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integrator. Both grain-oriented, in both the rolling direction (RD) and transverse direction (TD), and non-oriented (NO-RD) materials are considered. In the low ... 
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共Presented on 15 November 2002兲 A comparative study was performed of the different techniques for determination of dc-magnetic properties of laminated SiFe alloys. Three characterization methods are considered: 共1兲 the point-by-point method 共PbPM兲 for the construction of magnetization loops; 共2兲 the slow time-varying excitation in which a low-frequent periodic magnetic field excitation is used; and 共3兲 fitting of the dc properties based on the statistical power loss model of Bertotti. All experiments are performed on the Epstein frame using the same excitation source and the same electronic flux integrator. Both grain-oriented, in both the rolling direction 共RD兲 and transverse direction 共TD兲, and non-oriented 共NO-RD兲 materials are considered. In the low induction range, fitting by the Steinmetz formula is used to compare the methods. Under slow time-varying excitation, the loss in energy observed when samples are magnetized at constant dB/dt is always lower than at constant dH/dt excitation for the same frequency. It is also observed that the PbPM for the low induction range gives a lower value of hysteresis loss than the other methods 共approximately 30% for GO-RD, 10% for GO-TD and 5% for NO-RD兲. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1557851兴 For the evaluation of electromagnetic losses in laminated SiFe materials, it is common practice to separate the total dissipation in energy per magnetization cycle into a frequency-dependent dynamic part and a frequencyindependent hysteresis part. In the metallic materials considered, eddy currents 共which are the main cause of all dissipation of energy兲 flow in different geometries and time scales, which physically justifies the loss separation approach.1 In this work, different procedures to determine the hysteresis part of the total dissipation in energy are compared. The materials considered are 3% SiFe grain-oriented both in the rolling direction 共RD兲 and transverse direction 共TD兲 共thickness is 0.225 mm兲 and 3% SiFe nonoriented materials 共thickness of 0.5 mm兲. The first method that is used to determine dc-magnetic properties is the point-by-point method 共PbPM兲 for the construction of magnetization loops, described in Ref. 2. Since the variation in flux is often measured by means of a ballistic galvanometer, this method is sometimes referred to as a ballistic method. In our case, an electronic integrator is used to determine the flux density. Special care was taken in the design of the flux integrator to minimize the drift in output voltage3 共e.g., JFET兲 op-amp offset voltage compensation, capacitor leakage current compensation and the addition of proportional dc feedback兲. On a standard Epstein setup, the drift of the flux integrator is always lower than 100 T/s. A a兲
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measurement sequence of 15 s leads to one single point in the B – H loop. After 10 cycles 共at 1 Hz兲 with a maximum field value that corresponds to the maximum value of the B – H loop, a field variation of dH is applied. The corresponding change in induction dB is determined, and the 共dH,dB兲 pair leads to one point on the ascending branch of the B – H loop. The measurement procedure is fully automated and the ascending branch with a predefined maximum



FIG. 1. Hysteresis loss per cycle of grain-oriented material in the rolling direction obtained from the point-by-point method and the hysterigraph 共TVE 0.5 Hz const dB/dt). The solid lines show the Steinmetz fit to the PbPM results. © 2003 American Institute of Physics
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FIG. 4. Comparison of P 0,hyst obtained from PbPM, TVE measurements and SPLM fitting for RD grain-oriented material. FIG. 2. Hysteresis loss per cycle of nonoriented material obtained from the point-by-point method and the hysterigraph 共TVE 0.5 Hz const dB/dt).



field value is constructed from 200 measurement sequences. The dissipation in energy 共in J/m3兲 is calculated from the surface enclosed by this point-by-point constructed magnetization loop. The second method to measure dc-magnetic properties is based on slow time-varying excitation 共TVE兲. Since this method uses low-frequent excitation to trace the magnetization loop, the device is often referred to as a hysterigraph. In this work, a current controlled linear power amplifier is used in combination with a feedback algorithm to adjust the exciting magnetic field so that the induction wave form is controlled.4 The adjustable parameters are the frequency 共from 0.01 to 10 Hz兲 and the form of excitation applied 共e.g., constant dH/dt or constant dB/dt). The third method to determine the dc-magnetic properties is based on the statistical power loss model 共SPLM兲 of Bertotti,1 in which the total loss in energy is separated into hysteresis loss P hyst , classical eddy current loss P cl and an excess loss component P exc . In the case of grain-oriented material in the rolling direction, the dependence of the num-



ber of active correlation regions ˜n on excess field H exc can be postulated to be5 ˜n ⫽n ˜ 0共 B p 兲 ⫹



H exc , V 0共 B p 兲



共1兲



where ˜n 0 represents the number of correlation regions for vanishing magnetizing frequency, V 0 is an internal field that describes microstructure-driven pinning effects on domain wall motion5 and B p is the peak induction level. The hysteresis loss curve P hyst(B p ) can then be fitted from a set of measurements at different frequencies 共e.g., from 5 to 100 Hz兲 and at different peak induction levels B p , all done under a controlled sinusoidal induction wave form. All experiments were performed using the same Epstein frame, the same electronic flux integrator, the same excitation source and the same acquisition system. A comparison of the PbPM and the TVE method for grain-oriented material 共RD兲 is shown in Fig. 1. The hysteresis loss per cycle as a function of the peak induction level is plotted on a log–log scale. Similar to what has been observed for nonoriented materials,6 two regions in the induction level 共separated by B * ) can be distinguished where the Steinmetz formula is valid: P hyst⫽ P 0,hystB n 0,hyst 共 B⬍B * 兲 , ⫽ P 1,hystB n 1,hyst 共 B⬎B * 兲 .



