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Abstract— The paper presents a fast method for computing
the quasi-stationary electromagnetic field in devices containing
both magnetically nonlinear materials and hysteretic materials.
The linear iterative procedure of fixed-point type allows the
correct evaluation of the local field and of the losses produced
by hysteresis and eddy currents. The tests are performed on a
single-sheet device used to determine the magnetic material
losses under the a.c. uniform field.

Index Terms— Losses, hysteresis, eddy currents

INTRODUCTION

The electromagnetic device optimization with CAD
methods requires a compromise between the accuracy and
the simplicity of the physical models. The modeling of eddy
currents and hysteresis for magnetic materials in variable
fields influences both the computing time (by the model
complexity) and the efficiency of the classical numerical
methods (e.g. the Newton-Raphson method, usually chosen
for nonlinear media, may be divergent for hysteretic media
(1))

The paper presents a fast method for computing the quasi-
stationary electromagnetic field in devices containing both
magnetically nonlinear materials and hysteretic materials.
The linear iterative procedure of fixed-point type, presented
in [2], allows a sure determination of the correct numerical
solution. The control of the iterative solution accuracy allows
the correct evaluation of the local field and of the losses
produced by hysteresis and eddy currents. Any dynamic
vector hysteresis model that is locally Lipschitzian and
monotonously uniform [3] may be used. The tests are
performed on a single-sheet device used to determine the
magnetic material losses under the a.c. uniform field.

PROBLEM FORMULATION

Let us consider the plan-parallel domain QcR? (Fig. 1),
composed by the hysteretic domain Qy, the magnetically
nonlinear domain Qy and the non-conductive domain Q; in
which the known density J of the supplied currents is
normal on Q.
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Fig. 1. Computation domain

The eddy current problem is described by the quasi-
stationary regime equations:

-inQHandQN:
L I R
cul H=Jy ; divB=0 ;cur1E=—-5t— ; Juy=oF H
H = H(B), including the hysteresis phenomenon for Qj (
-inQp culH=J; divE=O;fI=v0§ ¥)]

Zero initial conditions and the boundary conditions (H; or B,
are known on the boundary S) are also considered.

COMPUTATION METHOD

The modified magnetic vector potential A" is chosen as
the problem unknown. The time derivative is eliminated by a
Crank-Nicolson algorithm, so a stationary problem has to be
solved at each instant ti,;. Each problem of this type is
treated according to the fixed-point iterative method
presented in [2]. The nonlinear material and the hysteretic
one are replaced by a virtual medium described by the linear
model:

H=vB-1 €)

where I is an iterative corrected source, obtained by
applying the real material relationship (nonlinear in Qy and
hysteretic in Q) to the computed flux density B. The
conventional reluctivity v is chosen in order to assure the
convergence of iterative procedure [4]. The convergence rate
may be improved by choosing different values of v for the
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nonlinear domain and the hysteretic one, according to the
real magnetic characteristics.

The associated linear problem for each iteration and for
each time step £ is described by the following equations:

t - -
%—[curl(vcurlA;ﬂ)] 404y =

t = =
— [curl V1k+1 + curl Vlk]

t - -
%[——curl(vcurlAk )] + GA‘: +

[curl (VO cur]ﬁltﬂ)] = Jpyq + Ji —curl (vo curlglt) in Qy

At being the constant time step. This linear problem is
solved by finite elements method (Galerkin), using linear
shape functions.

The choice of a constant reluctivity v all over the domain
Qu allows the obtaining of the same matrix for each
iteration and for each time step. So, this matrix can only be
computed and preconditioned once, at the beginning of the
iterations; this advantage of the proposed method, combined
with an optimal choice of v allows to reduce the involved
CPU time.

The constitutive hysteretic dependence H(B) is
implemented by a model which considers a strong uniaxial

anisotropy. So, the B and H projections on the easy
magnetization axis (¢) and on the normal direction (h)
satisfy:

H.=P"(B) ®)

Hy = vy By ©

where P! denotes the inverse of the scalar Preisach
hysteresis model (identified by Biorci-Pescetti procedure [5])
and v, is the vacuum reluctivity. The easy magnetization
axis (e) may be different for every component of the device.
In single-sheet device analysis this simple model is useful
and efficient enough.

