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New investigations in Play static hysteresis model for increased accuracy and robustness

This paper presents an evolution of the inverse Play model to reconstruct static hysteresis from a flux density waveform input. It is to be combined with dynamic and 2D or 3D models to estimate complete iron loss in electrical machines.

In the first part of the article, the paper shows the significant improvement on the original inverse Play model accuracy obtained by modifying the characterization measurements methodology, the subsequent discretization and the identification method.

Thereafter, a new version of the Play model, named "continuous", is introduced, which allowed a significant gain in performance at the expense of a greater computation time for the identification process.

Both model versions have been validated though experimental comparison. All measurements, characterization and validation, have been done according to IEC60404-2 on two different test laboratories. The studied material is non-oriented SiFe M400-50A electrical steel.

Index Terms-hysteresis modeling, Play hysteron, discrete and continuous function, iron loss

I. INTRODUCTION

LECTRIC POWER embedded in airplanes has continuously increased over the last decades. Indeed, electric systems have been replacing pneumatic or hydraulic systems, as they present advantages mainly in terms of availability, reliability and lighter maintenance.

According to this demand, electric machines have to provide even more power respecting strict constraints mainly on volume, weight and efficiency. The higher power density requirements result most often in higher electrical frequency machines and the consequent significant increase of the iron loss, which may become dominant in the machine [START_REF] Jiang | A new thermal protection approach for permanent magnet synchronous motor[END_REF].

Numerous variations of iron loss models have been developed. Analytical models such as Bertotti [START_REF] Bertotti | General properties of power losses in soft ferromagnetic materials[END_REF], Steinmetz [START_REF] Lee | Prediction of iron losses using the modified Steinmetz equation under the sinusoidal waveform[END_REF] and their derivatives are often used. They are easy to characterize but can be less accurate, especially in electrical machines where phenomena such as strong harmonic content, DC bias excitation or rotational effect must be taken into account. Hysteresis models such as Preisach [START_REF] Mayergoyz | Generalized Preisach model of hysteresis[END_REF], Jiles-Atherton [START_REF] Benabou | Comparison of Preisach and Jiles-Atherton models to take into account hysteresis phenomenon for finite element analysis[END_REF], Congruency-based model [START_REF] Zirka | Congruency-Based Hysteresis Models for Transient Simulation[END_REF], or statistical model [START_REF] Daniels | Coupled statistical and dynamic loss prediction of high-permeability grain-oriented electrical steel[END_REF] or Play & Stop [START_REF] Bobbio | Models of magnetic hysteresis based on play and stop hysterons[END_REF] are more accurate in this case but require more experimental data and computation time.

For our study, hysteresis models appear to be more suitable to predict accurately iron loss with reasonable computation time. This paper presents a scalar static model of hysteresis based on Play hysteron. [START_REF] Bobbio | Models of magnetic hysteresis based on play and stop hysterons[END_REF]. The model represents the hysteresis as a series association of mathematical operators called hysterons. In the inverse Play model, an identification procedure based on experimental measures allows to calculate the magnetic field (1):

II. THE INVERSE PLAY MODEL

A. Principle Bobbio et al. presented the Play & Stop model in

𝐻(𝑡) = ∑ ℎ 𝑖 (𝑝 𝑖 (𝐵(𝑡))) 𝑀 𝑖=1 (1) 
Where H(t) and B(t) are time-varying signals of the magnetic field and the flux density, M is the number of hysterons, hi is the i th shape function and pi is the i th Play operator (2): 𝑝 𝑖 (𝐵(𝑡)) = max(min(𝑝 𝑖 0 , 𝐵 + 𝜖) , 𝐵 -𝜖)

Where pi 0 is the play operator at the previous time step and ε is the threshold value.

The initial identification method consists in defining an incidence matrix from the experimental dataset and solve (3):

𝐶. ℎ 𝑖 = 𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ⇔ ℎ 𝑖 = 𝐶 -1 . 𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (3) 
Where C is the incidence matrix, hi is the vector of the shape functions values and Hmeasured are the measured values of the magnetic field from the characterization. This process is equivalent to fit the measured field to the modeled ones and so calculate the shape function of all hysterons.

