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Modeling the Steinmetz's law for soft steel

The loss calculation in soft magnetic materials, used in the manufacturing industry, is still ruled by Steinmetz's simple law. It has remained unchallenged for more than a century, unproven but successfully used by designers of magnetic components. Based on experiments carried out on soft NO Fe-Si and Mn-Zn ferrite samples, in this paper we present a model of Steinmetz's approximation, based on the hyperbolic model. We also make suggestions for the formula's possible extension to a wider range of coercivity, possibly covering not only soft iron but also other groups of magnetic materials as well, used in industry.

Introduction

In practical a.c. applications one of the vital properties of the magnetic material is its electrical loss. This represents the energy dissipated by the device as heat. The hysteretic loss, or d.c. loss as it is often called, is shown to be proportional to the area enclosed inside the hysteresis loop. As an indicator it measures the loss per unity volume over one cycle of the periodic excitation. While the other losses (eddy current, excess etc) depend on the operational frequency, geometry, conductivity and other parameters of the sample, [START_REF] Bertotti | Hysteresis in Magnetism[END_REF], the hysteresis loss is related primarily to the maximum magnetization BB m [START_REF] Steinmetz | [END_REF]. In engineering practice is often convenient to express W, the hysteretic loss as W = KB m p , where K is a material constant and p, the exponent for soft ferrous materials, falls between 1.6 and 2, based on practical experience. This purely experimental law is known as Steinmetz's law [START_REF] Steinmetz | [END_REF]3]. For well over one hundred years, designers have applied this convenient and simple law in industrial design, for the calculation of the hysteretic losses. The Steinmetz's power law was intended to be used only for low and medium magnetization, in the so called Rayleigh region (H ≤ H c ) although for some materials it is proved to be a good approximation beyond the expected limits, as shown by Ewing's experimental results [4]. It is still valid today for the majority of Fe-Si based soft electro-technical steels [5], within the linear operational limits. In this paper we formulate the area enclosed by the hysteresis loops and show an analytical way to calculate the losses in other soft magnetic substances as the function of maximum magnetization, leading to a simple formulation, similar to Steinmetz's formula. For the calculations we have used the hyperbolic model [6] for its mathematical simplicity and speed. [START_REF] Takacs | [END_REF]8].

Experiment and modeling.

The results presented here are based on the experiments carried out on soft NO Fe-Si and Mn-Zn ferrite samples with measured coercivity of 70 and 12.8 A/m respectively. The samples were made into toroids to avoid the effect of external demagnetization. Starting from the positive near saturated state, 24 minor loops were recorded at 0.05 Hz. The major loop of this set was fitted with a loop calculated by using the model [8,9].

The experimental and the modeled major loops are depicted in Fig. 1. The parameters for the Mn-Zn ferrite loop, shown in Fig. 2, predicted by the model are as follows: 

A 1 = 3 = 0.

Hystetesis loss calculation

The hysteretic loss is proportional to the area enclosed by the hysteresis loop, which can be calculated by using equations (A1) and (A2) (see Appendix). The total area W inside the hysteresis loop is represented by the difference between the integrals of the n y ± functions by x, between the limits of ± x m the maxima of the field excitation. The final result of this integration is expressed in equation ( 1 )
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For the calculation of W as a function of maximum magnetization as used by other authors [5], we introduce the following notations for the normalized maximum excitation: From these small numbers of examples it seems that the approximation's validity is limited to the range where the first magnetization process (DWM) is dominant. We investigated Steinmetz's formulation further, with different variables, in view of extending its application to other magnetic materials, by exploring the dependence of K and p quantities on coercivity. We have found that for most industrial magnetic material the dominant process (DWM) determines the coercivity. The other processes (DR, DWAN) may contribute only a few percent to it. Taking the following approximation 0 0 a a 1 ≈ may introduce an error, which is less than that of the measuring error plus that caused by the Steinmetz approximation. But we have to point out, that the calculation of a 0 in closed form may prove extremely difficult anyway.
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In equation ( 3 The losses in a magnetic component depend on its operational temperature. We have seen that the Steinmetz parameter values primarily depend on the coercivity (see Fig. 4). The coercivity dependence on the temperature for various substances have been investigated and documented in the literature [10]. Assuming that the coercivity stays within the range shown in Fig 4 the Steinmetz parameter values (K and p) can be directly read off the graphs, for the operational temperature. This proposed modeling of the Steinmetz approximation so far has only been calculated for NO Fe-Si and Mn-Zn ferrite materials. As the results are very promising, further experiments are planed to verify its validity for other substances.

