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This paper proposes a new state observer based on extended Kalman filter (EKF) for the sensorless control of permanent magnet synchronous motors (PMSM). The observer can obtain exact rotor speed and position with which sensorless control can be achieved. Load torque is also observed and used as the feed-forward compensation to improve the system performance during load torque changes. In this system, the initial rotor position is not necessary for the start up. Based on the observed variables, a state space position control controller is built up. Simulations and experiments have been done to verify the performances of the system.

I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are more and more used because of their good performances. High performance control of the PMSM needs the rotor position which is usually measured by a mechanical rotor position sensor. This will increase the cost and the instability of the system. So sensorless control is becoming a research focus recently.

Some sensorless control methods have been proposed before. Generally there are the methods based on back electromotive force (EMF), model reference adaptive system (MRAS) [START_REF] Liang | Sensorless Control of PM Synchronous Motors Based on MRAS Method and Initial Position Estimation[END_REF] and state observer. Methods based on EMF and MRAS are simple but are greatly depended on the accuracy of the parameters. Method based on state observer is more robust because of the feedback correction, but it is difficult to determine all the feedback gains in order to get both better stability and quicker converging speed. The difference between state observer and Kalman filter is that the feedback gain of Kalman filter is updated automatically by the iteration based on optimal control theory. Extended Kalman filter (EKF) is an extension in the nonlinear system of the linear Kalman filter (LKF). Since the equations of the PMSM are generally nonlinear, EKF is more suitable than linear state observer. Some methods based on EKF have been proposed, most of them are founded in the static twophases coordinate, since the stator inductances in static two-coordinate of salient PMSM are varying depend on rotor position, they can hardly be used for the salient pole motors. [2][3][4] In motor control system, the parameters of traditional speed or position regulators are adjusted by supposing load torque as system disturbance and constant. So the variation of load torque will have some effects on system performance. Feed-forward compensation by the load torque can eliminate the effects. Since the measurement of load torque is difficult and expensive, some load torque observes have been proposed. [START_REF] Gasc | Sensorless control for PMSM with reduced order torque observer associated to Kalman filter[END_REF][6] [START_REF] Zhu | Speed Tracking Control of a Permanent-magnet Synchronous Motor with State and Load Torque Observer[END_REF] Generally a mechanic sensor is also needed in these methods. With the EKF, the observation of load torque is possible without mechanical sensor. [START_REF] Janiszewski | Extended Kalman Filter Based Speed Sensorless PMSM Control with Load Reconstruction[END_REF] In this paper, a new state observer based on extended Kalman filter is proposed. The precious rotor position and speed can be obtained by EKF. Then a sensorless speed control system can be formed. The EKF observer can observe the load torque at the same time which can be used as the feed-forward compensation of the reference torque at the output of the speed regulator. With the compensation, the speed fluctuations during load torque impacts can be greatly decreased.

In sensorless system, the estimation of the initial position is very difficult, especially for the non-salient motors. The EKF observer can track the real rotor position quickly during start up in despite of the initial position errors. So the initial position measurement or estimation can be got rid of in this system. In spite of some small reverse when the initial position error is large, this start method is simple and can be used in many fields. Based on the observed rotor speed, position and load torque, a state space position controller is built up which can get an excellent position control performance. [START_REF] Fadel | Position control laws for electromechanical actuator[END_REF] Some simulations and experiments have been done to verify the performances of the proposed system.

II. OBSERVER BASED ON EKF

In the rotor flux oriented synchronous coordinate (d,q coordinate), stator voltage equations of PMSM are shown in (1) and (2).
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Here d U and q U are stator voltages in dq axes. d I and q I are stator phase currents. d L and q L are stator inductances, R is stator resistance. is rotor electrical angle speed. r is rotor flux amplitude on d axes. In rotor flux oriented synchronous coordinate, L d and L q are constants, so the observers built on synchronous coordinates are more suitable for the salient PMSM.

In this paper, we use surface mounted PMSM, there is:
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The equations of the rotor speed and position are:
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Here J is the inertia, is rotor mechanic angle speed, em T is the electromagnetic torque, f is the coefficient of friction torque. L T is load torque. If we use electrical angle speed instead, (4) can also be written as:
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Here e m rq TpI .

The load torque is supposed to change slowly compared with other state variables, and its derivation is zero.
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If we use d,q currents, rotor speed, rotor position and load torque as state variables, the state equations can be shown as (8). 

Considering the noises and parameter errors, the state equations for PMSM can be written as (10). Here w and v are the random disturbances and noise. In fact w is the process noise which stands for the errors of the parameters; v is the measurement noise which stands for the errors in the measurement and sample.

The noises covariance matrixes are defined as follows:
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is the computation of expectation value. Extended Kalman filter can be built as follows:
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Compared with EKF, the traditional state observer is calculated as follows:

1 1 |1 ˆˆˆ() k k k e kk x x g x T K y Cx ( 19 
)
Generally the feedback gains of state observer are constants or updated artificially, and the initial values of the feedback matrix are also hard to be known well. But the feedback gain of EKF is obtained by iteration and no initial values are needed.