As the Play model and Preisach model are mathematically equivalent, similar identification methods can be used for both models, For example, the function [START_REF] Daniels | Coupled statistical and dynamic loss prediction of high-permeability grain-oriented electrical steel[END_REF] allows to reduce the identification time [START_REF] Bobbio | Models of magnetic hysteresis based on play and stop hysterons[END_REF] by removing the calculus of the double integral of Preisach model.

B. Experimental measurements set

Usually, one can identify Play & Stop models from a set of symmetrical hysteresis loops of increasing amplitudes. An improved identification of the Play model has been proposed in [START_REF] Giraud | Modeling quasistatic magnetic hysteresis: A new implementation of the play model based on experimental asymmetrical B(H) loops[END_REF] considering a set of asymmetrical loops and a major one. These asymmetrical loops correspond to the First-Order Reversal Curves (FORCs) of the major loop as shown in Fig. 1. The study proposes a sinusoidal waveform with a 3 rd harmonic to obtain different FORCs. The frequency is as low as possible but errors can appear as reversal points have the same B value but each FORC can have different dB/dt value.

C. New characterization measurements

FORCs are obtained from a triangular flux density waveform as shown in Fig. 2. Thus, each reversal point has the same |dB/dt|. With such a waveform, all reversal points are situated on the major loop, reducing the overall error of the identification process.

III. IDENTIFICATION PROCESS MODIFICATIONS

A. Hysteron refinement process Least square method allows to perform an over-discretization. To increase accuracy, especially for low amplitude variations, the number of hysterons has to be maximized and the threshold value reduced. Thus, with the same experimental data, hysterons are added by the following methods:

 Regularly subdividing of the step; mostly the linear part of the hysteresis discretization is refined.  Specifying a maximal magnetic field value between two consecutive steps, which allows a better reconstruction of the saturated part of the hysteresis. This process has some limitations: especially, it lowers the condition number of the matrix C causing numerical errors.

B. Experimental data pre-processing

Previous modifications already show improvements, i.e. the mean square error (MSE) (4) decreases:

𝜖 = ‖𝐶. ℎ 𝑖 -𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ‖ 2 (4) 
Nevertheless, a pre-processing data is added to ensure that no points of any FORC could be outside the major loop. As shown in Fig. 3, experimental uncertainties (here mostly the offset regulation of the experimental bench supply) can disrupt the dataset and increase error. Thus, the FORC is forced to be on the major loop when |HMajor-HFORC| is less than 2% of the major value as shown in Fig. 4. In addition, a weighted (5) least square approach is investigated to favor low magnetic field values in the reconstruction:

𝑊 = 𝑑𝑖𝑎𝑔(max(|𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 |) + 1 -𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ) (5) 

IV. RESULTS AND LIMITS OF THE DISCRETE MODEL

A. Results

This model is identified for the M400-50A SiFe material and tested by comparison with various experimental measurements. Model identification is performed using 37 FORCs, M=40 and ε=0.0425T. Fig. 5-8 present some measured and reconstructed cycles while Table 1 gives the corresponding loss estimation errors. The model has mostly less than 10% relative error on loss calculation. In Fig. 8, a very low amplitude loop is considered. In this worst case, the relative error can reach about 20%. 

B. Limits

This model allows to obtain satisfactory results and low computation time. Yet, some limitations prevent it from additional significant improvements:

 The threshold value cannot be considerably reduced; this prevents the model to reconstruct low amplitude phenomena accurately.  Reconstructed cycles can show local negative dB/dH; this behavior is inconsistent and prevents the implementation of the model in finite element solver for example.

V. NEW "CONTINUOUS" PLAY MODEL

A. Linear identification process

In the previous version, the identification allows to calculate the value of the shape function for different values of pi(B(t)). However, it is complicated to constraint the shape function or the global reconstructed signal.