Conclusion

In this paper, the modeling of the Steinmetz formula for calculating hysteresis losses in soft steel is formulated. The formula gives the correct result when the magnetization process is restricted to the range of the dominant DWM process i.e. within the Rayleigh region. It has also been shown that, the Steinmetz formula is applicable for different materials (higher coercivity) by changing the K materials constant and the p exponent, simultaneously.

Experiments are in progress to provide further proof to the proposal put forward in this paper.
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 12 Fig,1. Measured and calculated hysteresis loop of toroid NO Fe-Si.The best results were achieved with the following numerical parameters in normalized form and in equivalent physical units (for the parameters see Appendix ):

  159 T, A 2 = 0.82 = 0.0434 T, A 3 = 2.62 = 0.138 T, α 1 = 0.41, α 2 = 0.456, α 3 = 1.45, a 01 = 1.285 = 12.85 A/m, a 02 = 0.87 = 8.7 A/m, a 03 = 1.45 = 14.5 A/m, x m = 12 = 120 A/m, with the normalization of 1x = 10 A/m and 1y = 0.053 T.

  By substituting (1) and (2) into (3) we can express the relationship between the W area and y m . The W versus y m function is shown in Fig.3 with the Ky m 1.6 curve [2]. It shows clearly that for soft steel (NO Fe-Si), with coercivity around 70 A/m, the Steinmetz approximation is valid within a few percent for K = 1.25 and p = 1.6, which are very close to K fitt = 1.28 = 0.333 T and p fitt = 1.62 respectively, predicted by the model (for the calibration see calculated data).

Fig. 3 .

 3 Fig. 3. The W area versus maximum magnetization BB m is calculated from the Steinmetz approximation (solid) and resulted from the model (dotted) for NO Fe-Si and Mn-Zn ferrite materials. Insert shows the graphs below 0.2 T.

Fig. 4 .

 4 Fig.4. K, p and the Kp product versus a 0 coercivity for the working range of 20-90 A/m.

  ) we varied the value of coercivity a 01 between 0.1 (10 A/m) and 1 (100 A/m) in steps of 0.1 (10 A/m). The curve calculated from (3) was fitted after every step with one calculated from the W = K y m p equation by varying K and p until the best fit was found. The results of this simulated experiment are shown in Fig.4. The graph shows the calculated points from the experimental data (broken lines) with the polynomial approximation (solid lines). It depicts K and p as the function of coercivity and also shows the Kp product, which displays remarkable linearity in the investigated range. The graph shows that while the coercivity increases the p exponent decreases verifying other published experimental data[5]. Similar graphs can be constructed for other range of coercivity values by using equ (3).
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Appendix

The characteristic equations of the hyperbolic model in canonic form: 1 ( )

Here y +n and y -n signify the normalized ascending and descending magnetization functions respectively, x represents the normalised field excitation, a 0k is the coercivity of the k th process. A k is the amplitude of the magnetization, α k is the scaling factor and b k is the integration constant [11], while x m represents the maximum field excitation on the relative scale, common to all. The index k refers to the individual process and n is the number of total processes involved. For most substances n = 3, representing the reversible and irreversible domain wall movement (DWM), the reversible and irreversible domain rotation (DR) and the domain wall annihilation and nucleation (DWAN) [8].