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Robust Development of Matsui's Observer

This paper presents a robust observer based on redundancy computing emf on 2-axis rotor oriented reference frame. Driving sensorless Synchronous Machine is presented in 3 steps. The first is a stalling phase to avoid wrong rotation whatever the initial rotor position is. The second step is a calibration phase, to estimate accurately the electrical parameters of the drive. So using the 2 first step, finally we control the sensorless drive by estimating emf, velocity and position which are quite closed to reality only by voltages and currents measurements.

I Introduction

Synchronous drives, which are now used for lot of positioning and speed variation applications (for electrical vehicles and actuators for planes…) still reveal some problems when they are used without mechanical sensors. Of course, due to its conception, to control a Synchronous Machine at different speeds we must feed it with an inverter used to apply correct current on the phases and to do this a position encoder is generally necessary. But, to avoid cost and technical problems there are for many years lots of researches to establish a sensorless Synchronous Drive. A good state of the art can be found in [START_REF] Vas | Sensorless Drives, state-of-the-Art[END_REF] and we can extract different kinds of problems with different possible solutions depending on : -if the emf are sinusoidal [START_REF] Urbanski | Rotor Speed and Position observer for PMSM Sensorless control system[END_REF] [START_REF] Mobarakeh | A globally converging observer of mechanical variables for sensorless MPSM[END_REF] or trapezoidal [START_REF] Schroedl | an improved estimator for sensorless controlled permanent magnet synchronous motors[END_REF] -if there is saliency [START_REF] Misutani | Current model-based of salient-pole PMSM at low speed and standstill[END_REF] or not.

Here we focus our attention on classical smooth air gap PMSM with sinusoidal emf. In this case, some method use the d,q representation of the motor to extract directly the position (generally from an arctan of emfd and emfq angle), in fact there are some problems regarding the stability of the observer at low frequency and/or with null emf. (of paramount importance in sensorless position control). Few years ago, Matsui [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF], has published a method we used and developed to extend its application for a PMSM with approximate knowledge on its electrical parameters. First we start with a background study (chapter II) to explain the d,q transformation and the Matsui method adapted to our drive. Simulation environment, set-up and adaptation are presented in chapter III, before studying the robustness of the 3 important parameters in chapter IV. Conclusion and future works are given in the last part (chapter V).

II Background

This method uses a special 2-axis representation of a 3phases PMSM. We use the well known Park transformation to convert the electrical part model in a rotor oriented reference frame, taking into account only 3 constant parameters:

Ls -synchronous inductance

Rs -synchronous resistance Ke -permanent Magnet Flux (or flux due to Msr*If (Msr inductance from stator to rotor and If excitation current) if external circuit is used) For example, with (1) we obtain the 2-axis Id and Iq current from the 3phases current [I1,I2, I3] with position  known:
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So finally we use the d,q following electrical model: Diagonal components of this matrix can be used to compute the emf in d and q axis using only electrical parameters (V, I Rs, Ls) and the rest using the rotor rotating velocity (r) and Ke, can compute the same emf in a second manner.
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The Matsui's method principle consist in using this redundancy to avoid position error. In fact, having an equal result from the 2 methods means having an accurate and real information on the velocity and position. We can easily demonstrate that the femd (error from the 2 manners computing emf on axe d) is proportional to position error (). 

According that  and  are little, we can obtain: femd = -r.Ke. 

In the d,q representation Id is constant and equal to 0 and Iq is constant depending on the desired current amplitude (or desired rotor velocity given by an other controller).

The method can be implemented in 2 steps: * The first one consist in using the q-axis to extract from (2.2) a velocity estimation using V and I estimated in d,q axis (estimated because the Park transform can only be used with the estimated position) as follow :
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* The second step consist in modifying this velocity through a PI corrector with femd on its entry extracted from (2.1).

Of course, velocity is integrated to obtain the position which is send to the inverter to compute the current send to the SM. Stability of this algorithm can only be obtained with this closed loop and with a correct correction (kp,ki). Details of the structure can be found in [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF] and is resumed in the following Figure 1. 

