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Abstract

:

Grain-oriented (GO) electrical steel (ES) laminates are still very important in industrial applications due to their remarkable crystallographic properties. Cores of large electrical machines and transformers are built from ES. The performances of these devices are significantly influenced by the properties of ES. The improvement of ES properties has been the subject of considerable research for many years. The phenomenon of magnetic anisotropy is highly non-linear, and it should be taken into account by the designers of magnetic circuits. The article proposes a modified model for calculating the angular properties of specific total loss of ES. The modeling takes into account the isotropic component (from classic eddy currents) and the anisotropic component, which is the sum of hysteresis and excess losses. For the directional loss modeling, the Boltzmann function was used. An analysis of the dependency of model coefficients on the frequency is presented.
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1. Introduction


The increasing global electrical energy demand due to climate policies drives the growth of the global electrical steel market. The rising electricity consumption and increasing need for industrial development are the major drivers boosting the demand for electrical steel. Electrical steel (ES) is classified into two types: non-oriented (NO) and grain-oriented (GO). Electrical vehicles use non-oriented electrical steel in most cases. Grain-oriented electrical steel (GOES) is used in power generation, transmission and distribution, and for the charging of electrical vehicles. Hence, the market for GOES grows every year. At present, the electrical industry consumes about 30 million tons of electrical steel annually, and the expected increase in volume of electrical steel production is of the order of 20% by 2028 [1]. Excellent magnetic properties of GOES result from the crystallographic structure developed, e.g., in accordance with the Goss method [2].



GOES exhibits a strong magnetocrystalline anisotropy with a (110) plane grain orientation and a <100> edge direction, as shown in Figure 1. For this grain orientation, GOES shows high values of magnetic flux saturation and magnetic permeability, as well as a low specific total power loss PS for the easy magnetization direction (along the rolling direction). These features make the GOES particularly useful for assembling the magnetic cores of large transformers. GOES exhibits excellent magnetic properties for the rolling direction (RD), parallel to the easy magnetization direction <100>. In conventional GOES, grains are misaligned about 3°–7° with respect to the RD. In a material with Goss texture, the worst magnetic properties are noticeable for the angle of 55° with respect to the RD, which coincides with the direction of <111>, the body diagonal to the unit cell. Intermediate magnetic properties are noticeable for an angle of 90° to the RD, i.e., in the transverse direction TD. In the construction of laminated cores made of tape cut along the RD at the T-joints and in the corners, the deviations in the magnetic flux from the easy magnetization axis deteriorate the magnetic properties of the whole magnetic core [3,4,5,6,7,8,9,10,11,12]. This implies that during the production of large transformers, the magnetocrystalline anisotropy has to already be taken into account at the design stage in order to minimize the core loss and the magnetizing currents. For example, butt-lap or step-lap stacking methods are used. These are aimed at lowering the reluctance of the magnetic flux [13]. Since power transformers operate continuously for at least twenty years, it is crucial to minimize energy losses in their magnetic circuits in order to achieve an improved energy conversion. Hence, considerable energy and material savings can be achieved when taking into account the anisotropic ES properties at the design stage.



The anisotropic properties of specific power loss in ES and its modeling are the subjects of extensive studies [14,15,16,17,18,19,20,21,22,23,24,25]. Among the possible approaches, the models based on the co-energy concept [15], reluctivity tensor [16] or Neél phase theory [17,18,19] can be distinguished. Apart from these, there are descriptions directly based on the experimental data. They describe the directional properties of power loss using different mathematical functions. In [20], cumulative distribution functions of the Gaussian functions were used, and most often, the orientation distribution function (ODF) was used in crystallographic studies [21,22,23]. There exists a description [24,25] based on a three-component model [26], which stresses the same origin of hysteretic Ph and excess Pex components [18,19,27]. The advantage of the latter model [24] is that it makes it possible to compute loss at high flux density levels. This is particularly important, since in the case of GOES, the trend to increase the working flux density is clearly noticeable. At present, the values are from the range 1.6–1.78 T [28]. Moreover, in some core regions, the local flux density can significantly differ from the average value due to an uneven flux distribution.



In this paper, a modification of an anisotropy model for the specific total loss [24] is presented. The approach is based on a three-component model for the description of the specific total loss. It also takes into account the interdependency between hysteresis and excess loss components. Using a novel model, based on the aforementioned interdependency, the investigation of the angular properties of PS loss is performed in a similar way like in [23,24].



