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Characterization and prediction of magnetic losses in@t Magnetic
Composites under distorted induction waveform

O. de la Barriére C. Appind, F. Fiorilld", C. Ragusa M. Lecrivairi, L. Rocchind, H. Ben Ahmed] M. Gabsf,
F. Mazaleyratand M. LoBué

Y1stituto Nazionale di Ricerca Metrologica (INRIMJprino, Italy
“Dipartimento di Ingegneria Elettrica, Politecnidorérino, C.so Duca degli Abruzzi 24, 10129 Toritia)y
3SATIE, ENS Cachan, CNRS, UniverSud, 61 av du Pessiwvilson, F-94230 Cachan, France

A general approach to magnetic losses in Soft Magtie Composites (SMC) is discussed. It is applied texciting conditions typical of
applications, where the induction waveform is mosfrequently non-sinusoidal. The standard predictingapproach, based on the
Statistical Theory of Losses (STL) and the relatecconcept of loss separation, is extended to the cas€ granular heterogeneous
materials. As a starting point, the classical lossomponent is calculated, taking into account thatn small enough samples the measured
loss is independent of the specimen cross-sectiormaka, because of negligible grain-to-grain (macraspic) eddy currents. The loss
separation is then performed under the conventionakinusoidal induction regime and the STL is used tadentify a limited set of
parameters, associated with the prediction of thexeess loss, by which the energy loss under distadténduction can be predicted.
Significant predicting examples are provided, regading two different SMCs, where the induction wavefan is either triangular or

distorted by introduction of a third harmonic component.

Index Terms—Soft Magnetic Composites, Statistical Theory of Lsses, Classical losses, Excess losses, Distortdddtion

I. INTRODUCTION

losses under distorted induction waveform, whickehbeen
discussed and predicted in soft laminations relyingsuch a

SOFT MAGNETIC COMPOSITES(SMCs) display properties of W, O f Y2 rule [9][10][11].

great interest for modern electrical
applications. The significant resistivity assoaiatgith their
heterogeneous granular structure tends to inhibitroscopic
eddy current patterns in magnetic cores and tlaettlenergy
dissipation [1], making them suitable for applioat in high-

engineering A rate-dependent hysteresis model for magneticefss

under non-sinusoidal induction in SMCs has beeremnitg
proposed [12]. This approach, however, disregards t
classical losses and is restricted to a maximuiufacy of a
few hundred Hz, where SMCs hardly exhibit any dyitdoss

speed machines [2], and in power electronics. AgrothContribution.

advantage derives from the quasi-isotropic behasfathese
materials, allowing flexibility in core design [3However
complications appear in loss analysis, becausenasdo deal
with complex flux regimes, ubiquitously arising @bectrical
machines and in power electronics [4][5][6], whtlee data
provided by the manufacturers typically refer, adatg to the
standards, to sinusoidal induction. A loss modémpte
enough to ensure acceptable computation time, tatively
accounting for the role of flux distortions, woué therefore
important for the accurate prediction of iron Iasse

As a first step in the development of a loss madel
SMCs, we need to establish what is the scale twohsidered
for the involved eddy currents (e.c.). That is, wish to
understand whether the currents remain mostly nedfi
within the particles (in which case we define theas
microscopic e.c.) or they can appreciably flow uploa scale
of the sample cross-section (macroscopic e.c.utiroandom
interparticle contacts. To this end, the loss isisneed on ring
samples of commercial SMCs having increasing cross-
sectional are&,. It is concluded that macroscopic e.c. do not
affect the loss with sufficiently sma8, values (i.e. withg, =

