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Abstract The problem of modeling the magnetic behavior due to a magnetization process is usually dealt with using the classical scalar Preisach model (CSPM). Recently, it has been shown that in the case of soft magnetic materials better results can be obtained by means of the modiﬁed scalar Preisach model (MSPM). The problem of model identiﬁcation is common to both these two approaches. In the past we used a Lorentzian approximation for CSPM identiﬁcation. In this paper, after reviewing the method, which allows, in particular, the efﬁcient determination of the parameters controlling the reversible magnetization, we propose an extension of the Lorentzian approximation to the case of MSPM identiﬁcation. It will be shown that an accurate estimation of the model parameters is possible also in this case, as it is conﬁrmed by comparing the model with experimental data. r 2004 Elsevier B.V. All rights reserved. PACS: 75.90.+W Keywords: Preisach; Scalar hysteresis; Soft steels



1. Introduction Several mathematical models have been proposed in order to study the scalar hysteresis of magnetic materials. In particular, the classical scalar Preisach model (CSPM) has been used with success [1–3]. In fact, this model allows to describe the behavior of the magnetization in the cases of both increasing and decreasing applied ﬁeld. *Corresponding author. Tel.: +390906765647; fax: +39090391382. E-mail addresses: [email protected] (M. Carpentieri), gﬁ[email protected] (G. Finocchio), [email protected] (F. La Foresta), azzerboni@ ingegneria.unime.it (B. Azzerboni).



However, the results predicted by the CSPM are accurate only in the case of hysteretic materials that are characterized by the wiping-out and the congruency properties [1,3]. The wiping-out property consists in the minor loops closing on themselves; the congruency property consists in all minor loops between the same pair of applied ﬁelds being congruent and independent of the magnetization [3]. Generally, magnetic materials do not satisfy these properties, and therefore the CSPM do not describe completely these materials. In order to overcome these limitations, modiﬁcations to the CSPM have been proposed in the literature. They include the DOK model [3], the modiﬁed scalar Preisach model (MSPM) [4,5],
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the moving model [1,3], and the product model [3]. All these models allow the determination of the hysteretic energy losses, which is an important aspect for the design of electromagnetic power devices. In fact, there is an increasing interest in the use of soft ferrite cores for transformers and reactances in several power electronics applications [5]. Among these methods, the MSPM appears to be the one capable of providing the better results in the speciﬁc case of SiFe (3% in weight). Therefore, we are interested in the development of an efﬁcient and accurate method for the determination of the MSPM parameters from experimental data. In this paper, we propose an extension of the Lorentzian approximation approach which we have already used in the case of the CSPM to the identiﬁcation problem of the MSPM. In particular, we will demonstrate that the reversible magnetization of the material can be readily obtained by means of the proposed approach.



2. CSPM and reversible magnetization The CSPM allows the determination of the irreversible magnetization of a material which is the one responsible for energy dissipation. In real magnetic materials, the reversible magnetization is related to the stored energy transferred by an applied ﬁeld, and it can be totally recovered when the applied ﬁeld is returned to zero. Therefore, the total magnetization is the sum of two parts: the reversible and the irreversible ones: M ¼ Mirr þ Mrev :



ð1Þ



In general, the reversible component of the magnetization is a function of both the irreversible magnetization and the applied ﬁeld. For example, using the DOK model, the expression of the reversible magnetization can be obtained as follows [3]: Mrev ¼ aþ F ðHÞ  a F ðHÞ;



ð2Þ



where F(H) is a single-valued function of the applied ﬁeld only, whereas aþ ; and a are functions that depend on the magnetization only.
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In the State independent hypothesis (SIH), the reversible part of the magnetization depends on the applied ﬁeld only, Mrev=Mrev(H); as a consequence, aþ is equal to one, while a is equal to zero [3]. In the SIH, the Preisach function can be divided into two parts: the irreversible Preisach function, deﬁned on the entire physical Preisach plane (for U > V ), and the reversible Preisach function, deﬁned on the U ¼ V axis of the Preisach plane. The expression of the total Preisach function is PðU; V Þ ¼ Pirr ðU; V Þ þ Prev ðUÞdðU  V Þ:



ð3Þ



The possibility of separating the reversible and irreversible part of the magnetization is the starting point for the new identiﬁcation which is described in the following paragraphs.