Because there are many matrix calculations in the iteration of EKF, the computation take quite a lot of time. In practice, matrixes Q and R are diagonal, and we can set the initial values of matrix P as diagonal matrix too. Then we can know that matrix |1 kk P and | kk P are always symmetric during iteration. There are also some repeated computations during iteration, so computation can be reduced greatly by optimization of the calculation.

Since the measurement of the terminal voltages of the motors driven by a PWM inverter is very difficult and expensive. So the reference voltages are used instead.

During load torque changes, there are usually corresponding speed fluctuations, which are determined by the inherent characters of the PI regulator. Since the load torque is observed by EKF, we can use the observed load torque as feed-forward compensation of reference torque. Before the compensation, a low-pass filter is used in order to make the system stable. Based on extended Kalman filter, the sensorless control system is shown in Fig. 1. The rotor flux oriented vector control is adopted. The d-axe current is controlled to be zero which can get the largest torque with smallest phase currents. Some simulations have been done in MATLAB Simulink to verify the performance of the system. The parameters of the system are shown in TABLE 1.

When there are some initial position errors ( /3 ), the rotor speed and position estimation errors are shown in Fig. 2 and Fig. 3. It can be seen that the initial position error causes some errors in the speed and position estimation at the beginning, but the extended Kalman filter can track the real values very quickly.

When the motor starts up at 0s, and there is some load torque impact at 1s, the observed and real load torque is shown in Fig. 4. It can be seen that the observed load torque can track the real torque very well. 

IV. EXPERIMENT RESULTS

Experiments have been done on a platform with the D S P C 6 7 1 1 a s t he c o nt ro l l e r . T he p a r a m e t e rs o f t he motor are the same as shown in TABLE 1. In fact we don't know the coefficient of friction and inertia exactly.

In the extended Kalman filter, the Q and R matrixes are set as follows: 0
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The matrix P is set as

: 0|0 0.1 0.1 0.1 0.1 0.1 P . ( 21 
)
The initial values of the state variables are all zeros. The estimated rotor speed during acceleration is shown in Fig. 5. Because we use a rotor position sensor of 256 points every cycle to measure the rotor position and speed, there is some noise in the measured rotor speed. The estimated rotor speed can track the measured speed very well and there are almost no noises in the estimated rotor speed.

The load torque observation result is shown in Fig. 6. There are some static errors in the load torque estimation which is caused by the error in the coefficient of friction.

The observed load torque can be used as the feedforward compensation. If we use the load torque impacts of the same value, rotor speeds with and without compensations under the same speed controller parameters are shown in Fig. 7 and Fig. 8. It is obvious that the feed-forward compensation of the observed load torque can greatly improve rotor speed control performance, especially during load torque changes. The speed fluctuates can be decreased greatly and the speed response can be more rapid. In the traditional control method of PMSM, the initial rotor position is needed for the start up. The initial position sensor increases the cost of the system. A method is proposed to measure the initial rotor position in [1]. But it is difficult to be used in non-salient motors. Another method is to make the rotor to be fixed at some desired initial position using some DC voltage or DC current. But the system inertia and the load characters limit the use of this method.

In this sensorless system, the motor can start up at any unknown initial rotor positions. During start-up, the estimated rotor position can track the real position quickly. Then the motor can start up successfully from any unknown rotor initial position. The rotor position estimation results during start-up are shown in Fig. 9 and Fig. 10. Since the rotor position sensor hasn't a very good precision, there is some noise in the measured rotor position.

Sometimes there are the reverses during start up, especially when the initial position errors are large (larger than /2 ), but the motor can run towards the correct direction quickly after the estimated rotor position track the real position. So in this system, the initial rotor position measurement or estimation is not needed. This method is simple and efficient, and can be used some fields where a rigorous start performance isn't desired.

The phase current of the motor during start up is shown in Fig. 11. It can be seen that there is no attacks in phase currents during start up. V. CONCLUSIONS The observer based on extended Kalman filter can observe the exact rotor speed, position and load torque. The observed load torque can be used as the feed-forward compensation of the reference torque. The compensation can greatly improve the speed control performance with load torque impacts. The extended Kalman filter can track the real rotor position quickly during start-up in spite of the existence of the initial position error. So the motor can start up at any unknown initial position. A stator space position controller is built up with the observed speed, position and load torque. An excellent rotor control performance can be got by the controller. Simulation and experiments have proved that this system is a very good sensorless control system for PMSM.
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			.			
		PARAMETERS OF THE SYSTEM	
	Parameters				Values	
	Stator inductance dq LLL		0.00125 H
	Stator phase resistance R			0.155	
	Rotor magnet flux r			0.153093 Web
	Inertia J				0.07 Kg m 2
	Coefficient of friction f			0.0826 N m/(rad/s)
	Number of pole pairs p			4	
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