In a previous paper, we have addressed the genesalmm x 5 mm or lower). This brings about a good

problem of experimentally assessing and theorepicadicting
the magnetic losses in SMCs [7] by means of measemts
carried out under sinusoidal induction up to 10 kefad their
interpretation in the framework of the Statistiddieory of
Losses (STL) [8]. With respect to the soft lamioas,
peculiar differences have emerged in the statistitshe
Magnetic Objects (MOs), which are the regions rseivey the
magnetization in any sample cross-section in aetated
fashion. In particular, it has been shown thatrthmbern, of
MOs simultaneously active under quasi-static ekoitais far
from unity, contrary to what generally happens aminated
materials [8]. It is consequently observed that ékeess loss
componentW,,. attains the typicaWs, O f*? dependence

simplification in our analysis, which will be foced here in
the prediction of the role of the microscopic &\e shall, in
particular, start with the calculation for sinusali¢hduction of
the classical losses pertaining to the individuaitiples. In
this specific context we qualitatively attach a rogcopic
character to the e.c. flowing on the scale of thegigde. Based
then on micrographic inspections, the sample csestion is
assumed to be covered by rectangular grains wittatdy
distributed dimensions. Different regular shapesclfs as
squares or ellipses) could equivalently be assumél, little
effect on the final calculated loss figure.

With the so obtained classical losses and the regteloss
component secured by extrapolation of the measla®sl to

only when the magnetizing frequentyapproaches the kHz the frequencyf—0, the residual excess loss is interpreted in

range [7]. This engenders complications in thetineat of the

the framework of the STL, the parameters of the ehbeing
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identified with the measurements made under sidasoi
induction. The results are then used to predictriagnetic
losses under non-sinusoidal induction. This apgrods

validated by experiments performed in a broad feeqy

range (up to 8 kHz for the fundamental harmonic3,

potentially required for applications in very higbpeed
electrical machines. The complex problems involweith

local minima of the induction (minor loops) requigeasi-

static loop modeling and will be treated in a fodming

paper.

2

material A), the other for power electronics (H6@ari10i1P,
material B) [21]. Both materials are made by contipgcpure
iron particles. Their main physical properties,regorted by
the manufacturer, are shown in Table I. The resigtof the
acomposite is remarkably 3 orders of magnitude costpo
pure Fe fr.= 10410° Q:m at room temperature).

TABLE |

PHYSICAL PARAMETERS OF THE MATERIALS
(FROM THE MANUFACTURER[21])

The paper is organized as follows:
in Section Il, the problems related to the cladsioas
computation are dealt with.

Material A Material B
Relative permeability  ur 450 110
Electrical resistivity  p (Q:m) 28010° 760010°
Density o (kg/in?) 7450 7260

in Section IlIl, the parameters identification, ¢edrout
for sinusoidal induction, is discussed.

experiments performed, for a range of peak induocti
values, either with triangular induction or disiont
introduced by a third harmonic component.

in Section V, the conclusions of the work are given

THE CLASSICAL LOSS COMPONENT AND ITS CALCULATION

The concept of classical loss, defined as the gne
dissipated in a magnet fictitiously deprived of timagnetic
domains and, as such, representing a lower limitaige for
the loss, has been given clear physical meaningha
statistical treatment of the magnetization proéedaminated
materials [8]. According to the STL, the classicasls\W,, adds
to the hysteresis (DOM,ys: and excess 10S8k,. components
to provide the total losgV. CalculatingW,, in heterogeneous
materials is a more complicated matter, becausgreagously
stated, eddy current patterns can circulate asdinee time on
the scale of the individual particles (microscopmo)d that of
the sample cross-section (macroscopic) [13][14]f6] The

problem is sometimes addressed from a phenomewgalogi

viewpoint, assuming thatV, O f and W, O 2 and
determining the proportionality constants by bestof the
measured loss over a range of frequencies [17]s Thian
oversimplification, as the experiments show tha #xcess
loss in SMCs follows a more complex frequency dejgece

thanW,y. O f2 [7]. Whereas the microscopic e.c. contributio

it is often studied assuming spheroidal particle],[a few
authors consider the macroscopic e.c. and complue
classical loss by a Finite Element Method (FEM)yvisg a
diffusion equation upon the whole sample [19][20his
procedure exploits the so-called “ohmic” resistiviteasured
under DC conditions. This approach may be straogivérd in
mildly compacted materials [13], whose resistivigymainly
due to imperfections of the intergrain insulatomt bts
application to strongly compacted materials, whéhe
electrical resistivity is due to intergrain perdaa contacts, is
dubious [16].

