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A modi"ed Jiles method for hysteresis computation including minor loops P.I. Koltermann!, L.A. Righi", J.P.A. Bastos#, R. Carlson#, N. Sadowski#,*, N.J. Batistela# !UFMS, Campo Grande, MS, Brazil "UFSM, Santa Maria, RS, Brazil #UFSC, Floriano& polis, SC, Brazil



Abstract This work presents a new methodology for determination of hysteresis curves based on the Jiles}Atherton method. The magnetic induction is adopted as an independent variable which is available in the vector potential magnetic "eld formulation. The presented method can be directly incorporated in a "nite element software. ( 2000 Elsevier Science B.V. All rights reserved. Keywords: Hysteresis curve; Magnetic material modeling; Minor loops



1. Introduction Magnetic cores are widely used in electromagnetic devices, such as inductors, transformers and rotating machines and they may determine the overall e$ciency and the device design. Numerical methods allowing the simulation and analysis of electromagnetic devices were developed in the last years, as for instance, the "nite element method. In the simulation of electrical machines, a formulation based on the magnetic vector potential A is widely employed, and the unknowns of the problem to be solved are the magnetic vector potential values at the "nite element mesh nodes. After the magnetic problem solution, the magnetic induction B can be evaluated in each "nite element by B"rot A,



(1)



where rot is the rotational operator. Knowing B and given an anhysteretic characteristic of the iron, the anhysteretic non-linear problem is easily * Correspondence address: GRUCAD/EEL/CTC/UFSC, C.P. 476, CEP: 88040-900, FlorianoH polis (SC), Brazil. Tel.: #55-48-331-9649; fax: #55-48-234-3790. E-mail address: [email protected] (N. Sadowski)



solved. On the other hand, the insertion of the hysteretic magnetic characteristic into a "nite element "eld calculation procedure is still a challenge.There are many hysteresis models and most of them are successful in the situations for which they are derived [1}7], using the "eld H as input variable, as for instance the well-known Jiles}Atherton model. We propose in this work, a method, similar to the Jiles}Atherton model but presenting B as an independent variable. In this way, this method can be directly inserted in a "nite element "eld calculation procedure. In the proposed methodology, the magnetic "eld H is de"ned as the sum of two components: the anhysteretic "eld H and the hysteretic "eld H . In the lossless case, the AN H relation between B and H will follow a single-valued anhysteretic curve H . In the loss case, we will consider AN the domain walls moving in response to a hysteretic "eld H . This quasi-static model originates an energy balance H and a di!erential equation, similar to the Jiles}Atherton method [2].



2. Formulation We will de"ne the static hysteresis in terms of an anhysteretic magnetic "eld H and a hysteretic AN
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magnetic "eld H as follows: H H"H #H . AN H



(2)



The anhysteretic "eld is calculated by solving the next equation (Langevin function):



C



D



B 1 H " !M coth j! , AN k S j 0



(3a)



with



A B



a H (1!a)#B AN k 0 , j" a



Fig. 1. Simulated B]H hysteresis curve. H



(3b)



where M is the saturation magnetization, a and a are S Langevin coe$cients [2], and B is the magnetic induction module. On the other hand, the hysteretic magnetic "eld H , as H will be demonstrated, can be calculated by the di!erence of the following components: (a) the magnetic "eld H , associated with the maxHW imum hysteretic energy to wall motion } = ; W (b) a "eld H , which is proportional to the variRET ation of the magnetic "eld (dH /dB) and is assoH ciated with the reversible part of wall motion and to the energy returned to the source = . RET We will "rstly discuss these two energy terms and then give the di!erential equation for static hysteresis. 2.1. Maximum hysteretic energy (= ) W In the same way as M is the saturation value for the S anhysteretic magnetization, the hysteresis loops have a limit (saturation) value, here named H . As described HS by Rayleigh law [7], a hysteresis loop at low "elds values does not present in#exions. We use the Langevin function to represent the descending and ascending branches. The magnetic "eld associated with the irreversible component of wall motion H can be written as HW



A



B



1 H "H coth j ! , HW HS H j H



G



if *B'0, if *B(0,



P



*= " W



*B



H ¸(j ) dB, HS H



(7)



where ¸(j ) is the Langevin function of j : H H ¸(j)"coth j !1/j , H H



(7a)



2.2. Returned energy to the source (= ) RET (5)



In Eq. (5) I is a directional variable and assumes the D following values: #1 I " D !1



where *B is the #ux density variation; a and H are H HS model parameters. As given in Eq. (4), the "eld H , HW which is a function of H and I , can take values between H D !H and #H . Fig. 1 shows the range of H beHS HS HW ginning for B"0.0 T, reaching a maximum value of B"0.8 T and then decreasing to B"!0.4 T. We can also "nd an equation for the energy during an excursion *B as



(4)



where H #I H D HS , j " H H a H



Fig. 2. Geometrical interpretation of constant c . H



(6)



The component of the hysteretic "eld associated with the reversible motion of the wall domains can be written as dH H, H "I c RET D H dB



