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Abstract

This article reports new results about the magrieis in Soft Magnetic Composites excited with
rotating field. Indeed, these materials are vepnpsing in electrical engineering applications,tsas
new topologies of electrical machines in which maibensional induction loci are ubiquitous.
Therefore, it has been provided an experimentalaci@rization of a commercial SMC sample devoted
to electrical machine applications, up to the kéldh range, under alternating and circular indurctio
loci. To this end, an experimental system has bdesigned and optimized for this kind of loss
measurements, and the results have been subjexrtdtk tloss separation procedure, focusing the
attention on the ratio between circular and alt@ngdoss. The ratio between the excess loss addain
under rotating and alternating inductions of samaakpamplitude has been found almost frequency
independent. This result is then applied to sudakggpredict the loss under more complex induction

loci, such as the elliptical case.
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. INTRODUCTION

Machine designers are nowadays working on new madoipologies, such as hybrid excitation [1]
motors. Since 3D flux paths are encountered in snabhines, an isotropic soft magnetic material is
needed. Contrary to laminated materials, Soft Magn€omposites can fulfill these isotropy
requirements [2]. These materials are also inteigggor their low classical loss component, due to
their granular structure, making them suitablehfigh speed electrical machines [3].

Therefore, the analysis of the loss under 2D andl@P loci in SMC has become a challenging
topic [4][5], with the consequent problem of theoide of an appropriate measurement setup. Most
authors [4] use a square sample set up in thercehtecross-shaped apparatus made of soft magnetic
material, but the magnetic induction in this sysismot perfectly homogeneous [6]. To improve the
induction homogeneity, other authors [7] have deyetl equipments made of a circular sample put in
the center of a three phase motor stator. In eash, the maximum frequency does not exceed 200 Hz,
which is sufficient for laminations [8], but notrf&MC.

Although the loss separation principle remains iapple, another problem arising for the 2D loss
analysis is the extension of the Statistical Thewriosses (STL) [9] to circular induction excitats.

In fact, the STL gives a rationale for the magragtan processes along one dimension only, and ¢anno
be directly applied to 2D magnetization paths. €fae, in this case, empirical approaches havesto b
proposed. For example, in the case of laminatitressnon-monotonous behavior of the hysteresis part
versus the peak induction under circular excitationditions has been experimentally put in evidence
[4][8], and it has also been shown that the raBbMeen excess losses under circular and alternating
inductions is independent of the frequency.

This paper is centered on the following points:

- Experimental loss characterization up to 4 kHz wundecular induction excitation of a

commercial SMC, using a optimally designed appatatu
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— Analysis of results by adopting the SLT and theuers loss separation procedure, with
consequent identification of the loss components the peak inductionBg) and the
magnetizing frequencyf)( Like in the case of laminations [8], an excessslratio between
rotating and alternating inductions quite indepenad the frequency has been found.

- Eventually, the above presented procedure has dgerimentally validated by predicting the

loss under elliptical induction loci.

1. EXPERIMENTAL WORK

In order to obtain the best homogeneity of the danmduction, the method of the three phase
magnetizer [7] has been retained. Disk shaped sasntpave been cut from a SMC cylinder produced
by the Hoganas company [10]. Double axis B-coild Bicoils [7] have been used for the induction
and magnetic field acquisition, and the loss isitfeeind by applying the fieldmetric method [11].

An optimization procedure, based on the finite @etrmethod, has been developed, in order to find
the topology and dimensions of the three phaseatian system shown in Fig. 1.

The measurements, under alternating and rotatitigctions, have been conducted ugd=é kHz,
and for fiveBp levels: 0.25T, 05T, 0.75T, 1T, and 1.25 TeTdlternating loss is computed by
averaging the figures obtained along two perpenaicdirections. For the circular case, the loss is
computed by averaging the results found upon cliskwand counterclockwise rotation of the
magnetic induction (Fig. 2).

[11. LOSSSEPARATION
A. Loss separation under alternating sinusoidal indoct
The loss results under alternating sinusoidal itidocexcitation has been analyzed following the

same procedure outlined in [12]. Accordingly, thassical loss componeMias2"(Bp,f) is computed

under the assumption that eddy currents are cahimé¢he grains, whose size and shape distributions
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have been found out thanks to micrographs analysis. value of the hysteresis 108%,s{""(Bp) is

obtained by extrapolating to zero frequency thentjtia

lass hyst exc

Wi =W W =W @

where WeY=WEYBLf) is the experimental total loss aned® =Wy 2(Bpf) the excess
component. Remembering thas is equal to the peak polarization, the STL giveseapression for

Wer @ (2), which is exploited to fitVgr@":

W (B, )= Znyo[Jhm B,f —1} o @

(nv,)’

In (2), ore is the iron conductivityG=0.1356,S is the sample cross section, and the couple of
parameters, andV, are connected with the material microstructuree fiting procedure leads to the
behavior of the parametems andV, vs.Bp. It must be noticed the square root behaviongf®? vs.f,

like for laminations [9].

