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Abstract This paper deals with vector hysteresis modeling. A vector model consisting of individual Jiles–Atherton components placed along principal axes is proposed. The cross-axis coupling ensures general vector model properties. Minor loops are obtained using scaling method. The model is intended for efﬁcient ﬁnite element method computations deﬁned in terms of magnetic vector potential. Numerical efﬁciency is ensured by differential susceptibility approach. r 2003 Published by Elsevier B.V. Keywords: Hysteresis modeling; Jiles–Atherton model; Vector magnetization modeling



1. Introduction Accurate description of many magnetization processes requires vector hysteresis modeling. For this reason the existing scalar models are not adequate for simulation purposes. Although several authors have extended the scalar models to include vector features [1–3], applications in ﬁnite element computations still encounter some difﬁculties. First problem is computational cost. The ﬁnite elements computations require separate evaluation of hysteresis model for large number of elements. Hence total computational time due to hysteresis can be substantial, even if advanced techniques are employed [4]. Next issue is coupling of hysteresis model with ﬁeld solver. Since many ﬁeld solvers are deﬁned in terms of magnetic vector potential the need to employ magnetic ﬂux density as independent variable arises. Unfortu-



nately, the input of the existing models is usually magnetic ﬁeld strength. The aim of this paper is to present an isotropic vector hysteresis model derived from scalar Jiles– Atherton model. The vector model is constructed by applying cross-axis coupling terms to individual components placed along principal axes. It is intended to provide computationally efﬁcient model suitable for ﬁnite element method computations using magnetic vector potential formulation. The remainder of this paper is organized as follows: ﬁrst we mention the scalar Jiles–Atherton model and its properties; then we discuss vectorized model and its application in the ﬁnite element method computations; thereafter we present some numerical results for rotational applied ﬁeld. The last sections contain conclusions and some remarks concerning further work.



2. Jiles–Atherton hysteresis model *Corresponding author. Fax: +48-61-6652-199. E-mail address: [email protected] (G. Szyma!nski). 0921-4526/$ - see front matter r 2003 Published by Elsevier B.V. doi:10.1016/j.physb.2003.08.048



The original Jiles–Atherton model proposed in Ref. [5] is based on some physical insight into the
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magnetization process. The total magnetization is decomposed into reversible component corresponding to the domain wall bending and into irreversible component related to the domain wall displacement under the pinning effect. It is assumed that the energy dissipated against the pinning is proportional to the change in the magnetization. The equilibrium state magnetization (characterized by anhysteresis curve) is assumed to be described by the modiﬁed Langevin function:      He a Man ¼ Ms coth ; ð1Þ  He a



proposed in Ref. [8]. Scaling factor and offset are chosen to fulﬁll the condition that the magnitude of magnetization must approach the saturation if applied ﬁeld continues to increase in magnitude without reversal: limH-N MðHÞ ¼ Ms : The scaling concept is applied to the total magnetization [7]. Thus one obtains



where Ms is the saturation magnetization, and He is the effective ﬁeld: He ¼ H þ aM; a and a are model parameters. The irreversible magnetization can be expressed as the difference between the lossless case and the hysteresis loss: dMirr Mirr ¼ Man  dk ; ð2Þ dHe



The existing vector hysteresis models e.g. Stoner–Wohlfarth model and Preisach models exhibit the following properties [1]. The saturation property requires that the total magnetization magnitude never exceeds Ms if large ﬁeld in any direction is applied. Moreover, it is assumed that the total magnetization magnitude is able to achieve the saturation if sufﬁciently large ﬁeld in arbitrary direction is applied. The loss property addresses both alternating ﬁeld losses and rotational ﬁeld losses. The losses associated with the alternating ﬁeld increase monotonically with applied ﬁeld until the saturation is reached. When the magnitude of the rotational ﬁeld increases the losses per cycle ﬁrst increase, and subsequently monotonically decrease; under sufﬁciently large ﬁeld no losses occur. Furthermore, the vector model should reduce to the scalar model if applied ﬁeld lies only along one of the principal axes and the initial magnetization lies along this axis. The proposed vectorized model consists of three identical scalar models placed along principal axes. The cross-axis coupling is realized in terms of state functions [9]:



where k is a parameter, and d is the directional parameter, d ¼ sgnðdH=dtÞ: The reversible magnetization is given by Mrev ¼ cðMan  Mirr Þ:



ð3Þ



After some manipulations one obtains differential susceptibility: dM Man  M dMan ¼ ð1  cÞ þc ; ð4Þ dH dk  aðMan  MÞ dH which can be employed for calculation of the major loop magnetization Mp ðHÞ: The corresponding differential equation is solved using Runge–Kutta method with adaptive stepsize [6]. Parameter identiﬁcation can be performed by means of the optimization process as proposed in Ref. [7]. The initial set of parameter is obtained with respect to their physical meaning i.e. Ms is the saturation magnetization in A/m, a the parameter representing coupling between the domains, k the parameter related to the domain wall pining (coercive ﬁeld strength in A/m), a the shape parameter in A/m, and c the domain wall bending parameter (0oco1). Minor loops are obtained using the scaling method according to physical assumption as



