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Abstract
We propose a simplified dynamic hysteresis modetHe prediction of magnetization behavior of

electrical steel up to high frequencies, taking iatcount the skin effect. This model has the aidwpn
of predicting the hysteresis loop and loss behawsosus frequency with the same accuracy provided
by the Dynamic Preisach Model with a largely redlicemputational burden. It is here compared to

experimental results obtained in Fe-Si laminatiomder sinusoidal flux up to 2 kHz.
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. INTRODUCTION

The problem of high frequency behavior of magnddiminations is of primary importance in
modern electrical engineering problems [1], butficlidt problems arise in the prediction and
assessment of magnetization process and lossesjdeethe skin effect compounds with the nonlinear
hysteretic response of the material. In order fpecwith the inhomogeneous profile of the flux dgnsi
over the lamination thickness, the magnetic losgeserally calculated by numerically solving the
diffusion equation over the sample cross-sectiod,esing a dynamic hysteresis model for the mdteria
constitutive law [2]. The Dynamic Preisach ModeP(D) is the model of choice, because it is accurate
and solidly established from the physical viewp§8j4]. Its application is, however, particulaitiyne
consuming, because calculations must be done fon &aite element of the spatial mesh until
convergence is reached. A faster approach, pregethie special virtues of DPM, would therefore be
appropriate. We apply in this paper the DPM to Hreadband behavior of nonoriented Fe-Si
laminations through a simplified method, drasticatducing computing time and complexity of the
full method, requiring the computation of the dynesrof each elementary hysteron distributed in the
Preisach plane [5]. We start our discussion froendifferential relation found by Bertotti [6] (fourta
(9), page 4609, of reference [6]) for the excesgmatc field due to the dynamic behavior of the

magnetization process

(0~ ) = sin( o) ] o

Hoq (1)

whereH(t) = Hy(t) — Hq(t) is the difference between the applied fielgt) and the counterfieléli.(t)

generated by the macroscopic eddy currents (ckdsBedd). Hgiaft) is the field that would provide
under static conditions the same irreversible fEasion J;; andkg [A*s’m] is the DPM constant. Eq.
(2) is derived under the simplifying assumptiongra@ngularHy(t) and uniform Preisach distribution

function. The extent to which such a restrictiom && circumvented and the full DPM approach for
3
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generic exciting conditions and shape of the Pchisdensity function can be approximated will be
discussed in the following. We find first that anmerical analysis based on (1) (Model 1) does rat le
to highly accurate dynamic loop shapes, especallyigh frequencies. A slight modification of (%) i

therefore proposed (Model 2) and implemented inoa-lmear magneto-dynamical model for the
computation of the field distribution inside Fed@minations, taking into account skin effect. The

numerical results are compared with the experimgat®rmed under sinusoidal flux up to 2 kHz.

1. THE SIMPLIFIED MODEL

A. The simplified DPM-Model 2

The Preisach distribution function, including tleversible contribution, was determined in a 0.35
mm thick Fe-(3.2wt%)Si-(0.5wt%)Al lamination, andiet dynamic constank;=350 A's'm was
identified. The full and the simplified (Model 1)1 are compared in terms of the excess field. i th
model benchmark, a sinusoidal dynamic fié#dt) = Ha(t) — He(t) (peak valueH, = 100Am™,
frequencyf = 200 Hz) has been applied. For the full DPM cése excess fieltHex(t) = H(t) - Hsaft)
is derived applying the DPM td(t) in order to get the irreversible polarizati@gn(t), and then using
the inverse static Preisach model to compute thgcsfield Hgioft) from Ji(t). For the model 1, a
numerical solution of (1) directly providési,(t) from the sinusoidat(t). A comparison between the
results of two approaches is illustrated in FigtHe Ji; waveform obtained from the DPM has also
been represented). Discrepancies are found bettheetwo predictedHex(t) waveforms, particularly
around the reversal points of the irreversible netigationJ;,. With the simplified Model 1 the zero of
Hexc IS, according to (1), coincident with the maximahH(t), whereas from the same picture, it

appears that it occurs whép is maximum. Consequently, (1) is formulated as

4 ||Haa

Hoe (1)

on account of the fact that the sign If,, is the same as that af,, . The simplified DPM based on

4
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(2) (DPM-Model 2) appears now to provide (Fig. h)Hw,(t) waveform in good agreement with the
one provided by the full DPM.

Once the static field is knowdy (Hsta) is computed by means of the Static Preisach Madeile
the reversible componeidt.(H) is calculated ignoring any dynamic effect linkexdthe reversible
contribution [1]. This procedure, which permitsdbtain the constitutive law of the materi§H), is
summed up in Fig. 2. An example of hysteresis lpagaliction (in this case with nested minor loop) is
illustrated in Fig. 3, confirming the good agreemleetween the results provided by the full DPM and

the simplified DPM-Model 2.

A. Numerical implementation of DPM-Model 2
This model requires solving the non-linear différ@nequation (2) foHs: knowing the fieldH.
This can be done putting (2) under an equivalenbeizal form and adding the periodicity conditions

(periodT=1/):

©)

and numerically solving it using a Runge-Kutta noeth The application of this newly defined
dynamical model to the computation of flux disttiba inside the steel lamination can dramatically

reduce the computational burden, as demonstratéx inext section.
I1l. MAGNETO DYNAMICAL MODELING AND EXPERIMENTAL

A. Magneto-dynamical model of the lamination

The solution of the diffusion equation over the ilaation thickness with a dynamic hysteretic
constitutive law requires a special numerical tresit of the non-linearity using the Fixed Point
method [3][7]. The method proposed in [3] has beere implemented. The diffusion problem on the

lamination thickness is one-dimensional, with tipat®l coordinatex ranging over the lamination
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cross-section §/2; e/2] (wheree = 0.35 mm is the lamination thickness). To solve thffusion
equation, the non-linearity of the material consite law J(H) is contained in a spatio-temporal
functionR(x,t), called the residual [3] and the relationship lestaH andJ is written as

H(xt) = ugp B(x,t) +R(xt) 4
where Ugg is a properly chosen constant, ensuring convergggtijc Using (4), the diffusion equation
can be written, with imposed mean flux dendBiyean(t), in terms of vector potentiah on a half

lamination [0;e/2]:

o DA SOA_R
"o ot ox
A(0,t) =0 andA(e /2) =B (t)® /. (5)

A(x.t) isT -periodic

The time derivative and the time periodic conditeme dealt with using temporal Fourier series [3].