LoSSES EVALUATION

After determining the magnetic field magnitudes, the
magnetic material losses are computed by numerical
integration, separately for the two components involved by
static hysteresis (Py) and eddy currents (Pr).

T
PH=—1-IFId§ 0
YT
0
1 1 5ot
Pr=— |E-Jdt =— |o| Z—
i L YT(;[G( af} & ®

where v is the material density and T is the analyzed time
interval. Considering N intervals [#, #.] of T and a linear
evolution in time of the field magnitudes for each interval,
the previous relations become:

.type coils supplied with a.c.

N
1
Py = =T D (Hy + Hyo1)(Bisr — Br) ®
k=1

Ak
k+1

At
YTZ( A )

For the particular case of uniform field created by an a.c.
applied current into a sheet, these losses may be computed
with the formula:

(10)

i
P =—H 11
i =7 an
PO = YR (12)
67T2 max

where Wy is the hysteresis cycle surface (according the
Warburg theorem), d is the sheet thickness and By, is the
sinusoidal flux density amplitude. It is clear that Py=Py®
because the used hysteresis model was a static one.

NUMERICAL APPLICATION

The single-sheet device of Fig. 2 is used for losses
measurement under a uniform field, created by Helmholtz
current i. The easy
magnetization axis (¢) of the hysteretic material corresponds
to the Ox axis. The sheet dimensions are (in mm)
60x60x0.35 and the measurement coils positions are fixed in
order to obtain a minimum error [6]. The experimental
device assures a total error £=5.6%.

The tests were performed both for hard ferromagnetic
materials (Alnico with B=1.3T, H=500A/m) and for soft
ferrite (8,=0.18T, H,=40A/m), while the yoke (Fe-Si sheets)
is always nonlinear. The results fit well to the experimental
data. For example, the magnetic field distribution for an
Alnico sheet, corresponding to the i=0 moment, are
presented in Fig. 3. Table I also indicates the measured and
computed average losses for 1Hz, 50Hz and 500Hz, the
source current being controlled in order to assure the
achievement of the major hysteresis cycle. The results can be
compared in Fig. 4 for the ferrite.

TABLEI

Measurep Losses (ps), Hysmerests Computep Losses Py avp Eppy Current Computep Losses Pr, PFY) For

SorTFERRITE (By=0.39 T) anD ALNicO (B =146 T)

Material Pn Pu Pr P

[Wike] [Wike] [Wike] [Wike]

Soft Ferrite

-at1l Hz 71E-3 6.02E-3 1.53 E-3 1.36 E-3

-at 50 Hz 0.3 0.324 0.0392 0.0365

- at 500 Hz 6.8 3.288 2.85 271

Alnico ) ‘

-at1 Hz - 0.341 228E4 2.18 E4

-at 50 Hz - 17.194 0.54 0.39

- at 500 Hz - 172.7 39.1 38.05
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Fig. 2. Single-sheet device
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The peek values B, of the magnetic flux density was
limited by the device saturation which alters the
measurement coils data accuracy. At the same time, the
device design allows to obtain a uniform magnetic field into
the sheet, so the values computed with (9), (10) and (11),
(12) must be similar. However, some numerical differences
can appear in the corner regions, as the result of the vector
dynamic hysteresis modeling with a scalar static model.

Fig. 3. Magnetic field distibution for Alnico sheet at £=50 Hz and i.=0

2635

measured
B computed

Fig.4. Measured and computed losses for a ferrite
CONCLUSIONS

The method allows a fast and sure evaluation of losses in
magnetic sheets under steady-state uniform field. The fixed-
point type iterative procedure treats both the sheet hysteresis
and the magnetic yoke nonlinearity. The optimization of
Helmholtz-type coils position by numerical simulation
involves a uniform distribution of losses on the entire sheet.
The considered hysteresis model is adapted to the particular
geometry of the single-sheet device and furnishes correct
results in a short time, for any frequency for which the
dynamic hysteresis can be neglected.

The proposed method may be also used for any
electromagnetic device containing nonlinear and hysteretic
magnetic materials with a geometry which allows the scalar
hysteresis model using.
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