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Modeling of DC-biased hysteresis loops with the GRUCAD description

The paper considers the description of DC-biased minor loops with the GRUCAD model. The model is given in the form of a combination of nonlinear and ordinary differential equations, what bears resemblance to the well-known Jiles-Atherton formalism. However the model behaves in a qualitatively different way than the original Jiles' proposal. The paper points out the differences between both approaches and presents the results of modeling for biased hysteresis loops of a Soft Magnetic Composite core.

Introduction

Excitation signals for magnetic circuits in real-life conditions may differ significantly from those prescribed in appropriate standards e.g. IEC-60404. One of the most common situations is the presence of DC offset signal, which in extreme cases may cause malfunction of power engineering transformers due to geo-magnetically induced currents [START_REF] Price | Geomagnetically induced current effects on transformers[END_REF][START_REF] Moussavi | Electromagnetic modelling of power transformers with DC magnetization[END_REF]. Biased magnetization patterns are also an important tool for material characterization for scientists with different background and engineers working on practical use of magnetic circuits in electrical and electronic devices [START_REF] Mayergoyz | Mathematical models of hysteresis[END_REF][START_REF] Cao | Hysteresis in single and polycrystalline iron thin films: major and minor loops, first order reversal curves, and Preisach modeling[END_REF][START_REF] Zhao | Magnetic domain state diagnosis using hysteresis reversal curves[END_REF][START_REF] De La Barrière | Prediction of energy losses in soft magnetic materials under arbitrary induction waveforms and DC bias[END_REF]. Thus it can be stated that prediction of power losses and shapes of hysteresis curves under distorted induction waveforms is an important subject of study even nowadays.

The similarity of magnetization curves has been noticed and described for the first time by E. Madelung [START_REF] Madelung | Über Magnetisierung durch schnellverlaufende Ströme und die Wirkungsweise des Rutheford-Marconischen Magnetdetektors[END_REF]. His concepts have been transformed into a number of useful engineering approaches to model first and higher order reversal curves [START_REF] Talukdar | Hysteresis models for system studies[END_REF][START_REF] Naidu | Simulation of the hysteresis phenomenon using Preisach's theory[END_REF][START_REF] Zirka | Hysteresis modeling based on transplantation[END_REF][START_REF] Takács | Mathematics of hysteretic phenomena[END_REF][START_REF] Faiz | A new technique for modelling hysteresis phenomenon in soft magnetic materials[END_REF][START_REF] Chwastek | Higher order reversal curves in some hysteresis models[END_REF][START_REF] Renhart | Inrush current computations using an optimized analytical hysteresis model[END_REF][START_REF] Bastos | A new and robust hysteresis modeling based on simple equations[END_REF]. It should be remarked that some of the aforementioned methods rely extensively on the hysteresis model used in the analysis.

Among different hysteresis models the Preisach-Mayergoyz description [START_REF] Mayergoyz | Mathematical models of hysteresis[END_REF] and the formalism advanced by Jiles and Atherton [START_REF] Jiles | Theory of ferromagnetic hysteresis[END_REF] have attracted a lot of attention. Despite some attractive features of the latter model (low dimensionality, ease of numerical implementation), the scientific community has become soon aware that it required a number of refinements and updates of the values of model parameters in order to model DC-biased minor loops accurately [START_REF] Benabou | Minor loops modelling with a modified Jiles-Atherton model and comparison with the Preisach model[END_REF][START_REF] Chwastek | Modelling offset hysteresis loops with the modified Jiles-Atherton description[END_REF].Another puzzling model behavior has been noticed for sudden field reversals, namely the presence of loop fragments with negative susceptibility. This particular feature might be an obstacle for implementing this description in Finite Element Method (FEM) codes [START_REF] Toms | Two-dimensional finite element magnetic modeling for scalar hysteresis effects[END_REF][START_REF] Zirka | On physical aspects of the Jiles-Atherton hysteresis models[END_REF][START_REF] Jastrzębski | A comparison of macroscopic descriptions of magnetization curves[END_REF]. The problems with the original Jiles-Atherton (JA) description may be overcome by replacing it with an alternative formulation, namely the GRUCAD description.