More precisely, the residual functidi(x,t) is decomposed into complex Fourier series for what
concerns the time dependence. Equation (5) isgbkmed for each time harmonic, the time derivative
becoming an algebraic multiplication by the cormegfing harmonic pulsation. An inverse Fourier

transformation permits to retrieve the functidixt). For each time harmonic, the spatial second order
derivative and the boundary conditions are dedih wsing a numerical finite difference scheme (the
half lamination is subdivided into 50 intervals} the beginning of the iterative procedure, thédies

Ris initialized to zero and at each iteration giedex number), the following process is performed:

1. Knowing the residual at the previous stagg”(xt), the differential equation (5) is solved to

compute the vector potential A’(xt). The magnetic field is obtained as

oA")

HO (xt) = U R (x.t).

2. A dynamic hysteresis model, providing the dynanunstitutive lawJ(H), is used to evaluat#’
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from H” and the new induction vali® (x,t)=J"(x,t)+ueHY (xt) is calculated. In [3], the dynamic
hysteresis model is the DPM, and is replaced m phper by the simplified model proposed in Fig.

2.
3. The new residual is then computed BY (x,t)=H" (xt)-u.. B" (x,t). The process is repeated

until convergence of the residuals is obtained.

B. Results

The dynamic hysteretic constitutive laj{H) of the material, which was in [3] given by thdlfu
DPM, has been here replaced by the model proposédyi 2 where the Model 2 of the local excess
field is applied. The Preisach distribution funatibas been identified following the method proposed
in [1], in the previous 0.35 mm thick Fe-(3.2wt%)8i5wt%)Al lamination (conductivitys =
1.77310° Sm™?, k=350 A's'm). The magnetic loss and hysteresis loops have bemsured under
sinusoidal flux at different frequencies and peakuctions up to 2 kHz. The magnetic flux distribati
and loss have been computed by applying the dyrswmmodel, using both the full and the simplified
DPM (Model 2). Fig. 4 provides an example of congguiand experimental loopd,(= 0.5T,
frequencyf = 1 kHz). In Fig. 5 the comparison is made forrggdoss versus frequency behavior. It
shows the good predicting capability of the simetifdynamic Model 2, in spite of a computing time
reduced by a factor around 60 with respect to theDPM. Fig. 5 also shows the predicted loss
behavior if the skin effect is ignored. In this edhe induction is assumed uniform across the sampl

thickness and equal to the mean flux derBiiyan(t). The classical loss is thus calculated accortbng

2
U_eZJ'OT(dBMEAN j dt

class = 12 d: (6)

It is found that ignoring the skin effect bringsoab a large overestimation of the loss above abeut

400 Hz, for the considerdglean(t) peak value of 0.5 T considered in Fig. 5. An exiengb calculated

induction profileB(x, t,) across the lamination thickness at a given instatimet, is shown in Fig. 6.
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It refers tof = 1 kHz and a timé, corresponding to the average flux densipan(to) = 0. Again, the

full and simplified DPMs predict very close results

V. CONCLUSIONS

In this work we have discussed a novel dynamic mimieenergy losses and hysteresis loops in soft
magnetic laminations based on simplified treatm&inthe Dynamic Preisach Model (DPM). It is
applied on experiments performed up to the kHz eangFe-Si sheets, in the presence of substantial
skin effect, showing good agreement both with tkgeeimental results and the prediction made using
the full machinery of the DPM. A remarkable advgetan computing time, which is reduced by a

factor around 60, is obtained substituting the M with the present model.
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Figure captions

Fig. 1- Excess fields provided by the full DPM, 8&b 1, and Model 2, for a sinusoidal dynamic
field H(t) = Ha(t) — Ha(t) (frequencyf = 200 Hz, field peak valukl, = 100Am™) and corresponding
irreversible polarizationdy, provided by the DPM in a 0.35 mm thick Fe-(3.2w8l)0.5wt%)Al
lamination (dynamic constak§=350 A’s'm).

Fig. 2 - Block diagram of the simplified constitgilawJ(H) of the material, using the Model 2 as a
link between the fieltH and the static fieltHsi,: (computation of the local excess field).

Fig. 3 - Example of the reconstructétH) hysteresis loop with nested minor loops 00 Hz,H, =
150Am™)

Fig. 4 — Experimental and theoretical hysteresgpsoatf = 200 Hz in the 0.35 mm thick Fe-
(3.2wt%)Si-(0.5wt%)Al lamination for sinusoidal inction B,=0.5 T). The measurements have been
performed on Epstein strips. Closed results araindd by the full and the simplified DPM.

Fig. 5 — Same as Fig. 4 for the energy loss varagnetizing frequency (DC — 2 kHz).

Fig. 6: Instantaneous induction profx,t,) across the lamination thickness as obtained &yttt
and the simplified (Model 2) DPM € 1 kHz, -0.175 mnx x < 0.175 mm). The tim& considered in

this figure is the one for which the mean flux dgnByean(to) = 0.
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