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Introduction

Synchronous drives, which are now used for a 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 synchronous current for the phases. To do this a position encoder is generally necessary. But, to avoid cost and technical problems there has been for many years lots of researches to establish a sensorless Synchronous Drive. Today, we are able to list several types of problems and associate various solutions [START_REF] Vas | Sensorless Drives, state-of-the-Art[END_REF] according to the following cases:  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] emfs,  rotor with or without saliency [START_REF] Misutani | Current model-based of salient-pole PMSM at low speed and standstill[END_REF].

In the case of a Synchronous Machine with permanent magnet, sinusoidal emf and smooth poles, some authors use the synchronous machine (d,q) representation to directly extract the position (generally by arctan). This method entails some problems regarding the stability of the observer at low frequency and positioning operation. A few years ago, Matsui [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF] published a method that we used and developed to extend its application to electrical parameters estimation thus strengthening this structure.

Machine modelization

We use the well known Park transformation to convert the three-phase system into a two-phase system laid out according to two axes in quadrature linked to the rotor:
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From [START_REF] Vas | Sensorless Drives, state-of-the-Art[END_REF], we are able to obtain a simplified electrical model (2) of the synchronous actuator with smooth poles. 
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's' being the Laplace symbol for the derivation (d/dt) From the diagonal components of this matrix, we compute the emf on the (d,q) axes using only the electrical parameters (Rs, Ls). The remainder of (2) allows computing the same emf with only the rotor rotation velocity (r) and flux of magnets (Ke).

Analytical redundant observer

The Matsui method principle consists in using this redundancy to cancel the position error. In fact, we can analytically demonstrate that the emf error on the d axis (femd) is proportional to the position error ():
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In the (d,q) representation, Id is constant and equal to 0 and Iq is constant depending on the desired current amplitude (or velocity) and  and  are small, we obtain:
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It is possible to implement the method to estimate the velocity, then the position, in 2 steps:

 First step: The q axis is used to extract from (2) a velocity estimation using V and I estimated in the d,q axis (estimated since the Park transformation calls for the estimated position) as follows: 

 Second step: Consists in modifying this velocity via a PI corrector the input of which is extracted from (2). This velocity is integrated to obtain the position that is sent back to the self-drive. Thus the redundant observer overall representation (Fig. 1). 

 r

Simulation

Introduction

Before presenting the first results, we should present the simulation environment. We used the PostM5 [START_REF] Dagues | Post simulation softwares: study and teaching of numerical control of static converters electrical machine assemblies[END_REF] software (conceived and released by our laboratory) to simulate our various studies. This software allows us to choose the synchronous machine and the inverter features.

First results

We know that, driving a synchronous machine without a direct knowledge of the rotor position, due to the removal of the position sensor, is problematic considering the rotor initial "state" value. This problem is illustrated in Fig. 2. In fact, we note that not only a  initial error position (the difference between the real position and the estimated position) can induce a wrong computation of the phase current and consequently a wrong rotation (Fig. 3), but also that an electrical parameter error (Rs here) contributes to this bad behaviour. Problems of these 2 types association may disturb the sensorless drive. To avoid the rotor initial position problem, it is possible to use some techniques, for example, applying to our device a stalling phase.

Initial positioning method

This method consists in initialising the rotor with a known and fixed position, i.e. the rotor is forced to a desired value (for example 90 degree). To obtain this position, we have to maintain the three currents constant (i.e. I1=0 and I2=-I3) for a time, long enough to reach the steady state. The time necessary to reach this state is only defined by the mechanical time constant (according to inertia and viscous friction) without any mechanical load. On Fig. 4, we note that whatever the initial rotor position is (1rad, 3rad), this one stabilises after oscillations at 90 degree (corresponding to the desired value) within 4s. From this conclusive result, we can now study the electrical parameters influence to determine the observer sensitivity and robustness.