The GRUCAD model has been called by its developers, the Brazilian research group ,,a modified Jiles method" [START_REF] Koltermann | A modified Jiles method for hysteresis computation[END_REF]. We believe the introduced modifications are so significant that this description deserves its own name. The GRUCAD model indeed resembles to some extent the original JA approach in the sense that it is formulates in the form of ordinary differential equations and additional nonlinear relationships and it has just five parameters. Physical interpretation may be assigned to most of its parameters. An important qualitative feature of the description is that the irreversible and reversible magnetization effects are decoupled. In the original JA model some problems related to the c parameter responsible for the reversible behavior have been noticed [START_REF] Benabou | Minor loops modelling with a modified Jiles-Atherton model and comparison with the Preisach model[END_REF]. Even when the relationship for total susceptibility was replaced from a simple sum of irreversible and reversible magnetization contributions to the form resembling the product Preisach model and representation of minor loops was significantly improved [START_REF] Chwastek | Modelling offset hysteresis loops with the modified Jiles-Atherton description[END_REF], there existed an implicit coupling in the modified JA model through the so-called effective field. This resulted in the necessity to retain the pseudo-parameter inherited from the original model, whose role was to cut off the irreversible magnetization term in certain fragments of the M-H plane.

The set of considered equations for the GRUCAD model is as follows:
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and s M are model parameters. The parameter  should not be confused with the mean field parameter in the Jiles theory. Here it plays the role of a weighting parameter between the model input (magnetic induction B expressed in the units of field strength) and the anhysteretic field strength, cf. Eq. 2. Since there is no coupling between equations describing the reversible (Eqs. ( 1) and ( 2)) and irreversible phenomena (Eqs. ( 3) and ( 4)), the slope of any magnetization curve after a reversal is equal to the slope of the virgin curve (which should be a positive value, as it follows from Rayleigh relationships).

As pointed out earlier, the model input variable is magnetic induction B. The model output is total field strength H. It means this description may be easily incorporated in two dimensional FEM codes based on magnetic vector potential
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, where magnetic induction is known ahead of field strength. It is also straightforward to include the model in loss computations based e.g. on Bertotti's theory [START_REF] De La Barrière | Prediction of energy losses in soft magnetic materials under arbitrary induction waveforms and DC bias[END_REF][START_REF] Bertotti | Hysteresis in magnetism[END_REF]. It should be recalled that in magnetic measurements carried out in accordance with the international standards like IEC 60404, the shape waveform of magnetic induction is controlled [START_REF] Fiorillo | Measurement and characterization of magnetic materials[END_REF].

It means that measurement data may be used as a direct input for the GRUCAD model. In a previous publication [START_REF] Steentjes | Sensitivity analysis and modeling of symmetric minor hysteresis loops using the GRUCAD description[END_REF] yet another important advantage of the GRUCAD description has been noticed: there was no need to update the values of model parameters for symmetrical minor loops. On the contrary, the values of JA model parameters have to be modified for minor loops and higher order reversal curves [START_REF] Chwastek | Higher order reversal curves in some hysteresis models[END_REF][START_REF] Benabou | Minor loops modelling with a modified Jiles-Atherton model and comparison with the Preisach model[END_REF][START_REF] Chwastek | Modelling offset hysteresis loops with the modified Jiles-Atherton description[END_REF].

The aim of the present paper is to elucidate the possibilities of the GRUCAD approach to describe asymmetric (DC-biased) minor loops in self-developed soft magnetic composite cores.