This paper presents the investigation results of the directional properties of PS for seven grades of GOES. The ES grades differ in the sheet thickness and anisotropy resulting from the texture. The results of this investigation indicate that the correlation between Ph and Pex components varies with the ES grade. It is demonstrated that the correlation can be used in modeling the angular properties of PS loss. The proposed model might be useful for analyzing the influence of the flux density, permeability and frequency on the magnetic properties of ES, as long as the assumed ranges are maintained.




2. Some Properties of GOES


2.1. Anisotropy Phenomenon


The production process of electrical steel sheets is carried in such a way that grain growth is encouraged for the grains whose crystals are ordered along the rolling direction (RD). The GOES features different magnetic properties depending on the direction of magnetization. GOES is generally used in transformers and other electric machines. The distribution of crystallites in GOES grains and the characteristic of the Goss texture are presented in Figure 1.



GOES owes its particularly favorable magnetic properties to the elementary cells edges of individual crystallites that are precisely arranged [21]. The edges of the crystallites of the <100> unit cells are arranged along the RD, which corresponds to the “easy” direction of magnetization. The diagonals of the faces of a cubic crystal (Figure 1), the <110> direction of the unit cell, are oriented perpendicular to the RD direction, i.e., the transverse direction TD. The diagonals of the cubic unit cell, direction <111>, are arranged at an angle of approximately 55° with respect to the RD. In this direction, ES shows the worst magnetic properties.



The anisotropic properties of a monocrystal are different from a commercial GOES consisting of multiple grains. In commercial ES, the grains are misaligned with an angle of ~3°–7° from the RD, as shown in Figure 1 [29,30,31,32]. In high-quality ES, the misalignment angle is even less than 3° [33]. Therefore, the magnetic core should be designed considering the magnetic anisotropy. The optimal approach relies on providing the lowest reluctance for the magnetic flux path [13].



GOES magnetic anisotropy is defined as the difference in energy needed to reach the saturation state of the material along the tested magnetization direction x1 and the reference direction x2 [20]:


   E a  =      ∫ 0   J s       H ( x 1 ) − H ( x 2 )   d J      V      [ J ]  ,  



(1)




where H(x1) and H(x2) are the saturation magnetic field strengths for the x1 and x2 directions, J is the magnetic polarization, Js is the saturation magnetic polarization, and V is the sample volume.



Calculating the anisotropy of the PS loss in ES from Equation (1) is problematic due to the difficulty in determining the technical saturation states in different directions. This is due to the requirement of very high magnetic-field strengths [29]. Therefore, for engineering purposes, the anisotropy of the PS loss is determined for a given cutoff value Bp = 1.5 T, as shown in Equation (2). The most important quantities describing the directional properties of ES are the anisotropy of the flux density and the specific total loss.


  Δ  P  S , 1.5   y − 0   =    P  S , 1.5  y  −  P  S , 1.5  0     P  S , 1.5  y  +  P  S , 1.5  0    ,  



(2)




where    P  S , 1.5  y    is the PS loss at Bp = 1.5 T in the chosen direction y (most often y = 90°), and    P  S , 1.5  0    is the PS loss at Bp = 1.5 T in the rolling direction 0°.



Subsequently in the work, Equation (2) is used to determine the specific total loss PS anisotropy of the tested samples of grain-oriented sheets.



The quantitative dependencies of the anisotropic properties of specific total loss in ES often use directional properties (polar figures), as presented in the figure below.



The dependencies presented in Figure 2 depict variations of specific properties (e.g., magnetic induction or loss) as functions of the angle measured with respect to the rolling direction. Such dependencies are usually available only for GOES and constitute a great help in the design of transformers and electrical machines. The angular dependencies of PS loss can be represented by the ODF, consisting of a series of trigonometric functions [21,22].




2.2. Loss Separation


A magnetic loss due to the magnetization of ES causes the heating of the ferromagnetic material, which can be measured using a thermal method or an electrical method. The last method uses the Poynting theorem [34]. The Poynting vector K describes the power loss flow through a unit surface area. It is a vector product of the electric E and magnetic H fields, so the vector K is normal at the surface S of the ferromagnetic plate [35,36]. The sense of direction of vector K shows the direction of the energy flow, as shown in Figure 3. The power P, flowing in one second, may be described using Equation (3).


  P = −    ∮  ( S )    ( E × H ) ⋅ d S     o r          P =  1 T     ∫ 0 T       −    ∮  ( S )    ( E × H ) ⋅ d S             d t ,  



(3)







The minus sign (−) indicates the energy emitted by the sheet surface.