III Simulation

Before presenting first results, we must present the simulation environment and the PMSM parameters. We used for this study an accurate software call PostM5 (build and distributed by our laboratory [START_REF] Dagues | Post simulation softwares: study and teaching of numerical control of static converters electrical machine assemblies[END_REF]). This software allows us to choose the SM (4 poles smooth air gap machine, Rs=1.6, Ls=0.05H ,Ke=1.01W) and the inverter is chosen to be as efficient as possible and we use an inverter controlled in a mode current with hysteresis bandwith (so, we can consider that the inverter is a current source). Controlling this kind of drive without direct knowledge on the rotor position is a problem mainly due to initial condition. How can we know the 3 phase currents to apply to start rotation ? The problem is shown on the We can note that an initial position error  (from real initial position to initial observer position) can be interpreted and resulted in computing a wrong phase current and the SM has in consequence a wrong rotation (wrong sens or no rotation: cf Figure 3). Moreover, we can see that an error on a component (here R) can contribute to this wrong behaviour. Combination of this 2 kind of problem can obstruct the control of this sensorless drive. To avoid the initial position problem some techniques can be used, but on a smooth pole machine we prefer to establish a first-stalling phase.

III.1 Initial positioning Method

Due to the symmetry of the machine we can see that giving 3 constant currents provide a constant flux orientation. So, a mechanical equilibrium is obtained after a few seconds because the rotor turn and stop at a steady state linked to the currents value which are directly linked to a known position. We commonly consider a 0° rotor position when one pole is faced to the first line inductance. For the next results we decide to initiate our rotor at 90° (only to avoid the 0° special case). This position is obtained if : I1= 0 and I2 = -I3

(5)

We must let the 3 constant currents a time sufficient to obtain a steady state. Of course, we can not make a control to reach quickly this position because we are sensorless but we can track the emfs and if their values are near to 0 that means the rotor doesn't move and we are on a quasi steady state. The time to reach this known state is only defined by the mechanical time constant (depending on inertia and friction on the rotor and the worst case used in the next results is when the PMSM is without any load and only slowed down by its own mechanics). On the following graph (Figure 4) we can see that whatever is the initial rotor position (1rd, 3rd), after about 4s giving the 3 constant currents the 1.57rd position is reach allowing after 4s a correct sensorless control of the PMSM. 

III.2 First results

With the same test we introduce in our algorithm an error on Rs (Rs used is equal to the real Rs +50%error). Due to our initial positionning and due to the little variation made, the machine start and turn in the right direction. But, the error influence the estimated value of the velocity and position (and never reach the real value). 

IV Robustness

Convergence of the position is assured by the PI controller, but the final value in steady state is dependant of the electrical coefficients. If we study equations 3 and 4 in this steady case (Id=0, Iq=constant, dIq/dt=0, dId/dt=0) we can compute the steady velocity with our wrong estimation and writing the real velocity as :
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IV.1 Variation on RS

In the case of an error on Rs, [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF] 
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In our algorithm c is the correction outgoing from the PI controller to obtain est=q+c. Equation ( 7) is verified on the precedent simulation (Figure 5) and allows us to know Rs using only the output of the controller and our knowledge of Iq (if fixed by a constant magnitude Iref) and Ke the exciting magnetic flux of the Synchronous Machine. So, to take advantage of (7), we can create a special calibrating phase where we start to estimate velocity and position with wrong parameters and after a few seconds (sufficient to reach a steady velocity) we can correct the Rs parameter. We add to the algorithm a test on the velocity at 2 different time, when this velocity is the same we overwrite the Rs parameters Correct sensorless control Rs=Rs-Rs and we obtain the true value effectively on the machine. On Figure 6, we can see from 0<t<4s the stalling phase (no need of Rs), from 4s<t<6s the calibrating phase (Rs+50%) and at 6s the correction and after t>6s Rs=1.6 (=nominal value). 

IV.2 Variation on Ke

We can make the same study with a variation on the exciting flux (Ke for PMSM, MsrIf if external circuit is used=SM). Here the correction is needed because the influence of Ke is more important to estimate both the velocity and the position. So, if there is a variation on this coefficient, the velocity is wrong and the estimated position is very far from the real position.

Using the Figure 8, we can compute this position error (supposed near 0 for linearization) as follow : With the same approach, we can use [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF] and insert a variation Ke on Ke, we obtain :
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In (8) (Ke+Ke) is known because it is the wrong flux 'Ke' used first in the algorithm. So, using the estimated velocity we are able to compute the error and to modify it to correct the Ke parameter in equations ( 3) and ( 4) and make the observer accurate.

To implement this formulation we only add a test on 2 successive estimation of the velocity to detect when the machine has reached is steady velocity. At this instant we apply equation (8) to overwrite the wrong Ke with the true value Ke-Ke.

The complete sequence is illustrated by the 3 next graphs. On Figure 10, we start at low velocity (stalling). From 4s<t<6s due to an error the velocity converges through a wrong value and after 6s we apply the correction to have the accurate value. On Figure 11, there is a position error due to an error on Ke. After t=6s the estimated position converges to reality. In the same time, on Figure 12, the estimated emf on axe d computed converges after correction to the true real value (null error meaning estimation equal reality). Despite the quick variation of the computed value no reaction can be seen on the torque or on the current given by the inverter. We only adapt our artificial initial computed parameters to copy the real parameters of the machine. Now we can focus our attention on the influence of the Inductance value Ls.

