer. This estimation is based on the measure of the speed and on the knowledge of the reference current. The voltages and the currents are defined from the Park's transformation calculated from the position estimated by Kalman filter. We notice the direct intervention of the torque observer at the level of the generation of the reference current in order to reduce ripple torque.

Structure of control

We present now the studied structure constituted by a permanent magnet synchronous machine synchronous feed by the three phase inverter.

Presentation of the control scheme

The proposed diagram is based upon a classic vector control of the synchronous machine using a Park transformation. The originality of this approach resides in the joined use of a Kalman filter providing the information of speed and position from the measured electric values. 

Kalman Filter

For handling system uncertainties a stochastic model is used. This stochastic model is obtained by adding a Gaussian white-noise vectors to the deterministic model:

) ( ) ( ) ( ) ( ) ( ) ( G F k k k k k 1 k w u X X ( 1 
) ) ( ) ( ) ( ) ( C k k k k v X y (2)
The process noises ) (k w and the measurement noises ) (k v are characterized by:

k i 0 k i k Q i w k w E T ) ( ) ( ) ( (3) 
k i 0 k i k R i v k v E T ) ( ) ( ) ( (4) 
k et i 0 i v k w E T ) ( ) ( (5) 
where E{.} denote the expectation operator.

Taking into account the system noises, the Kalman filter algorithm will adapt the gains in order to minimize the trace of the error covariance matrix .

The Kalman Filter equations are as follows: 
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The continuous model deterministic is done by: . . . . where quantities id, and iq, are the direct and quadrature components of the stator current space phasor in relation to the rotor frame, and quantities and represent the rotor angular velocity and position, respectively and with Kem electromagnetic constant (Nm/A eff ), f viscous damping coefficient, J the rotor inertia. The input quantities of the process are the components of the vector : ud and uq are the direct and quadrature, components of the stator voltages space phasor, and quantity Cr represents the load torque estimated.

By the first order discretisation we get the following shape:
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The sampling period Te is choose equal to the switching period of inverter.

Load torque observer

In this part, the mechanical model of the motor is presented.
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The integral calculation is simplified by supposing that the current and load torque remain constant during one sampling period. The sampled model of reduced observer is :
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Equation ( 17) is the discrete state representation on which the controller's and observer's implementation is based. To simplify, this equation can be rewritten as follows :
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The equation of observation becomes:
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where L obs represents the observer gain. Replacing
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, we obtain the reduced observer :
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The gain L obs is calculated compared to the closed-loop dynamics 

Results of simulation

Speed regulation

We are going to present the results of simulation now. In a first time, we consider the parameters uses in the Kalman filter and the observer knew. The simulations are done without torque of load and without ripple of torque. The variables of state of the filter are initialized to zero. We tested the performances of the filter of Kalman at the time of a regulation of speed. We note that for a high initial error of position the observer converges toward zero (the time of convergence is lower than the second). The speed is correctly regulate (Figure 3).

Figure 3 Speed Regulation

The figure 4 shows the evolution of the electromagnetic torque for an impact of a load torque. If the load torque is not taken into account in Kalman filter, the motor would take down. Thanks to the association of the two observers, the control is ensured in spite of the impact and it is in more possible to reduce the amplitude of the variation of torque by the means of the torque compensation. We are going to consider now the ripple of torque (Figure 5a and Figure 5b), as the cogging torque now. Without compensation, the ripple of torque influences the speed and the quality of electromagnetic torque but the speed is well controlled. The compensation of the ripple torque permits to improve the quality of torque considerably all in maintaining the performances in term of regulation. The role of the torque observer is double; it makes it possible on the one hand to hold of the evolution of the load torque in the algorithms of the Kalman filter, and on the other hand, it makes it possible to determine the undulation of current with an aim of reducing the impact of load torque or/and ripple torque. 

Conclusion

In this paper, we propose a new approach to the sensorless drive scheme of PMSM using a association between a reduced order torque observer and a Kalman filter. The load torque is defined by only measurement of the speed. The position is defined with Kalman filter by measurements of the stator voltages and currents. With this approach, the load torque is not any more considered as a state variable of Kalman filter but as an entrance. This solution decreases the complexity of the calculation code and it is easier to fix the dynamic ones of the two observers This structure enables to hold of the evolution of the load torque in the algorithms of the Kalman filter, and it possible to reduce ripple torque without position sensor.
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  With p 1 =0, we obtain a dead beat load torque observer which gives an image of the load torque in one sampling period.
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