After the transformation of Equation (3), using the Gauss–Ostrogradsky theorem (    ∫  V    div ( E × H   ) d V =   ∮  S    ( E × H )   d S  ) as well as the first (  rot H = σ E  , for D = 0) and the second (  rot E = − ∂ B / ∂ t  ) Maxwell equations, a relationship useful for the determination of the total loss in an ES sheet can be obtained. The total loss in the unit time, here, taken as 1 s, is equal to:


  P =  1 T     ∫ 0 T        ∫  ( V )    H ⋅ d B   d V +    ∫  ( V )     E 2   1 ρ    d V           d t    ,  



(4)




where ρ is the resistivity of the sample, T is the magnetization cycle, and t is the time.



The first component of the sum in Equation (4) is interpreted as a hysteresis loss component. The second part of the sum is an eddy current loss component. Hence, Equation (4) represents the total loss separated in the volume of the ES sheets. However, it should be remembered that the use of Gauss–Ostrogradsky and Maxwell equations in the transformation of Equation (3) was possible under many assumptions, as for example the material uniformity and isotropy of its physical properties [29,36,37].



On the bases of the Poynting vector [34], the Steinmetz model [38] was elaborated. This description is still in use nowadays [39]. This model is referred to as the classical model. As in Equation (4), it consists of two components. The model was developed during experiments on hot-rolled steel with a maximum permeability lower than 5000, for frequencies up to 100 Hz and a peak flux density Bp up to 1.5 T. Exemplary results indicating the difference between the calculated and measured PS loss for the conventional, grain-oriented electrical steel sheet of grade M140-30S are presented in Figure 4.



In the case of conventional GOES of grade M140-30S, relatively small calculation errors are obtained for frequencies above f > 40 Hz and flux densities above Bp > 0.7 T. For smaller frequencies and flux densities, the two-component model yields values which differ significantly from their measured counterparts.



In the two-component model, the dynamic eddy current component was changed to the classical eddy current loss component, derived under severe simplifications from Maxwell’s equations. Together with the improvement in the GOES with Goss texture, the calculation error increased. Brailsford [40] already mentioned that the difference between the calculated and measured loss could be several times greater than the Pce loss component. The difference is called an excess or additional loss. Therefore, another component named the excess loss (Pex) was added to the existing two components in order to account for this discrepancy.



In the aftermath, the three-component model was developed for many years [41,42,43]. Finally, a statistical loss model was proposed by Bertotti [26,27]. Equation (5) is a simplified three-component model:


   P s  =     C h  (  B p  )  B p α  f  ︸    P h    +     C  c e    B p 2   f 2   ︸    P  c e     +     C  e x   (  B p  )  B p  3 / 2    f  3 / 2    ︸    P  e x     ,  



(5)




where Ch(Bp) is the hysteresis loss coefficient, Cce = π2d2(6ργ)−1 is the classical eddy current loss coefficient, Cex(Bp) is the excess eddy current loss coefficient, α is the exponent of flux density, ρ is the resistivity, Bp is the peak magnetic flux density, d is the sheet thickness, and γ is the mass density.



The classical eddy current loss component coefficient Cce can be calculated as in Equation (5). The skin effect phenomenon can change the flux density distribution over a cross section of the steel sheet and modify the value of classical eddy current power loss. In a frequency range up to 400 Hz (which is more or less the upper limit, where Bertotti’s model is applicable), the variation in parameter Cce is relatively small. The coefficients Ch(Bp) and Cex(Bp) are determined from the measured data for a certain frequency using the least square method and are assumed to keep constant values. The coefficient Cex(Bp) changes with the flux density due to variations in the specific coercive force V0 [26]. Since for the magnetization process at a quasi-static state, the source of hysteresis loss is moving domain walls, the quantity V0 might be a link between the hysteresis loss and the additional loss. The coefficient Ch(Bp), in practice, varies with both the flux density and frequency. The Steinmetz model and statistical model assume that Ch(Bp) is constant over different flux densities and frequencies. Therefore, loss prediction requires the calculation of their average values [39]. However, averaging can be a source of significant errors in a loss calculation. Although these limitations are due to the fact that it employs coefficients dependent on the material structure, the model was extended into a time domain [44,45]. However, the components Ph and Pce were derived under some assumptions that we have already mentioned, such as a sinusoidally varying magnetic flux and a constant magnetic permeability value, both in time and space. As a consequence, the model is applicable in a narrow range of flux densities and frequencies. Beyond those ranges, the loss prediction accuracy decreases, as will be shown later. The three-component model can be applied at any magnetization angle x related to the RD [24,46,47].