IV.3 Variation on LS

Using vector representation in d,q axis we can write the error (supposed little to linearize) made on the position when an error Ls is made on Ls.

L L L Iq Ls Ke                  tan tan 1 tan tan ) tan( . tan so :           Ke Iq L L  (9)
As shown by (9) and Figure 13 and 14, the estimated position is affected by an error on Ls but in this case there are 2 problems: -the error on the 2 computations of emfd (emf on axe d) is around 0 (Figure 12). In this case we have no information to use, to extract the influence of the error on Ls. If there is an error on Ls there is an error on the estimated position but our computation is blind both on the emf error (4) and velocity at steady state (c ever equals 0)

V Conclusion

In this paper we present an algorithm based on Matsui's observer. This algorithm takes advantage of the 2 axis representation of the emf of the Machine. The d and q emf are linked to position and velocity of the Machine in 2 possible formulations. This redundancy allows to computed an error between this 2 formulations and giving this error through a simple PI to feed the inverter. This closed loop allows to converge. In fact, the only steady state is when this error is null which means algorithm is converging to the real position and velocity and emf. We can note that if all electrical parameters are known this observer estimates both emf, position and velocity of the Machine.

A first adaptation been made to allow the start of the Synchronous Machine whatever is the initial rotor position. A stalling step is first made to have a quasi known position before starting the sensorless control of the drive. This step consists in only applying 3 constant currents to force the rotor in a desired position which is reached after a few seconds (depending on mechanical parameters). Development has been made here to study the robustness of this structure with regards to the 3 parameters used (Ls, Rs, Ke). An error on one of this 3 parameters contributes to an error on the estimates. Using a variation approach of the equations used in the observer we present some new equations linking parameters variations to position and velocity error.

Moreover, we use the results obtained to correct this error and we are able to compute not only an accurate estimation of emfs, position velocity but also an estimation of the real electrical parameters of the machine. This phase can be seen as a calibrating phase. It starts with a wrong parameter and after a few seconds (depending on the machine) we are able to correct it and compute the real parameter value. This calibration is used on Rs and after on Ke, which are the more varying parameters.

-Rs is affected by temperature -Ke can be the Magnet flux on PMSM (can vary due to temperature or hysteresis effect) or the excitation (provided by an approximate external current source subject to fluctuation).

NB: due to the little sensibility on Rs in the equations, when there is both error on Rs and Ke the correction is completely supported by Ke and at the end we have true position, emf, velocity but 2 "wrong" parameters with compensating effects.

Error on Ls is identified but not corrected by this technique. But we can rationally suppose that there is no variation on this parameter, that can be measured accurately or given by the constructor. This approach has provided good results in simulation with an accurate model of a real Synchronous Machine and its inverter (software : PostM5). Of course we are on the point of testing this method on a real drive made with a Synchronous Machine with same parameters and a classical inverter driven with the estimation position outgoing from one computer. Results and experimental setting will be exposed in future works and compared with other structure of observers (adaptative or nonlinear). We hope having soon such experimental results to replace simulations.
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 1 Figure 1: Implemented Matsui's observer on a Synchronous drive. From measured (V123, I123) to estimated position est.
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 2 Figure 2 : real (1,Rs,Ls) and estimated (2,Rs+R,Ls) vectors (4 poles case)

Figure 3 :

 3 Figure 3: Blind controlled in different zones of SM rotation. ( (1)=init=1.5rd is correct / (2) =init=3 rd wrong sense)

Figure 4 :

 4 Figure 4 : Initial positionning at /2 from : init=1.5rd (a1) or init=3rd (a2). Sensorless control after convergence (t>4s)

Figure 5 :

 5 Figure 5 : Zoomed position error (real-estimated) with error on Rs parameter ( 0   )More significant error is generated with error on Ls or Ke which are the 2 other parameters. So, 3 case must now be studied to improve the robustness.

Figure 6 :

 6 Figure 6 : Rs correction Using the true parameter Rs after 6s allows our observer to exactly converge to the real velocity and the real position as shown on the following zoom, Figure 7.
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 7 Figure 7: zoomed position error  after Rs correction.
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 8 Figure 8 : Steady vector representation with Ke error

Figure 9 :

 9 Figure 9 : Position error (delta in radian) due to a large error on Ke.
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 11 Figure 10 : Estimated and real velocity.
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 1314 Figure 13 : Simulated results with error on LS.