Different studies [START_REF] Matsuo | Application of stop and play models to the representation of magnetic characteristics of silicon steel sheet[END_REF], [START_REF] Matsuo | An identification method of play model with input-dependent shape function[END_REF] proposes shape functions as input-dependent or independent but always as a piecewise linear function. In this study, the proposed shape function is an odd polynomial (6), leading to the static magnetic hysteresis becoming a multi-variable system [START_REF] Daniels | Coupled statistical and dynamic loss prediction of high-permeability grain-oriented electrical steel[END_REF].

ℎ 𝑖 (𝑥) = ∑ 𝑎 𝑖,𝑗 . 𝑥 2.𝑗-1 𝐷 𝑖 𝑗=1 (6) 𝐻(𝑡) = ∑ ∑ 𝑎 𝑖,𝑗 . 𝑝 𝑖 (𝐵(𝑡)) 2.𝑗-1 𝐷 𝑖 𝑗=1 𝑀 𝑖=1 (7) 
Where Di is linked to the degree of the i th polynomial and ai,j is the coefficient of the j th monomial of the i th polynomial.

To solve, a linear least square resolution is used (8): 

Where Pi(B(t)) contains each pi(B(t)) monomial without its coefficients for each time step and Ai,j is the vector of polynomials coefficients. This process is still a fitting method of the measured and modeled fields.

The number of hysterons and the threshold value are not correlated anymore. It is then possible to:

 Reduce the threshold value to almost zero, allowing the reconstruction of infinitesimal variations.  Decrease the number of hysterons, reducing the computation cost. A compromise must be found as the maximal recordable amplitude is 2.M.ε and low condition number of Pi(B(t)) can induce numerical errors.

An iterative [START_REF] Giraud | Modeling quasistatic magnetic hysteresis: A new implementation of the play model based on experimental asymmetrical B(H) loops[END_REF] weighting process is set up with averaging to avoid discrepancy:

𝑊 = 𝑑𝑖𝑎𝑔 ( 𝑃 𝑖 (𝐵(𝑡)) -𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑡) 𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑡) ) (9) 

B. Management of the derivative sign

Thanks to the linear least square resolution, linear constraints can be easily imposed. Here, the derivative is forced to be higher than 80% of the one calculated from the data (10): 

As a result, the computation time for the identification procedure increases, but no local negative dB/dH appears in the reconstructed BH curves anymore.

VI. RESULTS OF THE CONTINUOUS MODEL

An equivalent experimental comparison from the previous discrete Play model was conducted using the same initial data. Figures 9101112show some measured and reconstructed cycles and Table 2. gives the errors on loss calculation. In this paper, we present many improvements of Play model. The characterization method is modified and the refinement process is introduced. It shows significant impact on the modeled hysteresis. The solving process is adjusted to minimize the MSE and to favor the linear part of the hysteresis. Those modifications lead to accurate loss estimation, largely validated by experimental comparison on various waveforms. The computation cost with an Intel i5-8265U @1.65GHz is 0.17 s for a 10000 points flux density signal and 0.074 s for 1000 points.

A new "continuous" model is also proposed. Despite a greater identification cost and thanks to the derivative sign management, the modeled magnetic field is more consistent. A very high resolution is achieved, allowing the modeling of tiny amplitude variations. The computation cost with the same configuration is 0.74 s for a 10000 points flux density signal and 0.13 s for 1000 points.
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 3567 Fig. 5. Measured and reconstructed 1.7 T cycle with 9 th harmonic at 30%-90° / 1 Hz -Zoom on the linear part
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 8 Fig. 8. Measured and reconstructed 0.22 T cycle with 3 rd harmonic at 100%-45° / 2 Hz

  min 𝐴 𝑖,𝑗 ‖𝑊. (𝑃 𝑖 (𝐵(𝑡)). 𝐴 𝑖,𝑗 -𝐻 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑡))‖
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 1 RELATIVE ERRORS ON LOSS CALCULATION Δ𝑃% = 100.
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	Δ𝑃%	-5.3%	-0.2%	-1.3%	19%
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 2 RELATIVE ERRORS ON LOSS CALCULATION
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