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This paper deals with the problem of loss evalumatinSoft Magnetic Composites (SMC), focusing
on the classical loss component. It is known thialyecurrents can flow in these granular materials a
two different scales, that of the single partiakigroscopic eddy currents) and that of the specimen
cross-section (macroscopic eddy currents), theerlagnsuing from imperfect insulation between
particles. It is often argued that this macroscdpg&s component can be calculated considering an
equivalent homogeneous material of same bulk rei$ystThis assumption has not found so far clear
and general experimental validation. In this paper,discuss energy loss experiments in two differen
SMC materials, obtained using different binder gjpend we verify that a classical macroscopic loss
component, the sole size-dependent term, can laately identified. It is also put in evidence that
depending on the material, the measured samplstivetyi and the equivalent resistivity entering the
calculation of the macroscopic eddy currents mayoeahe same. A corrective coefficient is therefor
introduced and experimentally identified. This ¢méént appears to depend on the material type,only
the role of sample shape and/or cross-sectional lz@ang irrelevant. An efficient way to calculakes t
macroscopic classical loss in these materials,cbasea minimum set of preliminary experimental
results, is thus provided. In this way, a religiecedure for loss separation, whatever the sasipée

can be implemented.
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I ntroduction

Soft Magnetic Composites (SMC) are of interest indern electrical engineering applications.
Their isotropic magnetic and thermal behavior piesgi a clear advantage for machines with 3D flux
paths, like axial flux machines [1][2], or claw pdajenerators [3].

The loss separation concept, associated with thestital Theory of Losses (STL) [4], is known to
efficiently assess the loss phenomenology in saigmetic laminations. Its extension to SMC is,
however, far from simple, because one has to déhlam inhomogeneous granular structure, where
eddy currents (e.c.) flow at two different scald® scale of the single particle (microscopic eamy
the scale of the whole sample (macroscopic e.ce fuintergrain conductivity) [6][7][8]. The
correspondingly measured bulk resistivity is ofteonsidered in the macroscopic eddy current
calculations, assuming an equivalent homogeneousriaa It has been suggested that microscopic
and macroscopic e.c. can be associated with migpas@nd macroscopic classical loss components,
respectively [6]. Although a certain dependencehef total dynamic loss on the bulk resistivity has
been shown [9], no clear experimental evidence hdf separation between macroscopic and
microscopic classical losses has been providedrsd\f the same time, the assumed link between the
measured material resistivity and the macroscopic leas not been supported by experimental
observations.

It was previously shown [10] that loss separatiocoading to STL could be carried out in small and
highly resistive SMC samples, where the macroscegidy currents are negligible. This appears,
however, a substantial restriction when lookingaakliable loss prediction in electrical equipments
using SMC [11]. In this paper, this limitation isescome, by considering different SMC samples of
various sizes using either organic or inorganialbrs, with resistivity values spanning several sde
of magnitude. We start by putting in evidence tlepehdence of the specific dynamic loss on the
sample cross-sectional area. The loss componerhdept on the sample size is singled out and found

to linearly depend on frequency, thereby justifyitsgyassimilation to a classical loss. The probtefm
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the relation between this macroscopic classica el the measured sample resistivity is discussed,
introducing a coefficient in the loss formulae thakes into account the grain-to-grain eddy current
percolation across random contacts. This theotdtamework is validated showing that the correetiv

coefficient exclusively depends on the materialetypegardless of the sample size. This provides an

efficient tool to make full loss decomposition iME, as discussed in the last part of the paper.

|. EXPERIMENTAL

A. Samples

The experiments presented in this paper have bagiead out on several samples of two SMC
materials, herein calleBMC,; andSMC,, produced from a high purity iron powder ATOMETOL1®HP
[12] provided by Quebec Metal Powders (QMP). Theigas in theSMC; and SMC, materials are
insulated by means of organic and inorganic bingespectively. Th&MC; material is heat-treated at
low temperature (1 hour at 160°C), so as to impttreemechanical properties (e.g. fracture strength)
without damaging the organic insulator [13]. A hegllemperature treatment (1 hour at 425°C), as
permitted by the inorganic insulator, is appliedite SMIC, material, bringing about a slight reduction
of the hysteresis (DC) loss contribution [13].

The samples are delivered as rings with rectanguésms-section (outside diameter 52.6 mm, inside
diameter 43.8 mm). Three different ring thicknedsage been considered:= 5 mm,t; = 9 mm,t3=
13 mm. Type and geometry of each sample are hergifiéd asSMCi-t; (i=1, 2, and j =1, 2, 3). The
compaction pressure was in all capes 600 MPa, resulting, however, in increased maltelensity

with decreasing sample thickness, as summarizédbite 1.