3. Materials and Methods


The experiment was carried out using commercially available GOES with Goss texture. From the mother sheet, square samples of 100 mm × 100 mm were cut. They were cut at the angles x = 0°, 27°, 36°, 45°, 54°, 63° and 90°, with respect to the rolling direction. The thicknesses of ES grades chosen for the tests varied in the range from 0.27 mm to 0.35 mm, whereas the specific total loss anisotropy calculated from Equation (2) varied from about 50% to 60%.



A non-standard single sheet tester was used. The magnetizing yoke consisted of two C-cores that were 25 mm thick. The magnetic field strength was calculated from the magnetizing current using Ampere’s law. The current was measured as a voltage drop on a non-inductive resistor of 0.5 Ω. The magnetic flux density was calculated from the voltage detected in the secondary coil. An air flux compensating coil was used. The magnetizing conditions were controlled using the computerized system presented in Figure 5.



The measuring system was based on the LabViewTM ver. 8.1 programming platform. A 16-bit NI PCI 6251M DAQ card was used to acquire data and generate a voltage signal amplified by a 4 kW power amplifier [48]. The amplifier was equipped with specially designed overcurrent protection. To avoid the direct component of the magnetization current, an isolation transformer was used. To minimize the additional distortion that could be introduced by the separation, the transformer was designed to work on the linear section of the magnetization curve.



The specific total loss PS was measured under a sinusoidal magnetic flux condition. The sine wave was controlled by monitoring the values of the form factor (FF) [49] and total harmonic distortion (THD) factor for the magnetic flux [50]. For the aim of loss separation, measurements were carried out in frequency range from 2 Hz to 100 Hz. The maximum flux density was dependent on the grade of the ES and on the magnetization direction. For magnetically hardest direction, around 60° to the RD, the maximum peak flux density Bp varied from 1.3 T to 1.5 T, and in the other magnetization directions, the maximum peak flux density Bp varied from 1.6 T to 1.9 T.




4. Calculation Results


4.1. Specific Total Loss Separation


To model the directional properties, a three-component PS loss model described by Equation (5) can be used [39,46]. The accuracy of PS loss modeling depends mainly on the accuracy of the loss separation. For this reason, measurements of the PS loss were performed for a minimum of twelve frequencies. The frequency values were chosen to compact the measurement data in the range of the greatest non-linearity of the PS/f relationship, as shown in Figure 6. The results of the work in [50] indicate a discrepancy of about 10% for GOES over the entire range of flux densities and measurement frequencies.



Only one, namely the classical eddy current component Pce appearing in Equation (5), can be directly calculated. The determined curves for Pce are depicted in Figure 6 as black dashed lines. The coefficient of the hysteresis component Ph and the excess component Pex must be determined experimentally. The Pce component should be subtracted from the PS loss values obtained from the measurements and the difference should be divided by the value of frequency f. As the result, a linear equation of the type a f1/2 + b is obtained. This equation is fitted to the experimental points PS/f = f(f), presented as circles in Figure 6. The experimental relationship PS/f = f(f) shows a high non-linearity for all considered angles, especially in the low-frequency range.



As can be inferred from Figure 6, the dependency of Ps/f = f(f) for electrical steel of grade M120-27S exhibits a significant non-linearity, in particular, in the low-frequency range. In the GOES grades under study, an important source of excess loss Pex is the domain structure. The domain structure affects the hysteresis component and the excess component alike. Both components also show a strong dependency on the magnetic anisotropy. As can be seen from Figure 6, the excess loss component is a significant portion of PS loss. The excess loss is higher than the hysteresis loss for all presented magnetization directions. The large non-linearity of the PS/f = f(f) relationship indicates that more than two experimental points are required for the purpose of distributing the loss for different magnetization directions. The proposed model of the angular behavior of specific total loss allows for the calculation of the directional properties for any magnetization angle based on the loss separation carried out only for three directions of magnetization, for example, as presented in Figure 6 [25].



The graphs of the three components of PS loss from Equation (5) obtained from loss separation are shown in Figure 7.



