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LOAD TORQUE OBSERVER FOR MINIMISING TORQUE RIPPLE IN PMSM

Permanent magnet synchronous motors generate parasitic torque pulsations owing to distortion of the stator flux linkage distribution and variable magnetic reluctance at the stator slots. The consequences are speed oscillations which deteriorate the performance drive in various applications. In this paper, the pulsating torque are analysed and modelled under Matlab/Simulink using an approach lead by fields calculations (Flux2D). With this model, a dynamic and robust torque control system for PMSM drives based on load torque observer is studied. Only the speed rotor should be used. The instantaneous speed and disturbance torque are accurately estimated what enables to define active control schemes which modify the excitation to correct any of the non-ideal characteristics of the motor. This control law, applied to a PM synchronous motor, results in a low sensitive position and speed control system.

I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are widely applied in industrial and robotic applications due to their high efficiency, low inertia and high torque-to-volume ratio. Nevertheless, an inherent drawback is the pulsating torque caused by stator and rotor anisotropy and by the distortion of the stator flux linkage distribution. 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. Given the importance of torque smoothness in many PMAC motor drive applications, a wide variety of techniques have been proposed for minimising the generation of pulsating torque components. The first class is based on the optimum design of the motor such as skewing, PM arc pole width, dummy slots or teeth and fractional slot pitch winding. A special winding technique has been adopted as another way of reducing the torque pulsation. The short-pitched or fractional slot pitch windings provide a good capability of rejecting the torque harmonics [START_REF] Thomas | Pulsating torque minimization for permanent magnet AC motor drives a review[END_REF]. However, these methods have their drawbacks. They require more complex stator or rotor construction, the average torque generally decreases and the leakage inductance and stray losses result slightly higher. A second class of torque minimisation techniques is based on active control schemes, which adjust the stator current behaviours in order to obtain a smooth torque. These techniques can be adopted with any AC motors, i.e. sinusoidal-fed and trapezoidal-fed motor. One of the most popular approaches is a harmonic cancellation technique using the programmed current. However, since this was only implemented in an off-line manner using fixed parameters, a desired performance can not be achieved under various operating conditions. More recent works have generalised the harmonic injection approach by employing numerical optimisation techniques to calculate current waveform. Recognising the lack of solution uniqueness, an additional constraint of minimum ohmic winding losses is introduced in an attempt to maximise motor efficiency [START_REF] C L E N E T S | Compensation of permanent magnet motors torque ripple by means of current supply waveshapes control determined by finite element code[END_REF]. Since all these current harmonic injection techniques are based on open loop cancellation concepts.

Unfortunately, experimental verification of the proposed techniques is generally weak. An approach of interest is a feedback control of the instantaneous torque referred to as an instantaneous torque control [START_REF] -S L O W | S e r v o performance of a BLDC drive with instantaneous torque control[END_REF]. This technique employs a least-square method (LSM) to estimate the instantaneous torque. However, it is known that the LSM is very complex to implement and difficult to obtain the high estimating performance because this requires the differentiation of the motor current. An alternative technique is a speed-loop compensating technique using the load torque. This paper investigates the different sources of torque ripple in permanent machines. Appropriate model are then defined for the ripple generating mechanisms. A concept for the compensation of pulsating torque based on load torque observer is presented.

II. MODELLING OF PMSM

A field calculation code called FLUX2D based on the finite element method has been used to compute the electromagnetic characteristics of the rotor. The rotor motion is taken into account by means of the moving band technique. Electromagnetic characteristics such as: flux, inductance, pulsating torque (cogging torque, distortion of the stator flux linkage distribution) are determined by field calculation. A MATLAB model of simulation must be specially defined in order to take account the real characteristics of the motor. In final paper, each torque component will be separately presented, some details for each of them will be given. We show how it is possible to reproduce the electromagnetic characteristics and the torque oscillations and this in agreement with an approach lead by fields calculations. Knowing the precise characteristics of the motor, thence the modelling and study of dynamic operation with the adequate control laws can be performed. A schematic of a brushless motor drive is illustrated (figure 1). It includes the inverter model, the electrical motor and the current control system PWM. The motor considered in this paper is a surface-mounted three-phase PM synchronous motor, which consists of three phase stator windings and a PM rotor. The stator voltage equation is expressed in the 'abc' frame. In the final paper, we detail the analytical model and we define the different Simulink bloc. The figure above shows that the developed Simulink model enables to reconstruct with precision the pulsating torque.

III. CONTROL OF PMSM

The mechanical equation of the motor can be represented as where mechanical speed, angular position of rotor, Cr load torque, J inertia, and f damping. The model of the motor can be represented in the state-space form as follows [START_REF] Vorwald | Contrôle en position de la machine synchrone alimentée en courant entraînant une charge variable[END_REF] :

Cr J - I J Kem J f dt dt 0 1 0 0 1 0 (2)
where Kem torque constant (Nm/A eff ). The integral calculation is simplified by supposing that the current and load torque remain constant during one sampling period. The discrete system is defined by : Fm will be detailed in the final paper. By considering that the load torque does not vary between two sampling period, we can write:
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. This state equation is added to the previous to give the total system: It is not necessary to know the position to reconstruct load torque. We obtain the following reduced system:
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The equations of reduced observer are: 
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The gain L obs is calculated compared to desired dynamics. With In the final paper, we study the influence of mechanical parameter and the variation of torque constant.

IV. CONCLUSIONS

The pulsating torque are analysed and modelled under Matlab/Simulink using an approach lead by fields calculations (Flux2D). With this model, a dynamic and robust torque control system for PMSM drives based on load torque observer is studied. We show that all non ideal characteristics of the motor are reconstructed. From with estimated disturbance torque, we can adjust the stator current behaviours in order to obtain a smooth torque by feedback control.
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 2 Figure 1 A schematic of a Brushless motor drive
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 3 Figure3A schematic of a Brushless motor driver We can see that all pulsating torque are reconstructed with a dead beat torque observer and we can also notice the Simulink bloc of reduced observer.
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 4 Figure 4 Speed and position control with and without torque compensation