3. Lorentzian Preisach function approximation If the wall motion is unidirectional when increasing and decreasing monotonic magnetic ﬁeld are applied, then the Preisach function can be factorized as Pirr ðU; V Þ ¼ Ps ðUÞPs ðV Þ;



ð4Þ



where Ps(H) is a single-valued function of the applied ﬁeld H. Preliminary considerations, from the measurements of a few soft grain steel samples [6], seem to indicate that the shape of the Lorentzian function, and, in particular, the slope of its ascending and descending parts satisfactorily ﬁts the shape of the experimental Preisach function [6,7]. The Lorentzian function expression is Ps ðHÞ ¼



pﬃﬃﬃﬃ A  2 S ; 1 þ ½ðH  Hc Þ=Hc s



ð5Þ



where s and Hc are parameters that characterize the distribution, A is a scaling constant which normalizes the distribution, and the scalar S is related to the max(Mirr) and to the magnetization at saturation. The magnetization of the ascending part of the major loop computed by means of the CSPM
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using Eq. (5) can be written in the form [3] MIrrL ¼ SMs Z Z þ 2Ms



Ps ðUÞPs ðV Þ dU dV ;



ð6Þ



U>V



where Ms is the magnetization at saturation. Using the SIH, it is possible, starting from the knowledge of the experimental major loop and the virgin curve data, to ﬁnd the reversible magnetization. In fact, we compute the Mrev as the difference between the experimental magnetization of the ascending part of the major loop and the magnetization computed by means of Eq. (6), that is Mrev ¼ Mexp  MIrrL :



ð7Þ



For the identiﬁcation of the model, the knowledge of the parameters A, s and Hc is needed. The parameter A depends on the saturation magnetization Ms; the parameter Hc is related to the width of the loop, its value being quite close to the coercitivity of the material; s is related to the slope of the loops at Hc.



Since the reversible part of the magnetization is located at the U ¼ V axis of the Preisach plane, in the hypothesis of SIM, the maximum of the irreversible part of the Preisach function is independent of the reversible one, and the parameters s, Hc, and A can be identiﬁed by means of the analytical approach discussed in Ref. [7]. Fig. 1 shows an example of the Preisach function computed using the Lorentzian approximation by means of the analytical approach when computing the reversible magnetization in the hypothesis of state independent for a non-oriented magnetic grain steel. It can be observed that the maximum of the irreversible Preisach function is not inﬂuenced by the reversible one. In order to compute the virgin curve, we can use the value of Mrev as obtained in Eq. (7) in the following equation: MV ¼ MPreV þ Mrev ;



ð8Þ



where MPreV is the virgin curve computed by means of the Preisach model and Mrev is the reversible magnetization.



Fig. 1. 3D plot of the Preisach function when using the Lorentzian approximation and the SIH, for a non-oriented magnetic grain steel. The parameters have been computed using the major loop (Ms=1.22  106 A/m, Hc=23.8 A/m, s ¼ 6:4).
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Fig. 2. Experimental and computed magnetization of the major loop data by using the Lorentzian function.
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completely taken into account in the CSPM; therefore, it is necessary to introduce an additional reversible component of the magnetization. In this paper, we propose the modiﬁed scalar Preisach model (MSPM), a natural extension of the CSPM, in order to take in account of the reversible magnetization process accurately. The MSPM is a differential model of hysteresis which includes reversible effects. Its mathematical formulation is [5]   Z H dM ¼ KðMÞ W ðHÞ þ 2PS ðHÞ PS ðHÞ dV dH H0 ð9Þ for increasing applied ﬁeld, and   Z H0 dM ¼ KðMÞ W ðHÞ þ 2PS ðHÞ PS ðHÞ dU dH H
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Fig. 3. Experimental and computed magnetization of the virgin curve by using the Lorentzian function.