In Figure 7, all relationships for different magnetization directions and all three loss components follow a power law function. However, at high flux densities, above about Bp > 1.0 T, both the Ph and Pex relationships are curved. This can be due to the result of a non-uniform magnetic flux distribution across the sheet thickness when the saturation state is approached [40]. It is worth noticing that both components are dependent on the magnetic anisotropy, contrary to the classical eddy current component Pce, which is assumed to be isotropic. In fact, there exists some anisotropy in component Pce due to the anisotropy of resistivity, but at room temperature, it is negligible [51]. It should be stressed that only the ends of curves of the Pex component dependency are slightly curved. Hence, the above-given dependencies may be fitted with a power equation as below,


  P = a  B p b  ,  



(6)




and the power law function in the log–log scale is plotted as straight line. The directional dependencies of the specific total loss components Ph and Pex were fitted with Equation (6). The dependencies of the coefficients a and b on the direction of magnetization x are presented in Figure 8.




4.2. Specific Total Loss Model


It is agreed that the excess loss component is associated with domain wall movement. This movement occurs even at very low magnetization frequencies. Therefore, firstly, the component has been associated with the hysteresis loss [52,53,54], and it was not until later that it was combined with micro eddy currents created by the domain wall movement. The literature reports on numerous attempts to establish some relationships between the excess loss and the non-uniform distribution of permeability in the sample cross section.



For the above reasons and the similarities between the dependencies of hysteresis and excess loss components on the flux density for different magnetization directions, it follows that the sum of both of these components can be used in further calculations. In Figure 8, the coefficients were obtained from the fitting dependencies presented in Figure 7 with Equation (6).



The similarities presented in Figure 7 and Figure 8 result from the strong dependencies of both loss components on the domain structure. The domain structure influences the hysteresis loss even at quasi-static magnetization conditions. The main reason for separating both components is a different frequency behavior and different origin. In [55], it was found that the hysteresis loss component may not be proportional to the frequency, especially in the low-frequency range (non-linearity of the characteristics shown in Figure 6).



Apart from the presented similarities between hysteresis and excess loss components, their interdependency was examined in [46]. Therefore, in papers [24,46] for the modeling of PS loss, it was proposed to use the sum of the two components. In Figure 9, the dependency (sum of Ph and Pex versus magnetic flux density) was plotted.



The angular behavior of the sum of Ph + Pex presented in Figure 9 follow the power law function Ph+ex = aBpb. The power function does not reproduce precise relationships in the entire flux density range presented in Figure 9, but only up to approximately 1.0 T–1.5 T. Above this range, the curves presented in Figure 9 are considerable deviations between the experiment and the power law fit. Therefore, instead of a simple power law function, a modified power law function with an expanded peak flux density exponent in the form of a parabolic function was used:


   P  h + e x    ( x ) = a ( x )  B p  b ( x )   ,  



(7)




where the functions a(x) and b(x) are presented in Figure 10a and Figure 10b, respectively, and the function b(x) is a parabolic function in the form b0 + b1x + b2x2.



Therefore, each curve in Figure 10 can be described by a set of coefficients. For example, for the 0° magnetization direction, these will be a(0), b0(0), b1(0) and b2(0), and the function describing the Ph+ex relationship in Figure 9 will have the form Ph+ex = aBpb0(0) b1(0)+b2(0). In Figure 10, the coefficients a(x), b0(x), b1(x) and b2(x) are plotted versus the magnetization angle x.



Previous work [25] presents the dependencies a(x) and b(x) calculated as the average for five tested grades of electrical steel under research. In this work, a certain modification was used, consisting in averaging the parabola coefficients b0(x), b1(x) and b2(x) constituting the exponent of the exponential Equation (7) for all the ES grades tested. The validity of such a procedure was confirmed by the small variability in the coefficients b0, b1 and b2 with the anisotropy ΔPS90-0 and magnetizing frequency [24]. In this way, three dependencies (b0(x), b1(x) and b2(x)) were obtained, which were used in the calculations of the basis of the power function from Equation (7). This procedure achieved a smaller spread of the a(x) coefficients marked in Figure 10a. The curves of the base and averaged coefficients in the function given as Equation (7) are shown in Figure 10.



In Figure 10a, the sets of coefficient a for seven grades of GOES are presented. The dependency of coefficient a versus the angle could be described with a sigmoidal function. In this paper, the Boltzmann equation is proposed to fit the non-linear relationship between coefficient a and the magnetization angle x, as in Equation (8):


  a ( x ) = a ( 90 ) +   a ( 0 ) − a ( 90 )   1 + exp (   x −  x c   m  )    



(8)




where a(0) is the value of coefficient a at the angle x = 0°, a(90) is the value of coefficient a at the magnetization angle x = 90°, xc is the angle at the center (a(90) + a(0))/2, and m is the slope of curve.



