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Abstract An equation system for the anhysteretic curve and the distribution function required by a hysteresis model is suggested. A least-square ﬁtting conﬁrms that the solution is unique and gives optimal agreement with the measurements. Moreover, the used ﬁtting function with three parameters replaces the measured vector, which increases simulation performance. r 2003 Elsevier B.V. All rights reserved. PACS: 75.60.Ej; 02.60.Pn Keywords: Anhysteretic curve; Pinning strength; Distribution function; Approximation



1. Introduction Since 1996, a new hysteresis model based on thermodynamic considerations has been developed [1,2]. For a given material, the model requires only the measurement of the major loop and the virgin curve. The unknown functions are the anhysteretic curve and the distribution function of the involved volume fractions lumped together with respect to magnetic pinning strength, so called pseudo particles. So far the anhysteretic curve was obtained by trial and error, because the middle curve between upper and lower branches of the major loop [3] did not work well. This paper suggests an equation system with the two unknown functions and the two measured curves. A numerical way is to perform least-square ﬁtting, which at the same time reduces the required *Corresponding author. Fax: +46-8-205268. E-mail address: [email protected] (J.H. Krah).



measured curves for a given material to a simple function with a few parameters. This technique reduces the amount of data in a material database and a function is easier and faster to handle during simulations, which is needed, for instance, for lumped element modeling of transformer cores.



2. The model The hysteresis model calculates the magnetization M½H of the magnetic material B ¼ m0 ðH þ M½HÞ; M½H ¼ c  Man ðHÞ þ



ð1Þ m X



Man ðPli k ½HÞBðli Þ;



ð2Þ



i¼1



where Pli k ; i ¼ 1; 2; y; m are the play operators of the involved pseudo particles li with pinning strengths li k as backlash values and volume fractions zðli Þ: k is the mean pinning strength
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and Man the anhysteretic curve. The parameter c takes into account some magnetic reversibility occurring in real magnetic materials. The virgin curve and the major loop can be reproduced uniquely by measurements and they are the easiest cases of magnetizing process. The backlashes of the pseudo particles Pli k ½H are activated one by one according to the distribution function zðli Þ: For H > 0 Eq. (2) can then be rewritten as Z H=k Man ðH  lkÞBðlÞ dl ¼ V ðHÞ; cMan ðHÞ þ 0



ð3Þ where V ðHÞ is the measured virgin curve. Similarly, the lower half of the major loop Ml ðHÞ gives Eq. (4), where the pseudo particles are initially saturated to MS and the backlashes start with negative pinning forces li  k instead of zero. Z ðHHmin Þ=2k Man ðH  2lkÞBðlÞ dl 0 Z N BðlÞ dl ¼ Ml ðHÞ: ð4Þ  MS  ðHHmin Þ=2k



Eqs. (3) and (4) contain two unknown and two measured functions. After elimination of zðli Þ the anhysteretic curve can be determined. One numerical way is to insert an approximation function with a few parameters for the anhysteretic curve and then to perform a least-square ﬁtting. Linearizing Man for small H; Eq. (3) gives Z H=k 0 0 Man ð0ÞðH  lkÞBð0Þ dl: MEcMan ð0ÞH þ 0



ð5Þ 0 Replacing the slope Man (0) of the anhysteretic curve for small H by the anhysteretic susceptibility w; Eq. (5) reads



MEcwH þ



1 Bð0ÞwH 2 : 2k
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Fig. 1. Measurement of major loop and virgin curve.



where w0 þ m0 and k are the material-speciﬁc socalled Rayleigh parameters.



3. The measurement In order to capture a smooth virgin curve without edges, it is important to demagnetize with sufﬁciently many loops. Another problem was a considerable DC offset of the magnetic ﬁeld through the sample sheet due to small remanence in the used yoke system [4] and a small DC offset of the electric ampliﬁer generating the magnetomotive force. This required a program that ﬁrst applies an alternating H ﬁeld with slowly decreasing amplitude and then compares the obtained ﬁnal B-ﬁeld value with the mean value of the extreme B-ﬁeld values, which correspond to positive and negative saturation. If the difference is larger than a speciﬁed tolerance, a PI controller calculates a new compensation offset for the drive current generating the H-ﬁeld. Fig. 1 shows a successful measurement of the virgin curve.



ð6Þ



Eq. (6) conﬁrms Rayleigh’s [3] observation in 1887 that the virgin curve for small magnetization levels has the approximate form BðHÞ ¼ ðw0 þ m0 Þ  H þ kH 2 ;



2



B [T]



36



ð7Þ



4. The virgin curve The beginning of the virgin curve for the above measurement was ﬁt by a parabola, see Fig. 2.
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Fig. 3. One way to determine the middle curve of the major loop.
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Fig. 2. Fitting of begin of virgin curve by a parabola.
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Initially, the anhysteretic curve was assumed as a middle curve between upper and lower halves of the major loop [3]. One way using the coercivity HC is illustrated in Fig. 3. The resulting vector for the expected anhysteretic curve for the measured material was ﬁt by a parameterized Sigmoid function. The Sigmoid function given by Eq. (5) has the asymptotic values 0 in the left-half plane and 1 in the righthalf plane. Around the point of origin, it increases smoothly: 1 : 1 þ ex
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Fig. 4. Middle curve of the measured major loop (dotted) for M700 and ﬁtting by a Sigmoid function with a ¼ 1:81; b ¼ 395 and c ¼ 38:2: 2



ð5Þ



Shifting fs ðxÞ down by 0.5 and introducing parameters as amplitude a; a scale factor b for the argument and ﬁnally superposing a line with slope c gives Eq. (6), which was ﬁt to the expected anhysteretic curve, see Fig. 4.   2 Ban ðHÞ ¼ a  1 þ cm0 H: ð6Þ 1 þ eH=b Then, a demagnetization example was simulated with 25 pseudo particles distributed according to a Gauss curve, see Fig. 5. The maximal slope of the calculated major loop is lower than that of the measured one, because the backlashes of the pseudo particles involve delays. This means that for small B-ﬁeld levels the slope of the anhysteretic curve has to be higher than the slope of the middle curve of the major loop.



1



B [T]



fs ðxÞ ¼



B [T]



5. The anhysteretic curve
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H [A/m] Fig. 5. Measured virgin curve and major loop and a demagnetization simulation with the original model implementation with 25 pseudo particles.



Furthermore, the used Gauss distribution of the pseudo particles involves negative pinning strengths. A more physical approach is to relate
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curve. The parameters a and c changed slightly to 1.85 and 34.5, respectively. The updated simulated demagnetization curve in Fig. 7 shows that the new calculated major loop ﬁts better than the original in Fig. 5. However, the low number of the 12 used pseudo particles in Fig. 6 obviously involves discretization errors.
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Fig. 6. Optimal distribution of hysteretic pseudo particles for M700 (‘ ’) and a rough estimation related to measurement (‘+’).
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The hysteresis model works accurately with about 30 pseudo particles and an approximation of the anhysteretic curve with a maximum slope higher than that of the major loop. The anhysteretic curve could be ﬁt well by a Sigmoid function. This reduced the required memory from a measured vector to three parameters and increased the simulation speed by a factor of 8.5. The solution of the equation system for the anhysteretic curve and the distribution function is unique for a measured material.
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the difference between upper and lower halves of the measured major loop to the total remaining backlash. The normalized derivative with respect to H in Fig. 6 can be used as a qualitative starting point for an approximation of the distribution function for the studied material. The optimum was obtained by least-square ﬁtting of the calculated to the measured major loop. The Sigmoid parameter b decreased to around 200 involving a clearly higher initial slope of the anhysteretic
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