B. Resistivity measurements

In order to overcome the difficulties and ambigestiassociated with the conventional four-point
resistivity measurement [8][14], an indirect methathere the toroidal sample is used as the secgndar

winding of a transformer, has been adopted [15] Tésults, reported in Table 1, show that the
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resistivity of SMC, (inorganic binder) is more than one order of magteé smaller than the one of
SMIC; (organic binder). It is noted that different saagpbf a given material do not exactly exhibit the

very same resistivity, because the manufacturinggss is not perfectly reproducible.
1. MODELING THE MACROSCOPIC EDDY CURRENT LOSSES

A. Macroscopic eddy current losses

The magnetic characterization of the ring specimesnperformed under controlled sinusoidal
polarization (peak valud, = 1T) from DC to 10 kHz with a calibrated hystesggaph-wattmeter, as
described in [16]. The experiments show (see FifpriISVIC,, a similar behavior being observed in
SMC,) that the specific loss in SMC materials depemishe material cross-sectional area (i.e., ring
thickness). To explain this phenomenon, it is oféssumed [6][7] that the observed losses in SMC
samples are due to physical effects occurring upondifferent scales: a) the microscopic loss, ttue
the e.c. circulating within the individual iron piates; b) the macroscopic classical loss, dudéoet.c.
flowing from particle to particle thanks to impesf®ons in particle insulation and describing
macroscopic patterns. However, no clear experimentalence for effective role of these eddy
currents has been provided so far and there ionsensus on the underlying assumptions [17][18]. In
the following, we will provide evidence for a lossntribution depending on the sample cross-sedtiona
area that appears to proportionally depend on &eqy as expected for a classical loss component.

In order to single out the contribution to the spedoss depending on the sample cross-section
(Wwuac) from the one occurring upon the scale of thelsiparticle (the microscopic lod&iyc), the
loss difference measured in samples differing cially their size is considered. We thus write,
considering two sizes (a) and (EW@? = W - WP = Wiyac® - Wiuac®. Fig. 2 and Fig. 3 show the
differencesAW measured betweeBMC;-t3 and SMCs-t;, and SMC,-t3 and SMC,-t3, respectively.
Similar results are obtained in other sampiB4.linearly depends on frequency, thereby showing tha

the macroscopic loss contribution is classicalature.
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(ab) —\yl@) ) = () _ (v
AWEE =W W) =y W )

— YVclass,MAC class,MAC

We can thus generally write for the total specifiss W(Jp, f) = WeiassmadJdp, ) + Wwic(Jp, f). The
microscopic partMvyic was previously analyzed in the framework of STD][&and was shown to be
equal to the sum of an hysteresis contributiorg)aess component, and a classical loss term dgrivin
from the eddy currents circulating within the peldgs. This is defined as the microscopic clasdassd

Wclass,MIG

B. Link between the macroscopic classical loss component and the sample resistivity

It is frequently assumed that the measured matessastivity can be directly used for the macroscop
loss computation, assuming an equivalent homogensawierial [6][7]. But the link between sample
resistivity and macroscopic classical loss is rmtiaus, because, as shown in [19], percolationtdue
random contacts between particles plays a roleghlyrcompacted samples and interpretation of the
experiments calls for a specific model of conduttiy random contacts [19]. But this model requires
considerable computational workload and a simpfgr@ach is proposed here by introducing the
notion of equivalent resistivity for the 10g8°°, i.e. the resistivity which would produce, in an
homogeneous sample, the same macroscopic lossvetisierthe SMC. Due to percolatiopf® is
expectedly different from the measured resistiyityput we assume that proportionality exists, s¢ tha
we can writep!®® = Q% with Q1% a phenomenological coefficient. It is verified th@*s®
depends only on the type of material and can baimdd comparing two samples with different cross-
sectional area. Starting in fact from the calcolatof eddy currents in a rectangular domain [1@, w
consider a ring sample with rectangular cross-gedthickness, width AR, cross-sectional areg=

t-4R) and we obtain the macroscopic classical loss as:

1 1 AR
chlass,MAC(‘] p f ) =2 EW K shap(T) [Sc E‘DZJ [J/kg] (2)

where the parametdfsnhape Which depends only on the width-to-thicknessorafk / t, is computed

using a finite element method (it can be shown thatskin effect at the scale of the single pagtisl
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negligible, implying thaKsnapeis independent of frequency). Comparing two samfdg and (b) of the

same material, Eq. (2) can be written as:

AW =W —wl) = 2772

K@ gl ) glb)
1 { shape% shape Jsf [J/kg] ()]