The lines in Figure 10a were calculated by fitting the Boltzmann function Equation (8), and error bars characterize the distribution of coefficient a for the seven grades of ES under study. In Equation (8), the coefficients a(0) and a(90) are the values of coefficient a for Equation (7) for the magnetization directions 0° and 90°, respectively. They are determined from measurements. The coefficient xc is found as an angle for which a(xc) = ½(a(90)—a(0)), and it is an inflection point. The coefficient m is the slope of the curve a(x) in the inflection point, and it is obtained using a fitting procedure. To sum up, to obtain all coefficients of Equation (8), minimum measurement data for three magnetization directions are required, e.g., a(0), a(45) and a(90).



Three experimental points are also needed to determine the set of coefficients b0(x), b1(x) and b2(x), for example, for x equal to 0°, 45° and 90°. Then, the course of the coefficients of the parabolic functions b(x) can also be determined. The function b(x) is a parabolic function in the form b0 + b1·x + b2·x2. In the model presented in this paper, parabolic functions, as shown in Figure 10b, were used. They were calculated as an average of the seven considered electrical steel grades.




4.3. Analysis of Model Coefficients


The measurements of specific total power loss PS should be carried out at the angles x = 0° and 90°. The performed analysis (Figure 11) indicates that the third angle should be chosen from the magnetization angle in the range x = 30° to 45°. Also, in Figure 10b, it can be seen that the inflection point is less than 45° in the case of the parabolic function b(x).



The inflection point of the sigmoidal function (Figure 10a) depends on the frequency, as it can be seen in Figure 11. For the frequencies 10 Hz, 50 Hz and 100 Hz, the inflection points (the parameter xc of Equation (8)) are in the ranges of 36° to 38°, 37° to 39° and 38.5° to 42.5°. The inflection point xc weakly depends on the loss anisotropy ΔPS90-0, but the influence of the frequency is significant. In Figure 11, the increasing dispersion of the xc points with a decreasing frequency is also visible. At 5 Hz (not shown in Figure 11), the point even reaches 43° for ES displaying ΔPS90-0 = 55%. Moreover, this angle increases with a frequency decrease. This statement is consistent with the fact that the origin of the magnetic anisotropy should be measured at the dc magnetization condition [31,32].



A similar dispersion of experimental points as in the case of the xc point is observed in the case of the slope m (Equation (8)) in the sigmoidal function. The largest dispersion occurs for the frequency 10 Hz and the lowest, for a frequency of 100 Hz. In Figure 12, the dependency of the successive values of coefficient m on the loss anisotropy ΔPS90-0 is presented.



The parameter m is the slope of the curve a(x) presented in Figure 10a. This is one of the coefficients that have to be fitted to three experimental points at a(0) and a(90), as well as one point from the range 35° to 45°. It can be seen that it is inversely proportional to the loss anisotropy ΔPS90-0. The parameter m weakly depends on the frequency and similarly, like in the case of the dependencies of xc, the dispersion of data increases with a decrease in the frequency. This is opposite for the remaining two parameters a(0) and a(90) presented below.



Figure 13 shows parameter a(0) of Equation (8) as a function of the anisotropy ΔPS90-0 and frequency.



The dependency of parameter a(0) depends on the anisotropy ΔPS90-0 and frequency. The slope of the straight lines fitted to experimental points decreases with an increase in the anisotropy ΔPS90-0 and frequency. The frequency dependency is understandable, as it concerns two parameters directly related to the difference between the specific total loss PS and classical eddy currents Ph+ex = PS − Pce. It is worth emphasizing that the slope of the straight lines significantly decreases with a decreasing frequency. In Figure 13, the curves look parallel when they are plotted on a logarithmic scale. A similar behavior can be observed in Figure 14 concerning parameter a(90) of the sigmoidal function Equation (8) plotted versus the anisotropy ΔPS90-0 for three magnetization frequencies: 10 Hz, 50 Hz and 100 Hz.



As can be inferred from Figure 14, the parameter a(90) concerning the transverse direction does not seem to be dependent on the anisotropy ΔPS90-0. However, the parameter depends on the frequency as a power law function with an exponent value less than unity, whereas for the parameter a(0), the power exponent is approximately 1.3. The difference between the frequency behaviors of a(0) and a(90) can be due to the different magnetization phenomena at rolling and transverse directions.





