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Experimental designs for the tuning of a redundant position observer on a PMSM drive

This paper presents an application of the experimental designs method to a PMSM drive control without mechanical sensors. The position, velocity and back emf observer used is a redundant observer structure. This observer includes different gains and filters that have to be tuned optimally for the best convergence performances. All combinations of different values for gains and bandwidths can not be tested and there is no formulation easy to use to define how to fix it. The proposed method is based on the analysis of parameters influence on a defined performance criterion. The most influent parameter and their optimal levels are identified. The set of parameters finally obtained shows the best performances never tested that means: the most accurate current control, the smallest position estimation error.

I 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 sensor. Due to its conception, a Synchronous Machine controlled at different speeds must be fed though an inverter with the correct current in each phase with the help of a position encoder. But, to avoid cost and technical problems a lot of researches during past years, tried to achieve a satisfying sensorless synchronous drive. A good state of the art can be found in [START_REF] Vas | Sensorless Drives, state-of-the-Art[END_REF] from which different kinds of problems can be extracted: -Observer sensibility to the system parameters, -Initialization to the correct initial position, -Difficulty to fix the dynamics or the performances of the observer in case of large motor speed variation.

In this paper, we focus our attention on classical smooth air gap, Permanent Magnet Synchronous Machine (PMSM) with sinusoidal emf. In this case, there is no evident information to be extracted from the rotor structure in order to know the rotor position [START_REF] Urbanski | Rotor Speed and Position observer for PMSM Sensorless control system[END_REF][START_REF] Bolognani | Extended Kalman Filter Tuning in Sensorless PMSM Drives[END_REF]. Some methods use the (d,q) representation of the motor to directly extract the rotor position. Generally the position is computed from an arctan function because the position is the vector angle of back emf in the (d,q) reference frame (emfd and emfq angle). In fact, there are some problems regarding the stability of such observer at low frequency and/or with null emf, which are of paramount importance in sensorless position control. Few years ago, Matsui [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF], published a redundant method which shows interesting results and performances [START_REF] Peyras | Robust Development of Matsui's Observer[END_REF][START_REF] Caux | Kalman Filter and Redundant Observer Comparison for Sensorless PMSM Velocity Control[END_REF].

This structure presents two gains to fix the observer's convergence. Due to practical measurements and numerical derivations, filters must be added. Of course the relationship between performances, gains and bandwidth are linked and difficult to be adjusted separately. Moreover, there is no easy analytical expression to help the choice of each coefficient's value. First trial and error analyses and rough design can simply define the higher and lower limits leading to a correct observation. Expert analyses adjust this interval to define an interval [min, max] limits on each value, the last work is to define if the best choice is on upper or lower value depending on the other possible coefficient interactions. All min or max combinations to find the optimal set can not be tested. The numerous degrees of freedom must be analysed with the proposed experimental designs method in order to obtain the correct level for each parameters without running all the experiments.

First, a background study is given on the sensorless PMSM drive control structure (section II). In section III the redundant observer method adapted to our drive is resumed, focusing attention on the important parameters that have to be tuned. The experimental designs method is also exposed to identify vocabulary and its statistic principle. In section IV the use of experimental designs is detailed on the sensorless PMSM problem, analyses, comments and simulation results are given to derive the optimal set of parameters. Conclusions and future works are given in the last part (section IV).

II BACKGROUND

Classically a PMSM drive is fed with a current controlled inverter. The two references are the current magnitude and the angle to be given for current and back-emf angle. The torque control is easier in (d,q) axis and the Park transform allows a two dimensional representation of the drive in a rotating reference frame.