MJA ðHÞ ¼ ap Mp þ bp :



ð5Þ



3. Vector model



jHd j Qd ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ; 2 Hx þ Hy2 þ Hz2



ð6Þ



where d is the principal direction (d ¼ x; y or z). In the proposed model, however, the state represents not only a group of hysterons with the same switching ﬁelds [1], but corresponds to the whole set of hysterons (entire model along the axis). Thus the representative thresholds are equal to zero.
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The total magnetization is then computed as vector sum of tree scalar models: d Md ¼ Qd MJA :



ð7Þ



Now we show that the proposed model exhibits the main vector models properties. First we discuss the saturation property, then we consider the loss property. The scalar model output is limited by Ms ; and in fact the saturation magnetization is achieved for large applied ﬁeld. Since for any applied ﬁeld governs Q2x þ Q2y þ Q2z ¼ 1; correct magnitude of magnetization is ensured. For ﬁeld alternating along one of the principal axes one obtains, for instance, Qx ¼ 1; and Qy ¼ Qz ¼ 0; hence the model reduces to the well-established Jiles–Atherton scalar model. Thus, the losses associated with the alternating ﬁeld emerge from wall pinning as described in the previous section. The losses per cycle increases with the magnitude of alternating ﬁeld, until it saturates as the magnetization saturation is reached. For large rotational ﬁeld it is expected to obtain round magnetization locus i.e. the magnetization vector should follow the applied ﬁeld vector, whereas the magnetization vector magnitude remains constant. The energy exchange during the magnetization process is described by dw qM ¼H : dt qt



ð8Þ



For large rotational ﬁeld however time derivative of the magnetization vector is perpendicular to the applied ﬁeld vector. Thus no energy exchange occur.



scaling concept must be slightly modiﬁed. It is due to the fact that scaling fairly adequately describes the minor loops if Hminor ¼ Hmajor ; whereas the magnetization or the magnetic ﬂux density are subject to be scaled. The authors propose the following approach. From closure condition the scaling factor and the offset are calculated. The coordinates of the turning point are deﬁned on the H–B plane; where: B ¼ m0 ðH þ MÞ: The scaled output MðBÞ is calculated in inverse order to Eq. (5), i.e. ﬁrst the offset and the scaling are applied, then the inverse Jiles–Atherton model is involved. This approach can be summarized in the following ﬂow diagram: Bbp ap



inv:JA



Bp =m0 Mp



B=m0 Hp



ð9Þ



B ! Bp ! Mp ! Hp  ! M;



where magnetic ﬁeld strength Hp corresponds to Hminor ¼ Hmajor condition.



5. Simulations The vectorized Jiles–Atherton model has been applied to an isotropic medium. The following parameters are assumed: Ms ¼ 1:2 MA=m; a ¼ 0:002; k ¼ a ¼ Hc ¼ 1 kA=m; c ¼ 0:1: The rotational magnetic ﬁeld is applied to the medium. The results are presented on the H–M plane since it is more instructive as MðBÞ relationship. 1.5 H=5 kA/m H=15 kA/m



1



H=50 kA/m H=100 kA/m



In the original approach the magnetization is obtained by integrating the differential equation in terms of dM=dH: However to be suitable for magnetic vector potential formulation, the model should use magnetic ﬂux density as independent variable. For this reason the inverse Jiles–Atherton model ðdM=dBÞ as proposed in Ref. [10] is adopted. The vector model is constructed in the same manner as in the foregoing approach, however the
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4. Inverse model 0
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Mx [T] Fig. 1. Locus of magnetization for rotational applied ﬁeld.
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The rotational hysteresis losses as function of the applied ﬁeld magnitude are presented in Fig. 3. The typical waveform [11] of ﬁrst increasing and subsequently decreasing loss pro cycle can be observed.



6. Conclusions



Fig. 2. Magnetization angle over applied ﬁeld angle.



A simple vector hysteresis model is developed. The model exhibits main vector models properties. The model is applicable in fast ﬁnite element method computations using magnetic ﬁeld strength or magnetic ﬂux density as independent variable. The computational efﬁciency is ensured by differential susceptibility approach. The slope of rotational losses is subject of future research.
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Fig. 1 shows the magnetization locus for varying applied ﬁeld magnitude. Corresponding magnetization angle versus applied ﬁeld angle is presented in Fig. 2. It is seen that as the ﬁeld increases the magnetization loci become rounder, and the magnetization angle is closer to the applied ﬁeld angle.
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