First results

With the same tests, we introduce in our algorithm an error on Rs (Fig. 2). Due to the initial rotor positioning (init=90 degree) and the small variation carried out, the machine starts and turns in the right direction. However, the error on Rs influences the velocity estimated value thus the position. Then, we should note that the estimated position never reaches the real position (Fig. 5). A more significant error is generated with an error on Ls and Ke, which are the two other electrical machine parameters. Thus, we have to study the three cases in order to improve the robustness of the observer since the final value in steady state relies on these coefficients.

Robustness

In steady state (Id=0, Iq=cte, dId/dt=0, dIq/dt=0), we may compute from (3) and ( 5) with a wrong estimation the steady velocity. Thus, the following expression is:
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Variation on the stator resistance

From this vector process representation (Fig. 2), in case of an error on Rs, (7) may be written as follows:
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In our algorithm, c is the PI corrector outgoing correction to obtain the following equality:
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(9) The equation ( 8) is checked by the simulation and allows us to know Rs with only the output corrector. Thus, we can create a phase called « stalling phase » where we start estimating the velocity and the position with false parameters. After a few seconds (sufficient enough to reach a steady state), we can correct the Rs parameter. We add to the algorithm a test on the velocity at 2 different times and when this velocity is identical, we modify the parameters Rs (Rs=Rs+Rs) to obtain a more representative "machine" value. On Fig. 6, we can see the various phases: from 0<t<4s  stalling phase (a), then from 4<t<6s  stalling phase (b) (Rs+50%). At t=6s correction of Rs and after t>6s  correct operation (c) (Rs= nominalRs). Using the Rs real value after 6s, the observer is able to converge exactly on the real velocity and consequently, on the real position such as indicated on 

Variation on the excitation flux (Ke)

As previously observed, we note on Fig. 8 that a Ke variation generates a position error. This error does not converge to zero but to a final value (for example a variation of -50% on Ke provides a  of 0,15rad i.e. an error of 8 degrees). And We can use the same logic as for Rs, on the excitation flux variation with a vector progress representation (Fig. 9). We note that, if there is a variation on the Ke coefficient, the velocity becomes false starting with an estimated position very far from the real position. We can compute this position error as follows:

Position error (rad)
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This last relationship provides us the error made on the position when there is a Ke error in the Ke parameter. With the same approach in the velocity expression at steady state, we are able to use [START_REF] Dagues | Post simulation softwares: study and teaching of numerical control of static converters electrical machine assemblies[END_REF] and insert a Ke deviation on Ke. We obtain:
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The equation ( 9) allows to know Ke with only the PI (c) output and allows creating a calibration phase, thus:
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Thus, using the estimated value in (11), we can compute the error and modify it to correct the Ke parameter in ( 4) and ( 5), in order to obtain a more precise observer. At this time, we apply (12) to overwrite the false Ke parameter with the true value (Ke=Ke-Ke).

We have illustrated on Fig. 10, Fig. 11 and Fig. 12, the complete sequence. On Fig. 10, after the stalling phase (low velocity), from 4s<t<6s the algorithm starts estimating the velocity which converges on a wrong value due to an error on Ke and after a delay of 6 s, we apply the correction to obtain the right value. On Fig. 11, between 4s<t<6s there is a position error. At t=6s, the estimated position converges on the rotor real position. Simultaneously on Fig. 12, the emf in the computed axis (d) converges on its true value (a null error means that the estimation is perfectly correct). In spite of the very quick variation of the computed value, no reaction can be observed on the torque or on the currents (measurements). Now, we will focus on the influence of the stator inductance (Ls).

Deviation on the stator inductance

From a progress vector representation, we can write the error made by the position when a Ls error is introduced on Ls.

L θ Δ tan γ tan 1 L θ Δ tan γ tan ) L θ Δ γ tan( Iq . Ls Ke θ tan        Therefore,         Ke Iq L Δ L θ Δ ( 13 
)
The equation ( 13) shows that the estimated position is affected by an error on Ls as we can see it on (Fig. 13). Unfortunately, we cannot use here the same approach to correct the error because we have no information to use to extract the influence of the Ls error in (5) since Ls operates in product with current derivatives null in (d,q).