For example, with (1) the 2-axis Id and Iq currents are obtained from the 3phases current [I 1 ,I 2 , I 3 ] with θ as the (known) position : This method uses Park transform, to get 2-axis representation of a 3 phases PMSM. So finally the complete (d,q) PMSM electrical model is : 
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A The sensorless drive

In this d,q frame, torque control consists in Iq control while maximizing the torque leads to Id=0 and to a desired emf current angle ψ=0. Figure 1 shows the complete block diagram of the system, including control and observer loops. The estimated position is necessary not only for the PMSM control to obtain the correct torque applied to the rotor, but is also used in the Park transform to obtain the observers' information to be used in its equations. The voltage inverter is controlled with a PWM mode and a PI current control (Kpc, Kic). The current magnitude fixes the velocity (for fixed load) and controller's gains fix a desired dynamics on currents Tdesi. The rotor position must be used for the current reference computation to keep synchronism and the position of the rotor must be followed. So three current references are generated:
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These three references can be transformed in (d,q) to get Iqref. With only one voltage sensor, the DC bus voltage E is measured and all phase voltages are reconstructed using computations based on the duty cycles which are defined in the inverter control bloc. The dead time effects are taken into account and compensated to be accurate enough mainly at low speed.

B

The observer

The redundant observer principle also uses the (d,q) equations of the machine. In this frame, the Park transform uses the estimated position information, instead of the position given by a sensor. It is obvious that this estimation can introduce errors in the (d,q) computation. If there is no correlation between two different computations of the same quantity, the redundant principle consists in a comparison of this two terms and the non null value obtained reflects a position estimation error [START_REF] Matsui | Sensorless PM brushless DC Motor drives[END_REF].

In the PMSM representation (2.1), (2.2) 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).

The other parameters such as the rotor rotating velocity (ωr) and fmagnet flux (Ke), can be used to compute the same emf but in a second manner. The Matsui's method principle consists in using this redundancy to avoid position error. In fact, the same result from the two methods means accurate information on the rotor velocity and position. 

In the (d,q) representation Id is constant and controlled to be 0 and Iq is constant depending on the desired current amplitude.

The method can be implemented in 2 steps:

The first step consists in using the q-axis to extract from (2.2) a first velocity estimation using V and I estimated in (d,q) axis. Estimated values are used because the Park transform can only be run with the estimated position as follows:
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The second step consists in modifying this velocity through a PI corrector (with two parameters Kpo, Kio) with εfemd on its input extracted from [START_REF] Bolognani | Extended Kalman Filter Tuning in Sensorless PMSM Drives[END_REF]. Each computed result goes through filters to avoid too large noise injection or numerical derivation and precision problems. On Fig 2, a first order low pass filter is added on voltages, with Fv the associated bandwidth (bloc1), same filters on current and derivative current with Fi (bloc2) and Fdi (bloc3) their cut-off frequencies respectively. Finally, a low pass filter on the emf error (bloc4) is also added with a cut-off frequency Femf. Then, two gains (Kpo, Kio) and four bandwidths (Fv, Fi, Fdi,

(2.1) (2.2)
Femf) must be tuned to insure convergence of the observer on a large velocity range.

Estimated velocity is integrated to obtain the estimated position θ est sent to the inverter to compute the current that feeds the PMSM. Stability of this algorithm can only be obtained with this closed loop and with a suitable correction (Kpo,Kio) and correct bandwidth of each filters i.e. 6 degrees of freedom to be chosen. Details of the structure can be found in [START_REF] Peyras | Robust Development of Matsui's Observer[END_REF][START_REF] Caux | Kalman Filter and Redundant Observer Comparison for Sensorless PMSM Velocity Control[END_REF]. 

C Experimental designs method

This section will focus on the experimental designs, describes and gives some details on this methodology which has been first introduced in 1935 by Fisher [START_REF] Fisher | The design of experiment[END_REF]. This method has found a wide popularity few years ago in industrial applications, especially in chemistry, where a big number of parameters have to be tuned simultaneously. The main difference between this classical experimental method and the experimental designs method lies in the fact that the level of each studied factor is modified at each experiment according to a specific procedure. In addition to the drastic diminution of the number of required experiments, this methodology allows the possibility to take into account much more parameters, the detection of interactions between factors and optimum tuning.