In this work we have experimentally found that th
magnetic losses can increase with the sample sezecfoss-
sectional area) only beyond a certain critical digien. With
sufficiently small samples, the macroscopic e.caypla
negligible role. We shall focus here on such caisesrder to
calculate the contribution of the microscopic e.c.

in Section IV the loss prediction is compared Wm}re

Magnetic testing has been performed as a functibn o
quency in ring shaped SMC samples by means of

thsteresisgraph-wattmeter with digital control tod induction

waveform. The setup is schematically shown in BigThe
specific lossW is obtained by computing the area of the
hysteresis cycle. The power source is a DC-20 kH&/B
linear amplifier (CROWN mod. 5000VZ). When dealiwgh
large samples (3, and 4 in Table Il), the requisggarent
rgower is so high that it can be necessary to acapacitorC
in series with the primary winding, in order to cx@me the
amplifier voltage limit. Due to the low thermal ahrctivity of
SMCs, sample heating can soon become a problemthgth
increase of frequency and peak polarization vajud-or this
reason, the test specimen is contained in a thevathlat 0°C
and the measuring time is 1 s at most.

H(t

[[EEE 48|8 interfade Y
PC N
(digital O

feedback) I

/4

eFig. 1 — Schematic view of the employed hystereajsigrwattmeter.

A) Macroscopic eddy currents
The concept of eddy current patterns arising upem different
scales, that of the individual iron particle (miscopic e.c.) and

Two types of commercial SMCs have been investigatethat of the sample cross-section (macroscopic éeads us to

one developed for electrical machines (HoganasoBaihg,
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define the classical loss as the sum of microscopimksulting in density closer to that of irofn € 7450 kgm™; g

macroscopic terms:

W, =W + W,

class class,MAC class,MIt [‘J/ mB] (1)
It is easily demonstrated that this is the caseeurte
reasonable condition that the macroscopic e.c. banstant
value over a distance spanning the particle sizés hlso
obviously concluded that only the terifass, mac in (1)
should depend on the cross-sectional area of timplea To
clarify this matter, we have measured the energg\¢f) on
toroidal samples of different cross-sectional ar@aaterial
A), ranging from 2.5 mnx 2.5 mm to 20 mnx 10 mm
(Table II). The ratio of outside to inside diamet&s always
taken around 1.1, to ensure good homogenetity ef th
induction throughout the sample cross-section.

TABLE Il
THE INVESTIGATED SPECIMENYMATERIAL A)

Ring sample Cross-section ( mm mm)
1 25%x25
2 5x5
3 10x 10
4 20x 10

The magnetic losses were measured under
sinusoidal induction in all these samples for th® fpeak
polarization valuesl, = 0.5 T andJ, = 1 T in the frequency
ranges DC-10 kHz (toroids 1 and 2) and DC - 2 ktdrofds
3 and 4). The 2 kHz upper limit in the bigger samspls
imposed by the maximum available exciting power.

It is apparent in Fig. 2 that(f) increases faster within
the bigger samples 3 and 4, a clear effect of nsaomic e.c.
rising with cross-sectional area. But no significdifferences
can be found in the toroids 1 and 2, even at tlghdst
frequencies. As discussed in [16], macroscopic eddyent
loops may form, because of the presence of randmmacts
among grains formed during the compaction procHss.loop
size depends on the number of contacts, that isthen
compaction pressure. In sufficiently small sampiesclosed
macroscopic random paths can form, the e.c. arénezhto
the scale of the particle, an®Vyass = Weassmic The

contribution Wi.ss mac Will appear as soon as the critical

sample size is achieved. According to the result§ig. 2
(material A), this size appears intermediate betwdwat of
toroid 2 and toroid 3. However, the computation tése
macroscopic eddy currents is by no mean obviousause it
requires a specific model for the intergrain randoomtacts
and the related paths. For the time being, we $betlis on the
properties of samples small enough (e.g. samplasdl?) to
make the macroscopic eddy currents negligible.