Material and measurements

The cores made of self-developed soft magnetic composites were used for tests. In order to make up the cores iron powder (99.5% wt.) and vinyl polychloride powder (0.5% wt.) were mixed and hot pressed. The preliminary tests revealed that the magnetic properties did not differ much for excitation frequencies up to 50 Hz. Thus in subsequent tests the magnetization curves obtained at mains frequency (50 Hz) were treated as quasi-static ones. For measurements a fully automated Remacomp C-200 setup was used. The setup makes it possible to measure magnetization curves that include a biased DC H-signal. At first the core was magnetized up to technical saturation, which for the examined sample was obtained at approximately B max = 1 T. The major loop was recorded. The model parameters were estimated using the Particle Swarm Optimization method. In previous work it has been shown that this optimization method is simple to use and yields acceptable results in a short time [START_REF] Jastrzębski | A comparison of different estimation methods for hysteresis modelling[END_REF]. The obtained values of model parameters are reported in Table 1. The measured and modeled major loops are presented in Figure 1. Next a minor loop with amplitude B max = 0.5 T was measured. In the subsequent tests the core was subject to external field excitation that included additional bias signals with effective amplitudes B max = 0.72 T and B max = 0.86 T were recorded. Modeling of minor DC-biased loops was carried out using the set of model equations ( 1)-( 5), values of model parameters from Table 1 and Matlab event location feature present in Ordinary Differential Equation toolbox in order to match the amplitudes of modeled loops to the measured ones. The modeling results are presented in Figures 2 and3. It can be stated that the modeled magnetization curves resemble to much extent the measured ones. 1.15 % 0.73 % 6.9 % 4.12 % 39 % Fig. 3. Measured and modeled DC-biased minor loops for B max = 0.86 T.

Discussion

From Madelung rules it follows that fragments of branches of DC-biased minor loops should coincide or at least tend asymptotically to those for the major loop. This qualitative behavior is illustrated in Figure 4, where both curves modeled with the GRUCAD approach are presented. The values of model parameters are kept intact for the DC-biased loops. It can be seen from Figure 5 that the ascending branch of the minor loop is equivalent to the ascending branch of major loop with an appropriate offset. It is possible to obtain fragments of any minor loop (either with DC bias or without it) using appropriately offset (,,transplanted'' [START_REF] Zirka | Hysteresis modeling based on transplantation[END_REF]) fragments of the major loop. It is desirable that the parameter sets for the major and the minor loops should remain constant. The accuracy of modeled minor loops depends significantly on the quality of major loop representation and the estimated values of parameters. The same parameter set is used to describe all magnetization curves, either symmetrical or biased ones. This is an important advantage of the GRUCAD description in comparison to the Jiles-Atherton model.

Attention should be paid to the fact that despite a very good fitting of the major loop was obtained (3% relative error for power loss density), the fitting of DC-based minor loops does not look as good as the one for the major loop. The possible reasons for the fact are the measurement errors and inaccuracies in determination of the major loop parameters. The shapes of the minor loops are reproduced quite well qualitatively, but there are significant discrepancies in the areas of measured and modeled DC-biased loops.

Conclusions

In the paper the possibilities to describe minor loops, including those containing DC-bias signal, with the GRUCAD model were considered. It was that the values of model parameters for biased hysteresis curves are kept the same as for the major loop. The measured and modeled DCbiased hysteresis curves are in a qualitative agreement. The discrepancies between the modeled and measured minor loops with DC-bias depends on the accuracy of determined major loop parameter and on the amplitude of the minor loop.
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 4 Fig. 4.Modeled major and DC-biased minor loop.
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 5 Fig. 5. Behavior of minor loops, reversal point and Madelung rules.

  

  

  

Table 1 .

 1 Estimated model parameters

	α (-)	a (A/m) M s (A/m) γ(T) H Hs (A/m)
	0.0132	6600	1.4 * 106 0.08	337

Table 2 .

 2 Errors for modeled major loop

	B max	H max	∆P
	1 %	2.9 %	3.1 %

Table 3 .

 3 Errors for U bias = 50 mV Fig. 2. Measured and modeled DC-biased minor loops for B max = 0.72 T.

	B max	B min	H max	H min	∆P
	0.83 % 0.4 % 13.8 % 2.44 % 41 %

Table 4 .

 4 Errors for U bias = 100 mV

	B max	B min	H max	H min	∆P