Taguchi published in 1985 pre-defined tables [START_REF] Taguchi | Orthogonal arrays and linear graph[END_REF] based on the assumption that second order interactions (between three factors) are negligible. These tables are called "experiments matrices" and are noted L a (b c ) where a is the number of required experiments, b the number of levels for each factor and c the number of factors that can be studied. Each row of this table is assigned to one experiment and each column can be assigned to one factor. The first order interactions (if they exist) are placed in the columns depending on the positions of the factors that are involved in these interactions. Centred reduced variables are used, (i.e. -1 for the low level and +1 for the high level of each factor). Then, an experimental table, as the very simple one shown in TABLE I as an example, could be used. Each line represents an experiment and each column is assigned to a factor. For each experiment, the performance criterion is calculated (simulations) or measured (experiments).

According to the experimental designs methods [START_REF] Fisher | The design of experiment[END_REF], the effect of a factor is obtained through expression [START_REF] Dagues | Post simulation softwares: study and teaching of numerical control of static converters electrical machine assemblies[END_REF]. Moreover, the effect E 12 of interactions between factors 1 and 2 can also be investigated with this methodology. Expression (6) leads to the effect of interaction between factors 1 and 2. For example, E1 = 0.12 means that factor 1 at high level has an effect of +0.12 on the criterion. Then, if a minimum value must be reached, this factor has to be set at the low level. With the experimental designs methodology, previous works put in evidence the easy tuning of control systems such as fuzzy PID or fuzzy state feedback controllers [START_REF] Faucher | A new shaping method for fuzzy state feedback tuning on a power converter[END_REF].

III EXPERIMENTAL DESIGNS ON THE SENSORLESS PMSM PROBLEM A Simulation environment

Before presenting the first results, the simulation environment and the PMSM parameters are detailled. A software called PostM5 (build and distributed by our laboratory [START_REF] Caux | Kalman Filter and Redundant Observer Comparison for Sensorless PMSM Velocity Control[END_REF]) is used to simulates the inverter, the synchronous drive and its load behaviour. This software allows us to:

Choose the PMSM characteristics:

For electrical characteristic: -stator resistance : R S = 1.6 Ω -stator inductance :

L S = 53.3 mH -magnet flux : Ke= 0.88867 Wb -number of poles pair : Nppole = 2 For the mechanical part (load included):

-damping coefficient : fr = 0.0609 N.m.s.rad -1 -inertia : J = 0.0326 Kg.m 2 -constant resistant torque: Cr = 0 N.m

Choose the inverter characteristics:

The inverter is chosen to be as efficient as possible and controlled in current mode with an accurate symmetric PWM and PI on d and q currents is used. If the closed loop time constant Tdesi is well adapted, the inverter can be seen as a fully controlled current source. This control performance depends on the DC bus voltage E, and on the magnitude of the reference Iref, so depending on the power available and the velocity range to be reached. Choose the sensors sensibility: Digital voltage and current sensors are also simulated with 8bits precision and 5% relative noise is added on each measurement to be realistic.

Fixing a set of observer's parameters in the control program, gives the opportunity to simulate the sensorless closed-loop performances on a fixed load (fr, J). The control quality does not only depend on observer performances (accuracy on θest) but also depends on the current control (Tdesi). So, two other influent parameters will be included : Tdesi, the desired current controlled dynamics, and the cutoff frequency, Fci, of the filters used in current measurements. The estimated position error can be easily extracted from each simulation and used in the given optimization criterion. Tools in Matlab have been developed to build all necessary functions, values and graphs.

B Simulation preparation

The criterion to minimize with all these parameters is the estimated position error. An Integral of Absolute Error (IAE) criterion is computed during each experiment :

dt Ci tf est mes ∫ - = 0 θ θ for i=[1..16] (7)
Finally, two gains, (Kpo, Kio) and five bandwidths (Fv , Fi, Fdi, Femf, Fci) and one time constant (Tdesi) must be tuned. So, height parameters need fine tuning. Assuming that each parameter can take only two levels, 2 8 = 256 experiments have to be run to test all possible combinations. Thanks to experimental designs methodology, only 16 experiments will be sufficient to get the suitable combination of these height factors. When all necessary experiments have been done, all criterions are placed in the correspondent place in the Taguchi table and associated statistic computations can start. Previous studies [START_REF] Caux | Kalman Filter and Redundant Observer Comparison for Sensorless PMSM Velocity Control[END_REF] have shown that the parameters Kpo and Kio observer gains must be fixed within a certain interval. Low value (less than 0.5) and high values (greater than 5) did not allow convergence due to lack of correction reaction or noise level introduced. A set of min max values can be defined to be tested:

] 5 . 2 5 . 0 [ = Kpo and ] 5 1 [ = Kio
Bandwidth of each filter can be set in order to cut unnecessary information that depends on the maximum rotation velocity of the machine (3-phases currents and voltage frequency depend on mechanical velocity and pair of poles). With 3000rpm nominal velocity filters must cut all noise which can be involved in a non desired estimated correction.