Sensorless drive

After a complete study on the robustness in relation with the electrical parameters, we want to install and test the position observer in a regulation loop.

Velocity regulation loop

The structure of the regulation loop in velocity is shown in Fig. 14: In these conditions, the controller should provide from the velocity error, the Iref value, that represents the current amplitude in magnitude and in sign. Furthermore, a current limit control was added to the P.I so the engine current does not exceed the acceptable value for the inverter.

With a velocity reversal of 1000tr.min -1 , the velocity regulation loop performances are evidenced. We observe on Fig. 15 that the real value of the machine follows perfectly the cycle set with a slight excess in the phase corresponding to the reversal due to the machine inertia. Regarding the position error from real to estimated (Fig. 16), it ranges approximately around 0,005rad. 

Observer installation

The decision was taken to develop a test bench dedicated to the sensorless drive in order to validate our control and observation laws for synchronous machine. A voltage inverter feeds this machine.

The control part which was conceived around a mother board called (David board) using a DSP and a FPGA allowing the generation of PWMs and the resolver management. The DSP is made to communicate with the daughterboard. It should send the information necessary to the PWM generation of (references, switching frequency , dead times), should retrieve measurements to carry out computations. The communication is entirely driven by the DSP. The distribution of the various tasks is represented on Fig. 20. 

Board Fille FPGA Altera

Régulation + autopilotage

Regulation

Conclusion

In this paper we present an algorithm based on the redundant observer. This algorithm relies on the representation of the machine emf according to 2 axes. These 2 emfs in axes (d,q) are linked to the position and to the velocity by 2 relationships. This redundancy allows computing and sending back an error between these 2 formulas via a simple P.I. If all the electrical parameters are known, in steady state when this error is null this means that the observer converges towards the emf, the velocity and the real position. Furthermore, a first adaptation was carried out to allow starting the synchronous machine whatever the rotor initial position is. A second adaptation was carried out in relation with the robustness of the observer concerning the two electrical parameters (Rs, Ke) contributing to a position error when these two coefficients are wrong or vary with temperature and agreing. We may consider this step as a calibration step. At the Ls error level, position error was identified but not corrected by the proposed technique. However, we may suppose that there is no deviation due to this parameter since Ls is in general specifically measured by the manufacturer and doesn't vary. Finally we inserted this observer in a velocity and position loop. All these approaches gave us good results in simulation with an accurate model of the synchronous machine and inverter. We hope obtaining soon some experimental results in order to test this on the test bench, unfortunately some settings delay us.

IX. References

Fig. 2 :

 2 Fig. 2: Blind check in various rotation zones Fig. 3: Blind drive in various rotation zones (a1) : init=1rad  correct rotation (a2) : init=3rad  wrong direction

Fig. 4 :

 4 Fig. 4: Rotor initial positioning at /2 (a1) : init=1rad (a2) : init=3rad

Fig. 5 :

 5 Fig. 5: Position error with an error of Rs+50%

Fig. 7 .Fig. 6 :Fig. 7 :

 767 Fig. 7.

Fig. 8 :

 8 Fig. 8: Position error with error on Ke

  Fig. 9: Vector progress representation with a Ke error

Fig

  Fig. 10: Real and estimated velocities

Fig. 13 :

 13 Fig. 13: Position error with Ls(a) : Initial Ls (b) : Ls-75% (c) : Ls+75%

Fig. 14 :

 14 Fig. 14: Sensorless speed control system

Fig. 15 :Fig. 17 :Fig. 18 :Fig. 19 :

 15171819 Fig. 15: Response to a velocity reversal 1000tr/min (a) : Desired velocity (b) : Real velocity

Fig. 20 :

 20 Fig. 20: Distribution of tasks for the control