5. Calculation of Directional Properties of Ps


As mentioned above, the directional properties of PS can be calculated from a minimum of three values of PS measured at the angles x = 0° and 90°, as well as one from the range 30°≤ x ≤ 45°. For each direction, the sum of hysteresis Ph and Pex (excess eddy current components) can be calculated. This can be performed from the loss separation procedure in the form Ph+ex = Ph + Pex. For a single frequency, the loss separation procedure is not required. However, the sum Ph+ex can be calculated as the difference between the specific total loss and classical eddy current loss Ph+ex = PS − Pce. The component Pce can be calculated theoretically from the middle term of Equation (5). The advantage of loss separation is the possibility to calculate the angular behavior at any frequency up to the limit of applicability of the three-component loss model. Figure 15 presents an example of the calculation results for electrical steel of grade M150-27S.



Figure 15 presents the results of the directional properties for four different magnetization angles. The results of the PS loss measurements, marked with empty circles, and the calculation results for two versions of the computational models are presented. In one version of the model, the average values of the coefficients for the second-order polynomial of the power exponent of the magnetic flux density Bp, Equation (7), were taken into account. For the exponent coefficients selected in this way, a single sigmoidal function was calculated. The calculation results for this model are shown in Figure 15, and they are marked in red, with the dashed line marking the error in calculating the total PS loss, and the solid line marking the calculated PS values. In the second version of the model, the average values of the coefficients for the second-order polynomial of the power exponent of the magnetic flux density were determined, and a sigmoidal function was determined for the coefficients selected in this way. In the considered example, calculations were carried out assuming the sigmoidal function and the average values of the flux density Bp. The values of the parameters appearing in the sigmoidal function and the value of the power exponent were chosen specifically for the grade M150-27S. In Figure 15, the values for this model are marked in blue, and the designated errors are marked with a dashed line and a solid line for the values of the calculated PS loss.



The calculation errors shown in Figure 15 depend strongly on the flux density Bp. For small Bp values, they reach up to 40%, but for higher Bp values, they are significantly reduced to several percent. They should be considered relatively small, as the calculations were performed for the average values of the coefficients a and b(Bp) for the considered seven grades of GOES. A characteristic feature of the considered approach is the exact reproduction of errors obtained for the average values of the flux density (Bp) exponents and the sigmoidal function, and for the average values of the flux density (Bp) exponents and the sigmoidal function calculated for the selected grade of ES. Both facts indicate that the selection of the flux density exponent coefficients has the greatest impact on the accuracy of the calculations according to Equation (7). Although the parameters of the sigmoidal function influence the calculation errors, the most important thing is to map the course of the PS losses versus the density flux. On the other hand, they may also be caused by a lower accuracy in the measurements for small values of the flux density (0.1 T to 0.4 T) and low frequencies below 10 Hz.




6. Conclusions


The magnetic anisotropy of specific total power loss is a highly non-linear phenomenon. It can be modeled in various ways as mentioned in the Introduction. The paper discusses the modeling of the directional properties of GOES, which involves the division of the total losses into two components: isotropic and anisotropic. The first isotropic component is the so-called classical eddy current component. The second anisotropic component is the sum of hysteresis and the so-called excess loss component. Both the hysteresis and excess components depend strongly on the magnetic anisotropy.



Previous work [25] presents the results of the calculations for the coefficients of the sinusoidal and parabolic functions, calculated for individual values of different GOES grades. These errors were relatively small, around a few percent. In the case of the calculated average values for the group of tested sheets, the calculation errors were significant and reached several percent. In the case of the averaged values of the coefficients for both the parabolic and sigmoid functions, they did not exceed several percent in most magnetization angles. However, for some magnetization angles, they reached significant values, but for magnetic induction values above 0.5 T, they did not exceed 30% for all the sheets tested. This result should be considered as an acceptable one due to the averaging of two functions: the exponent of flux density and sigmoidal function. It is worth noting that the error characteristics are almost parallel, as shown in Figure 15. Small values of errors and the repeatability of error characteristics confirm the correctness of the direction of the research work aimed at refining the presented model.



The above conclusions are also confirmed by the analysis of the parameters in the PS loss anisotropy model. The analysis of the computational errors showed that the accuracy of mapping the polynomial exponent of the flux density had a significant impact on their reduction. The analysis of the sigmoidal function coefficients showed a decrease in the value of the a(0) coefficient and the m slope with an increasing ΔPS90-0 anisotropy, and the dependency of sigmoidal function parameters on the frequency is exponential. The increase in the spread of the coefficient values of parameters xc and m for low magnetization frequencies can be caused by the difficulties in the correct mapping of the relationship Ph+ex = f(Bp) with the power law function in the range of low flux density values, particularly at low frequencies.