Q9 | 5@ 5@ 50 50

C. Validation of the macroscopic loss model

In order to validate the macroscopic loss modelst@w that the dimensionless coefficiENfs® is
independent of sample shape and size and is ortsriaadependent)!>® is identified looking at the
experimentally observed loss difference betw8SIC;-t, (i = 1 or 2) andSMCi-t; samples. In fact,
since the experimental loss difference linearlyetes onf, it is sufficient to adapt the coefficient
Q%) to get the observed behavior M\ versusf. We find QU°® = 1 for the materiaBMC, and
Qs = 156 for MC,. Since Q™% = 1, the conventional approach invoking an eqeivl
homogeneous material [6][7] is acceptable in caliod) Weiass madJp.f) in the materialSMC,. This
implies that in the material with organic binderat&reated at low temperature, eddy current
percolation by intergrain random contacts doesptent any role (the observed resistivity being thiat
the binder). On the other hand, in the mate®dC,, heat-treated at higher temperature, percolation
takes place and it is accordingly found th&F® is higher than the measured resistivity [19]. This
points to percolation as a mechanism affectingfferént extent the current patterns involved vitib
conductivity measurements and the magnetic losses.

That the coefficienQ**% s, to good approximation, material dependent aally be understood in
terms of local character of the random interpagtwbntacts, makin@('oss) independent of the cross-
sectional area in sufficiently big samples. Thisuisimportant point in the practical use of thisdelo
We observe in Fig. 2 and Fig. 3 the close behawbrthe experimental and the so calculated loss
differencesAW versusf in the ring sampleSMCi-t3 (i = 1 or 2) andSMCi-t; (the experimentabW
observed at = 0 being related to the uncertainty associatetl thi¢ determination of this quantity for

7
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the hysteresis loss component). The coefficd@l{t can then be simply obtained, for a given material,
from the loss difference measured on two diffesesited samples, an important result in view o§los

prediction in practical cores.

D. Loss separation

Once the macroscopic classical loss is known, gosssible to perform the loss decomposition. The
microscopic classical loss (i.e. the classical kighe scale of the single partithgass wid is calculated
once the size distribution of the particles is oi#d by micrographic inspection [10]. In the presen
experimentsWeiass micis the same i®MC; andSMC; (the same iron powder is employed). The excess
and hysteresis loss components can then be siogleflom the total experimental 108%; (see [10]
for the detailed procedure). Fig. 4 and Fig. 5 @néshe results foBMC;-t, andSMIC,-t,, respectively
(sinusoidal polarization],= 1T). A striking difference in the macroscopicd®;jass madJp.f) between
the two materials is found, descending from thgdatifference in the measured resistivities (sd#ela
1). We note, in particular, th&tass madJp, f) ~ 15Weiass midJp, f) in the SMC,-t, sample. This would

restrict the use dMC, to low frequencies.

[11. CONCLUSION

We have put in evidence the link between samplistreisy and macroscopic classical loss in two
different classes of commercial Soft Magnetic Cosifgs. An equivalent resistivity for the magnetic
losses, taking into account the effect of randonterparticle contacts and percolation, has been
introduced besides the measured resistivity. 4t msaterial related quantity, independent of thedam

size, which provides a simplified route to losscoddtion in practical magnetic cores.
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207 Figure captions

208 Fig. 1. Specific loss ilBMC, samples (inorganic binder) as a function of fremye for three
209 different thickness valuds, t,, andts (sinusoidal polarizationl, = 1T)

210 Fig. 2: Measured and calculated energy loss diffegedW (sinusoidal polarizationJ, = 1T)
211 between theSMC;-t; and SMC;-t; samples. The predicteW behavior is obtained from Eq. (3)
212 using the loss coefficie@"***=1.

213 Fig. 3: As in Fig. 2 for the sampl&VC,-t; and SMC,-t;. The theoreticahW is obtained using
214 Q*s9)= 1 56 in Eq. (3).

215 Fig. 4: Loss decomposition (sinusoidal polarizatigyx 1T) in theSMC;-t, sample

216 Fig. 5: Loss decomposition (sinusoidal polarizatigyx 1T) in theSMCx-t, sample
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238 Tablecaptions
239 Table 1: Obtained densiti@sand resistivitiep for all materials 8MC; andSMIC,) and thicknesses
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242 Tables

243

244
245

Axial Thickness (mm)

Material
t1:5 t2:9 t3:13
SMC; |d=7110kg/m| 6=7070 9=7010
p=1590 I&'m| p=911 p=1170
MG, 0=7130 0=7130 0=7100
p=48 p=43 p=45
Table 1
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