ð10Þ for decreasing applied ﬁeld, where H0 is starting point of applied ﬁeld, W(H) is a function that characterizes the reversible magnetization, and K(M) is introduced in order to correctly account for the case of non-congruent property of minor loops. Usually, K(M) can be expressed as [5]  a M KðMÞ ¼ 1  ; ð11Þ Ms



4. MSPM and identiﬁcation problem



where a is an even positive integer. The MSPM is a magnetization-dependent model, but it is important to note that the reversible part of magnetization is independent of the irreversible one. In particular, the MSPM is an intrinsically State Independent Model with respect to the reversible magnetization. By integrating Eq. (9) with reference to the ascending branch of the major loop, we obtain Z Z dM ¼ ½W ðHÞ KðMÞ  Z þ2Ps ðHÞ Ps ðV Þ dV dH: ð12Þ



The CSPM can be modiﬁed in order to achieve an accurate description of the experimental behavior of soft magnetic materials. In fact, the reversible magnetization process is not often



The result can be expressed in a form quite similar to the one used in Eq. (1), however the terms have a different meaning. In fact, in this new approach, the expression for the total



The SIH allows to obtain a good agreement between the computed and the experimental major loop and virgin curves, at least as far as the major loop and the virgin curve are concerned. This is clearly shown in Figs. 2 and 3. However, a more detailed comparison between the computed and experimental data would show a poor ﬁtting of the symmetric minor loops.
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magnetization can be written as M ¼ M þ M ; irr
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where M is computed by numerically integrating  and M  are related the ﬁrst term of Eq. (12), Mrev irr to the reversible and irreversible parts of the magnetization, respectively. The MSPM formulation allows writing Eq. (13); the left-hand side depends on the magnetization only, while the right-hand side depends on the applied ﬁeld only. This property of the MSPM allows using simple techniques in order to solve the identiﬁcation problem with respect to the techniques used in the other models (Ref. [1, pp. 64–99]). By using the Lorentzian approximation of the irreversible part of the Preisach function, and by computing the reversible one as reported in the previous section, we can obtain a good agreement between simulated and experimental results.
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Fig. 6. Experimental data and computed by Lorentzian function by using MSPM model. The applied ﬁeld maximum is of 9, 18, and 40 A/m. The laminated magnetic steel has a cut angle of 45 with respect to the easy axis. The parameters values are: Ms=1.10  106 A/m, Hc=17.9 A/m, s ¼ 1:16; a ¼ 2:
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Fig. 5. Experimental data and computed by Lorentzian function by using MSPM model. The applied ﬁeld maximum is of 9, 18, and 40 A/m. The laminated magnetic steel has a cut angle of 90 with respect to the easy axis. The parameters values are: Ms=1.13  106 A/m, Hc=23.6 A/m, s ¼ 0:75; a ¼ 2:
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5. Results Figs. 4–6 report a comparison between the experimental data and the computed loops by using the MSPM model. The experimental data reported in the ﬁgures come from measures on non-oriented soft ferrite core (Si 3.2% in weight), and different average grain sizes, C1 grain size is 46 mm in average size and C6 grain size is 174 mm
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Fig. 4. Experimental data and computed by Lorentzian function by using MSPM model. The applied ﬁeld maximum is of 13, 20, and 60 A/m. The laminated magnetic steel has a cut angle of 0 with respect to the easy axis. The parameters values are: Ms=1.20  106 A/m, Hc=11.3 A/m, s ¼ 2:88; a ¼ 2:



in average size. The samples were cut along different directions, with respect to the lamination direction, from 0 to 90 . The loops have different applied ﬁeld, from 9 to 60 A/m. As can be observed, the ﬁtting between the theoretical curves and the experimental ones is satisfactory. These results clearly conﬁrm the validity of the proposed approach and demonstrate that the MSPM can
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result a powerful analytical tool for the characterization of soft magnetic materials.



6. Conclusions In this paper, we have investigated the problem of the modeling of non-oriented grain steel magnetic materials behavior. In particular, we have investigated the capability of the MSPM to describe the reversible magnetization in the SIH. The problem of the model identiﬁcation has been discussed and examples of application to actual materials have been reported, both in the case of the CSPM and in the case of the MSPM. The results obtained so far are encouraging, since a good ﬁtting of virgin curve (CSPM and MSPM) and minor loops (MSPM) can be obtained. In the formulation we have proposed the SIH appear as an intrinsic property of the reversible magnetization. It is worth noticing that, with respect to other identiﬁcation methods, the one we have proposed
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results of simpler application while allowing to obtain, in most cases, theoretical results in agreement with the experimental data. We point out that this method works in these soft magnetic materials, it might not work for another magnetic materials.
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