-For current used in the observer and in controller: III) that will be used hereafter, is based on these informations. The proposed approach must define the correct level for the height important parameters with only these 16 tests. + -+ --+ -+ -+ -+ 11 -+ --+ -+ + -+ --+ -+ 12 -+ --+ -+ -+ -+ + -+ -13 --+ + --+ + --+ + --+ 14 --+ + --+ -+ + --+ + -15 --+ -+ + -+ --+ -+ + -16 --+ -+ + --+ + -+ --+ According to the experimental design method, this specific table directly leads to the factors effects calculation and to some combinations of 2 factors first order interactions. Because interaction I1 in column C3 of TABLE III is C12+C34+C78, C3 shows that the interaction between factors 1 and 2, plus interaction between factors 3 and 4, plus interaction between factors 7 and 8, is influent too. Due to inheritance property [START_REF] Taguchi | Orthogonal arrays and linear graph[END_REF] (i.e. the most influent factors have the most important interaction), assumption is made to say that this contrast is mainly due to Kpo (F7) and Kio (F8) interaction. To minimize the criterion one should tune Kpo, Kio at different levels but as C3 effect is lower than contrasts n°13 and n°14 effects, Kpo, Kio are fixed to high value.
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Finally, the optimal set is defined as follows: Kpo=2.5,

Kio=5, Fv=50Hz, Τdesi=1ms

Other contrasts on the other parameters are near 0 and are not significant and let the choice. So: Fio Fci 1000Hz, Fdi=500Hz to let the maximum range velocity available and Femf=1000Hz to pass all available information to the observer equations.

Note that this optimal set of parameters has not been tested in the L16 Taguchi table. This set minimizes the criterion and insures the most accurate and fastest convergence never obtained. The following figures show the sensorless current control behaviour of the drive. The estimated velocity is very close to the velocity given by a sensor with the same current control on figure 4.

The estimated position error generated is shown on The PMSM is well driven and the velocity (Fig4) obtained corresponds to a correct controlled behaviour. An initial position error is introduced and Fig6 is obtained. The optimal set of parameters still provides the bets performances. This test is made to start estimation algorithm in real condition because the real rotor position is not always known and the program must be initialized roughly.

NB: with large initial error lot of observers did not converge, or provide a wrong position that let turn the machine in wrong sense or with no rotation. That is the case here if the initial error position is too high. Another test is conduced with a lower reference current (0.75A so lower velocity and low emf information) and noise 5% added on current measurements. Analyses of the criterion and the influence of contrasts are the same and the same optimal set of parameters is used. Fig7 shows the estimated error position obtained with one set of parameters tested and the optimal one with which the best performance is obtained. The convergence is faster and more accurate. In such conditions a good transient convergence is obtained; Comparisons have been made with Kalman Filter and have shown better results too. Moreover, Kalman Filter Matrix gains are not easy to tune [START_REF] Caux | Kalman Filter and Redundant Observer Comparison for Sensorless PMSM Velocity Control[END_REF]. So the same approach using experimental designs can be made to obtain the best gain and compare the two structures' performances. That will be made on future works on experimental device.

IV CONCLUSION

Sensorless synchronous drive control is still an important research field. The performances obtained are linked not only to the controller performances but also on the convergence quality of each observed information. Observers are sensible to PMSM parameters, initial condition knowledge and need some gains optimally tuned.