FIG. 3. Hysteresis loss per cycle of TD grain-oriented material obtained from the point-by-point method and the hysterigraph 共TVE 0.5 Hz const dB/dt).



共2兲



FIG. 5. Comparison of n 0,hyst obtained from PbPM, TVE measurements and SPLM fitting for RD grain-oriented material.
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FIG. 6. ˜n (H exc) obtained from energy loss curves P tot(Bp ,f ) of RD grainoriented material using hysteresis loss obtained from TVE measurement at 0.1 Hz under constant dB/dt. The solid lines represent the linear approximation given by Eq. 共1兲.



The solid lines in Fig. 1 show the fit of the Steinmetz formula to the PbPM results: P 0,hyst⫽10.15 J/m3 , n 0,hyst ⫽1.906, P 1,hyst⫽0.095 J/m3 , n 1,hyst⫽11.85 and B * ⫽1.6 T. It can be noticed that the hysteresis loss from low to intermediate induction levels (B⬍B * ) obtained from the PbPM is approximately 30% lower than the result obtained by the TVE method 共0.5 Hz and constant dB/dt) for the RD grainoriented material. However, for high induction levels, the difference between the PbPM and the TVE method decreases and, at B p ⫽1.85 T, both methods give the same results. Similar behavior has been observed for nonoriented material 共see Fig. 2兲. Here also, the PbPM gives hysteresis loss that is lower than that obtained by the hysterigraph 共0.5 Hz and constant dB/dt). Starting from low induction levels (B p ⫽0.3 T), the difference is approximately 8%. It decreases to 3% at B p ⫽1 T and becomes zero at B p ⫽1.4 T. The situation for grain-oriented material magnetized in the transverse direction is slightly different 共see Fig. 3兲. For both low (B p ⬍0.7 T) and high (B p ⬎1.3 T) induction levels, small deviations between PbPM and TVE are noticed. In the induction region from 0.7 to 1.3 T, the PbPM gives a lower hysteresis loss than the TVE method, with a maximum difference of approximately 10% at B p ⫽1 T. The Steinmetz coefficient P 0,hyst and the Steinmetz exponent n 0,hyst 共for the induction range below B * ⫽1.6 T) obtained by the three characterization methods on grainoriented material in RD are shown in Figs. 4 and 5. The variation of P 0,hyst with magnetizing frequency f TVE in the TVE method can be seen in Fig. 4. Magnetization frequencies from 0.01 to 10 Hz were used. It was observed that for measurements with a controlled triangular induction wave form 共constant dB/dt), the loss in hysteresis did not change for frequencies below 0.1 Hz. For measurements with triangular current feeding 共constant dH/dt), the hysteresis loss obtained did not change for magnetizing frequencies lower than 0.02 Hz. The hysteresis loss measured under constant dB/dt is always lower than the measurements with constant
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FIG. 7. ˜n (H exc) obtained from energy loss curves P tot(Bp ,f ) of RD grainoriented material using hysteresis loss obtained from SPLM fitting. The solid lines represent the linear approximation given by Eq. 共1兲.



dH/dt. Since the results for the PbPM and for the fit based on the SPLM are not related to f TVE , they are shown by horizontal lines in Figs. 4 and 5. The hysteresis loss obtained from the SPLM, i.e., by extrapolating loss curves P tot(Bp ,f ) to f ⫽0 Hz and by using expression 共1兲 for the description of excess loss, leads to hysteresis loss that is equivalent to the loss measured by the TVE method, in which magnetizing frequency between 0.5 and 1 Hz is used, depending on the form of control. The hysteresis loss obtained by the PbPM method seems to have no correspondence to the loss obtained by extrapolating the magnetization frequency to zero. The different results for hysteresis loss obtained by the three methods were also introduced and analyzed within the framework of the SPLM. Then the ˜n (H exc) curves are directly calculated from the total energy loss measured. The excess loss is obtained by subtracting computed classical Foucault loss and the hysteresis loss from the measured total energy loss. It is seen in Figs. 6 and 7 that different results are obtained. When the hysteresis loss obtained from SPLM fitting is used 共see Fig. 6兲, then expression 共1兲 is satisfied ˜ 0 ⫽45, V 0 ⫽0.15 A/m at B p ⫽1 T and V 0 increases for (n high induction levels兲. When the hysteresis loss obtained by the TVE method 共0.1 Hz and constant dB/dt) is used 共see Fig. 7兲, then lower values for ˜n 0 and V 0 are obtained (n ˜0 ⫽25, V 0 ⫽0.1 A/m at B p ⫽1 T) and a more linear dependence of V 0 on B p is observed. This work was carried out with in the framework of FWO Project No. 9.0420.99, ‘‘Soft magnetic materials for electrotechnical applications: Characterization, modelling and optimization,’’ sponsored by the Fund of Scientific Research, Flanders. G. Bertotti, Hysteresis in Magnetism 共Academic, New York, 1998兲. IEC Publication 404-4 共1995兲. 3 M. De Wulf, Ph.D thesis, Ghent University, Gent, Belgium, 共2002兲. 4 M. De Wulf, L. Dupre´, and J. Melkebeek, J. Appl. Phys. 87, 5239 共2000兲. 5 G. Bertotti, IEEE Trans. Magn. 24, 621 共1988兲. 6 G. Ba´n, P. Di Nunzio, S. Cicale`, and T. Belgrand, IEEE Trans. Magn. 34, 1174 共1998兲. 1 2
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