B. Loss separation under rotating induction

The same loss separation procedure has been faollawvéhe circular induction case. The two
perpendicular induction components of the circldaus are also in quadrature in the time domain.
Therefore, thanks to the Parseval theorem, one, gis the classical loss component
Wetas&")(Bp,f)=2-Weiasi2(Bp,f). The excess loss under rotating induction cadefimed similarly to the

alternating induction case:

W(CirC)(BP, f ) :W(cirC)(B o f )_ (W(circ)(B F)_|_Vv(circ)(B Pf )) (3)

exc tot hyst class!

The application of formula (2) is not possible, &iege the magnetization processes under rotating
induction are totally different from the ones enatmwed under alternating induction, and the
application of the SLT has no clear physical megnat present. However, the hysteresis loss
component under circular excitatimys§Circ)(Bp) is again given by the extrapolation of the tdtes

WE(Bp,f) to zero frequency.
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In order to investigate the loss behavior undefetéht magnetization regimes, we introduce the
ratios  Roys{Bp)=Whyst"(Bp)Mhyst®(Bp),  Roias{Br,\)=Weiasi™ (Bp,f)Measi(Brf)=2,  and
Rexc(Bp,f)=Wex: ™"(Bp,f)/ Wex ™" (Brf).

These quantities can be exploited to predict tlss figures under elliptical regime starting from a
limited number of measurements.

ParameterRyys: and Rexc are depicted in Fig. 3 and Fig. 4 vs. peak inducBp. In Fig. 4, the
frequency, is ranging from 20 Hz (which can be ad@r®d as nearly static) to 4 kHz. The ratios are
both seen to decrease Bp, as observed in [8], especially for the highestkpductions, due to the
higher part of coherent rotations involved in theeldar magnetization process. It must be noticed,
however, that the highest peak induction considaere Bp=1.25 T) is not sufficient to see this ratio
decreasing below the unity, as seen in [8] forhighest induction values in laminations. In paracu
consideringRex, the most striking fact is that this ratio is ashmmdependent of the frequency, like it is
the case of laminations [8]. This remark has imgratrtonsequences for the prediction of the losgund

more complicated induction loci, as illustrateddvelwhen dealing with the elliptical induction case.

V. PREDICTION OF THE LOSSUNDER ELLIPTICAL INDUCTION LOCI

We have applied an elliptical induction locus witiajor and minor axeBp and By, respectively.
The prediction is carried out by computing sepdyagach term of the loss, and by summing up these
terms. The classical loss is given by the followifggmula [8], after introducing the quantity

a=B/Bp<1:

W/ ellip) (a, B, f) =W(a”)s§B Pf )[ql"' az) (4)

class cla

In [13], the following interpolation formulae haveen proposed (and applied to laminations) for

the loss under elliptical induction given the lds¢a under alternating and circular cases:

WP (2,B,) =WA(B ) +[R,, (B ) ~1]WEB )

hyst hyst

WP (@B, ) =WEL(B o ) +[RofB )= IWEUEB ,f )

exc exc exc

()
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All the right terms of (5) can be computed using thss separation under alternating and circular
inductions carried out in the previous section @edunthat the ratios are frequency independent).

Measurements under elliptical excitation conditibase been made for two frequenciesl 00 Hz
and f=1 kHz), with B=1T. In each case, the minor axis induction amgétB, varies from O
(alternating case) tBp (circular case). This is equivalent to a variatidra in the interval 8a<1. The
results are displayed in Fig. 5, and a good agratimetween predicted and experimental results is

found.

V. CONCLUSION AND PERSPECTIVES

In this paper, measurements under alternating aodlar inductions in SMC have been proposed,
up to 4 kHz. This characterization was possiblekkao a specially optimized characterization setup
The loss separation procedure, both under altegpatid rotating conditions, has been carried doge. T
main result is that in these materials, the ragtwieen excess loss under circular and alternating
inductions is independent bfn a wide frequency range. This allows a significsimplification for the
loss prediction model under more complex inductgam

Further work is needed to develop an equipment &bjgerform measurements exploiting the so-
called thermometric method technique [8], in order overcome the measurement problems
encountered with the fieldmetric method at highuicttbns. This would allow to study more accurately

the decrease of the hysteresis and excess lossestid SMC material approaches the saturated state.
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Figure captions

Fig. 1: Experimental equipment. The disk-shaped Sd@ple is put in the center of the three phase
stator.

Fig. 2: Total energy loss per cycle under altengaginusoidal induction and circular induction as a
function of the frequencly for differentBp values.

Fig. 3: Hysteresis 10Ss ratRhys(Bp)=Whyst ™ (Bp)/Mhysi2(Bp) versus the peak inductidsp

Fig. 4: Excess 10SS ratiexdBp)=Wex:"(Bp,)/Waxl2"(Bp,f) versus the peak inductioBp, for
different frequenciet(from O to 4 kHz)

Fig. 5: Measurement and prediction of the loss uredgptical induction loci for two different
frequencie$=100 Hz and 1000 Hz (the major axis has an amm@ikept constant equal Bp=1 T, and
the minor axis amplitudBy undergoes a variation trough the paramat®;/Bp). The open circles are
the experimental losé/, compared to the prediction (continuous line). To&ed line corresponds to
the computed hysteresis componeWh,s"”, while the dashed line represents the sum

Whyst(e"ip)"'wclass(e"ip)-
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