In this paper, experimental designs approach is used to fix gains and filter bandwidth in the full observer used for PMSM. The redundant observer structure is used. The goal was to minimize the error on estimated rotor position obtained that allows knowing both back-emf, velocity and position. Due to the number of coefficients to be tuned without strict rules to follow, the problem presents a prohibitive number of possibilities to extract the optimal set of parameters. So an experimental design method (Taguchi) is conduced in this case. Experimental design method is based on a statistic analyse on some experiments and on the influence of the parameters on an optimization criterion. This methodology gives an optimal set of gains and bandwidths that leads to an accurate position and velocity behaviour.

A first definition of two (min and max) levels on each parameter must be known but these values are easy to define with rough tests. The power of the redundant observer can be put in evidence as soon as the tuning problem of its numerous factors is solved, thanks to experimental designs method.

The proposed approach can be also used to identify the robustness of the set of parameters with uncertainty on PMSM electric parameters or variation of the load. In fact, mainly on load parameters the PMSM behaviour can largely change. Future works will consist in studying experimental designs approach on an actual drive and adapt the observers' coefficients in case of variation and find a global set of accurate coefficients on the bounded variation interval.
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Fig 1 :

 1 Fig 1: Implemented redundant observer on a PM Synchronous drive, from measured (E, I1, I2) to estimated position θest.

  It can be easily demonstrated that the εfemd (error from the two manners computing emf on axe d) is quasi proportional to position error ∆θ. Assuming that ∆ω and ∆θ are small: -Rs.Id -Ls.s.Id) -(-ωr.Ls.Iq )

Fig 2 :

 2 Fig 2: Implemented redundant observer on a synchronous drive with PI correction and filters.
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 3 Fig 3's upper part shows the criterion values obtained for each of the 16 experiments. The lower part of Fig3, describes the values of each contrast associated to a factor or to combinations of two factors. A high value shows the importance of this set of parameters in the convergence performance. So directly some levels can be fixed.

Fig 3 :

 3 Fig 3: experiments analyse: criterion values and contrasts effects. Evident conclusion can be red on Fig 3: Kpo and Kio must be at their high level (important positive influence on the criterion). Factors Fv and Tdesi must be at their low level due to the negative value of their effects on the criterion (contrasts n°C13-C14 and C1-C2 in the lower part of Fig 3).Because interaction I1 in column C3 of TABLE III is C12+C34+C78, C3 shows that the interaction between factors 1 and 2, plus interaction between factors 3 and 4, plus interaction between factors 7 and 8, is influent too. Due to inheritance property[START_REF] Taguchi | Orthogonal arrays and linear graph[END_REF] (i.e. the most influent factors have the most important interaction), assumption is made to say that this contrast is mainly due to Kpo (F7) and Kio (F8) interaction. To minimize the criterion one should tune Kpo, Kio at different levels but as C3 effect is lower than contrasts n°13 and n°14 effects, Kpo, Kio are fixed to high value.Finally, the optimal set is defined as follows: Kpo=2.5,

  Fig 5 and small error is obtained. Each other set of parameters provides a greater error in the transient phase or in the steady state phase.

Fig 4 :

 4 Fig 4: Implemented Matsui's observer, from measured (V 123 , I 123 ) to estimated velocity.

Fig 5 :

 5 Fig 5: Estimated position error Matsui's observer: one based set of parameter and the optimal one -without initial position error.

Fig 6 :Fig 7 :

 67 Fig 6: Estimated position error for redundant observer with unknown initial rotor position (initial error=π/8)
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 II Voltage filters have lower cut-off frequencies mainly due to Time constant on the current control loop is limited to high and low possible performances to test observer's limitation due to controller dynamics: DEGREES OF FREEDOM MIN MAX VALUES; CORRESPONDING FACTORS AND CONTRAST NUMBER.

										-To avoid numerical derivation problem a filter
										Fdi	(	Hz	)	=	[	] 500 , 50	is chosen.
										-] 01 . 0 , 001 . 0 [ ) ( = s desi τ
	PWM influence:	Fv	(	Hz	)	=	[	500 , 50	]
	-For emf computation filter:	Femf	(	Hz	)	=	] 1000 , 100 [	is tested

Min and max values for each parameter are summarized in TABLE II. The L16 Taguchi table
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