B. Microscopic eddy currents.

The grain structure of the investigated SMCs hasnbe
observed using a scanning electron microscope. Big.
provides an example of micrograph taken of matekigfor
the material B an example is shown in [7]). It lserved that
the particles in the material A are bigger and hawdergone
more severe plastic deformation than in the mdtdBia

controlled

= 7260 kgm'®; 0. = 7870 kgm™).

[J =05T
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Energy Loss (mJ/kg)
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Fig. 2 — Energy los$V versus frequencyf in toroids of material A having
different cross-sectional area. Peak polarizatmines],=0.5 T and),=1 T. A
faster increase oV versud is observed in the bigger toroids 3 and 4.

10.0

Fig. 3 — Cross-sectional micrographic view of aetypSMC sample.

In order to calculat&V,.ss mic the classical eddy current loss
associated with the currents circulating within plagticles, we
assume the sample cross-section covered with gadm
grains, accounting for the shape of the actualgirely
shaped particles. This choice is justified by tleetfthat
circular grains, frequently invoked in the litera13][14],
cannot fill the plane and take the non equiax ratfr most
particles into account. Here we first treat theeca$ the
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individual particle with rectangular cross-sectida, further
generalize the problem to an ensemble of partieléh i ]
distributed geometrical parameters. 0.03 - i
£
0.02 + e
@ L |
dJ <
AH=¢, S~
Fi L 4
>X
-L/2 L2 I
ooof — — .
0.0 0.5 1.0
R
H=H,(t) on|the boundary _ , o _ _
Fig. 5: FunctionK(R) describing the evolution of the classical losshvthe
-1/2 aspect ratidR=I/L in the equivalent rectangular particle.
Fig. 4 — Cross-section of the model rectangulan iparticle and Poisson’s The formula (2) permits to retrieve the well-known
equation for the magnetic field under the time aejeait applied fieldHa(t). expression of the classical loss in a laminatiorthia limit
I/L—0. This is explained in the appendix.
1) Eddy currents in the equivalent rectangular jret 2) Statistical distribution of the particle size.
An equivalent rectangular particle of aspect r&ie I/L Micrographic investigation can provide averageueal for

and cross-sectional ar&x= LT, belonging to thex( y) plane S andR and the rectangular grain model can accordingly be
(Fig. 4) is subjected to thedirected time-varying applied @dopted, then the previous calculation is applieakding to a
field H.(t) and the ensuing polarizatidit) (taken equal to the figure for Weassmc [7]. Fig. 6 illustrates the relationship
induction B(t)). Negligible skin effect is envisaged. Thisbetween the real irregular grain and the model Bug. given
assumption can be verified by computing, for a desggy the non-linear nature of the problem, a refinedrapgh taking
f=10000 Hz (equal to the maximal test frequency} skin the dispersion o8 andR values into account would lead to a

dept (s.d.) thanks to the classical formula: more rgalistic prediction for the migrospopic claalslpss by
integratingWeiass midS, R) over the distribution functiof (S,

_ 1 R).
S'd'_m (2) An extensive micrographic analysis centered onugee of

an image processing software allows to find expenital

Where oe=1/pre=9.9310° Sm™ is the conductivity of pure
iron, w=400 is an estimation of the composite relative
magnetic permeability given by the manufacturer].[Zlhe
skin dept found by this formula is 80 um, whictsigerior to
the half of the mean grain dimension of materiak#ge, = i : o
114um (assuming the grains as squares). o ... Characteristic lengti™
The 2-D Poisson’s equation for the magnetic field : :

AH=0¢¢dJ/dt, whereH is the sum of applied and eddy current
fields, andH(t) = H,(t) on the particle boundary, is solved by i 5
finite element analysis and the 2-D eddy curremisdgj(x, y) S— :

Micrograph particle contour
T

N

Characteristic; width

in each point of the grain is calculated. Note tteg stated Equivalent rectangle of the same
boundary conditiorH(t) = Hy(t) is the same on the particle surface and proportions

contour and the sample surface. This is acceptablthe Fig. 6: Characteristic dimensions of a real irragglarticle and the equivalent
absence of macroscopic eddy currents [22]. By iatety | rectangular grain having same af®and aspect rati®, defined as the ratio
i, y)lz over the grain area, the energy loss is obtaised a between the characteristic width and the charatieiength.