(8)



Fig. 2 gives a geometric interpretation of parameter c , H which de"nes the width of the hysteresis loop.
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We present also in Fig. 1 the excursion of H when RET the magnetic induction B varies from 0.0 to 0.8 T and then to !0.4 T. The energy returned to the source *= during RET a change of the magnetic induction *B is: *= "I c RET D H



P



*B



dH H dB. dB



(9)



2.3. The diwerential equation of static hysteresis The magnetic energy associated with the "eld H is the H di!erence between the maximum dissipated energy *= W and the returned energy *= : RET



P



*B



P



H dB" H



*B



H ¸(j ) dB HS H



P



!I c D H



dH H dB. dB



(10) *B Rewriting Eq. (10) and isolating dH /dB we have H dH H ¸(j )!H H " HS H H. (11) dB I c D H By solving Eq. (11) using as independent variable B, the "eld H is obtained as shown in Fig. 1 for the same H B excursion previously presented (B starting at 0.0 T, increasing to 0.8 T and decreasing to !0.4 ). The maximum hysteresis "eld H (Fig. 1) can be HMAX determined when the di!erential reluctivity dH /dB in H Eq. (11) is zero. In this condition, H is calculated by HMAX solving the next equation:



A



H



B



#H HMAX HS . (12) a H The hysteretic "eld H is evaluated from the time H evolution of the magnetic #ux density B. Let us "rstly de"ne: H and B, respectively the actual values of the H hysteretic magnetic "eld and magnetic #ux density; H and B , respectively the previous values of the H,0 0 hysteretic magnetic "eld and magnetic #ux density. For the computational implementation we will write 0"H !H ¸ HMAX HS



H !H dH H" H H,0 dB B!B 0 and rewriting Eq. (11) with Eq. (13):



(13)



I c (H !H ) D H H H,0 "(B!B )(H ¸(j )!H ). (14) 0 HS H H An interactive procedure can be used to obtain H from Eq. (14). Newton's method is used in this work. H Let us "rstly de"ne: d¸(j ) H ¸@(j )" H dj H



(15)



Fig. 3. Numerical algorithm to magnetic "eld calculation at each time step.



as the derivative of the Langevin function in terms of j . H To avoid numerical problems, according to the j values H four di!erent de"nitions for ¸(j ) and ¸@(j ) are used: H H (a) negative di!erential reluctivity case: ¸(j )"j /3, H H ¸@(j )"1/3, H (b) saturation region:



(16a) (16b)



¸(j )"I (1!1/Dj D), H D H ¸@(j )"I /Dj D2, H D H (c) linear region:



(17a) (17b)



¸(j )"j /3!j3 /45#2j5 /945, H H H H ¸@(j )"1/3!3j2 /45#10j4 /945, H H H (d) normal region:
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B



1 ekH #e~kH ¸(j )" ! , H ekH !e~kH j H



(18a) (18b)



(19a)
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Fig. 7. B]H curve showing its components (B]H and AN B]H loops). H



Fig. 4. B]H curve for two di!erent values of a . H H



Fig. 5. B]H curve for two di!erent values of H . H HS



Fig. 8. B]H curve including minor loops.



and calculate the new H with Newton's scheme: H H "H !> /(d> /dH ). H H 0 0 H



(20c)



We present in Fig. 3 the algorithm used in the computational implementations. Fig. 6. B]H curve for two di!erent values of c . H H



3. Results 1 ¸@(j )"!(coth2 j !1)# . H H j2 H



(19b)



To obtain H with Eq. (15) an interactive method is H used; Newton's method is employed in this work. In this way we can write a homogeneous form of Eq. (15), named > , and its derivative as follows: 0 > "I c (H !H ) 0 D H H H,0 !(B!B )[(H ¸@(j )!H )], 0 HS H H d> 0 "I c !(B!B )[H ¸'(j )!1] D H 0 HS H dH H



(20a) (20b)



We will "rstly show the in#uence on the B]H curve H of the di!erent parameters a, H and c . These results HS H are shown in Figs. 4}6, where the default parameters are: a "1000 A/m, H "1800 A/m, c "0.3 T. The deH HS H fault parameters give rise to continuous line curves. The dotted line curves are obtained by changing a in Fig. 3, H H in Fig. 4 and c in Fig. 5. HS H Fig. 7 shows, graphically how a B]H curve is obtained according to Eq. (1), i.e., when the magnetic "eld H is obtained by the sum of H and H . AN H Finally, a B]H curve including minor loops is obtained when the B waveform presents reversals, as presented in Fig. 8, proving that these phenomena are included in the model.
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4. Conclusion
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A model allowing the magnetic hysteresis simulation is presented in this work. The main contribution of this model is that the input variable is the magnetic #ux density rather than the magnetic "eld as in the Jiles}Atherton and Preisach's models. The model is also able to simulate minor loops and presents fast numerical convergence. As the magnetic induction is the input variable, the presented methodology can be directly applied in "nite elements "eld calculation codes, which normally work based on the magnetic vector potential.
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