The approach to directional loss modeling presented in this work can be useful in modeling the total core loss in such places as at the L- or T-joints of transformer core regions, where the magnetic flux must pass from the rolling to the transverse direction. In such places, the flux density can exceed 1.8 T. The advantage of this model is the ability to model the anisotropy of PS loss even at high flux densities. Calculation errors in the order of a few percent should be considered small. This advantage is particularly important, because the operating flux density of magnetic cores is constantly being increased. Additionally, the proposed model can be used together with a three-component PS model to characterize the loss anisotropy at different frequencies.



The advantages of the adapted model result from taking into account the phenomenon of interdependency between hysteresis and excess losses, since both loss terms strongly depend on the magnetic anisotropy. A part of the hysteresis loss component may contain a component related to the domain movement (reorganization), which occurs even at very slowly varying magnetizations. However, further research is needed to quantitatively and qualitatively describe the aforementioned interdependency between the hysteresis and excess components.
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Figure 1. Distribution of crystallites in grains of electrical steel with edges <100> deviated from the direction of rolling. 
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Figure 2. Example of a form of presentation of the anisotropic properties of PS loss for GOES of grade M120-27S at the frequency f = 50 Hz at induction, Bp = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 and 1.5 T. 
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Figure 3. Locations of vectors K, E and H on the surface of an electrical steel sheet. 
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Figure 4. Calculation error ΔPS obtained using a two-component model for GOES of grade M140-30S versus the frequency f and peak flux density Bp, adapted from [39]. 
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Figure 5. The block diagram of the measuring system. 






Figure 5. The block diagram of the measuring system.



[image: Energies 17 01112 g005]







[image: Energies 17 01112 g006] 





Figure 6. Energy loss per unit mass versus frequency obtained for sample of GOES of grade M120-27S at the flux densities Bp: (a) 1.0 T and (b) 1.5 T. Dots—experimental data; solid lines—fitting to experimental data. Dashed lines denote the PS loss components of Equation (5). The black line denotes the Pce component, which is invariant with respect to the cutting angle. The subscript denotes the angle at which the individual samples were cut. 
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Figure 7. Dependencies of specific total loss components on flux density for different magnetization angles of GOES of grade M150-27S magnetized at 50 Hz: (a) hysteresis, (b) excess and classical eddy current. 
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Figure 8. Coefficients a and b of function P = aBpb versus the direction of x for GOES of grade M165-35S at 50 Hz; (a) coefficient a = f(x) and (b) coefficient b = f(x). Square marks—hysteresis; circle marks—excess loss components; solid lines—fitting to data. 
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Figure 9. Dependencies of sums of Ph and Pex components versus flux density Bp for three magnetization angles (0°, 54° and 90°) for ES of grade M150-35S at 50 Hz. 
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Figure 10. Power function coefficients of Equation (7) versus magnetization angle x used for extrapolating curves presented in Figure 9: (a) a(x), (b) b(x). Points—average data for all tested ES grades; solid lines—fitting to data. 






Figure 10. Power function coefficients of Equation (7) versus magnetization angle x used for extrapolating curves presented in Figure 9: (a) a(x), (b) b(x). Points—average data for all tested ES grades; solid lines—fitting to data.



[image: Energies 17 01112 g010]







[image: Energies 17 01112 g011] 





Figure 11. Parameter xc of Equation (8) as a function of anisotropy ΔPS90-0 and frequency. Points—data obtained from fitting of Equation (8); solid lines—fitting straight line to data. 
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Figure 12. Parameter m of Equation (8) as a function of anisotropy ΔPS90-0 and frequency. Points—data obtained from fitting of Equation (8); solid lines—fitting straight line to data. 
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Figure 13. Parameter a(0) of Equation (8) as a function of anisotropy ΔPS90-0 and frequency. Points—data obtained from fitting of Equation (8); solid lines—fitting straight line to data. 
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Figure 14. Parameter a(90) of Equation (8) as a function of anisotropy ΔPS90-0 and frequency. Points—data obtained from fitting of Equation (8); solid lines—fitting straight line to data. 
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Figure 15. Specific total loss for GOES of grade M150-27S at 50 Hz at magnetization angle: (a) x = 0° (RD), (b) x = 27°, (c) x = 54° and (d) x = 90°. The measured points are marked as circles and solid lines, indicating the calculation results; the red color indicates the calculations performed for the average sigmoid function; and the blue line is calculated for the sample. The dashed lines show the calculation error for the average sigmoid function—red—and blue for M150-27S electrical steel. 
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