1 distribution functions folS andR in both materialsS andR

WERS (] f)=— [K(ROY 3 are non-independent random variables. They appeiailbw
bassc I ) O (R Eé ()> WELURC) a bi-variate lognormal law:

where T = 1f and the role of the particle aspect ratio is
included in the dimensionless functi#itR). The calculated
behavior ofK(R), shown in Fig. 5, puts in evidence that for
givenJ(t) andS,the loss is reduced if the width-to-length ratio
is small (a “flat” particle).
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1 1 (Ins-a)’
f(SR=——
( R) SERZ]fS{R\/ 1_)(5 Rexp{ <(S

(4) | | Average grain Distribution
(NR-ag)” 2xsx(InS-ay)(in R—ap)}
+ _ )

- -O-
< _O_

$r $Sr

(mJ/kg)

50 |
The parameters appearing in (4) can be estimatestiaigtical —
methods [23], and their definitions and values, fmth

materials, are summarized in Table Ill.

class

w

TABLE Il
PARAMETERS OF THE LOGNORMAL DISTRIBUTION FUNCTION(4)

material B

0 ! S O S
Parameter Definition Material A Material B 0.0 25 5.0 7.5 10.0

Frequency (kHz)

Fig. 7- Microscopic classical 10884.ssmic predicted in materials A and B
(sinusoidal polarization, peak valdg= 1 T) either taking all grains equal to
the actual average grain (dashed lines) or corisgléne distribution of cross-

Mean value of the particle cross-
sectional area logarithm
Mean valug of the_partlcle aspect 045 050

ratic logarithn
Standard deviation of the particle

os -18.56 -21.4

OR

és cross-sectional area logarithm 0.92 0.46 sectional area S and aspect ratio R.
& Sta”izrdecéf‘r’:t‘it(')ol’; °;:Eﬁ£art'°'e 0.32 0.16 3) Rectangular versus elliptical particles.
Cone|ati0?1 Coef-ficien? between B( ;- 052 The model rectangular 'particles. conver}iently fie
and InR) ] : available space, consistent with the high dendityhe SMCs.

We may however wonder to what extent the calculated

The mean size of an equivalent square particlesis, <  Weassmic 1S affected by the specific shape of the model
114pum and s> = 29.5um for the materials A and B, particle. To this end, we have performed the eddsrent
respectively. Using this statistical model, themscopic loss calculation for elliptical particles, a represeiatof the real
in the SMC can be computed according to the equatio particles more realistic than the circular/sphérigaains
9,43, f):iEiEK(Fg S!fT 3y d convenﬂqnally assumed in the. literature [.13][1{4].ga|n, the
: & Pr. 0 computations have been carried out using finitenelas,
o [/’ (5) because analytical formulations only exist for giar or
Eﬁff(S, R KR SdRdS spherical shapes [18]. The problem to solve islaimb the
°° . i, one shown in Fig. 4, now with an elliptical boundaFhus,
The ratio @) <1 b_etweer_l SMC an_d iron den3|t_|e_s acc_ountl%king the aspect ratiB=r,/r,,, wherer,, andry and are the
for the fact _that the insulating material does patticipate in 1 inor and major axis of the ellipse, respectivelyd the area
the generation of_the _eddy current IQS.S' S = aryfv, the Poisson equation for the magnetic field
We compare in Fig. 7 the prediction of the cladsioss  zp—;_.qy/dt is solved using FEM with Dirichlet boundary

made in materials A and B using either (5) or (Bt is . . i) .
considering or not the statistical distribution $fand R conditions. The classical eddy current Ioméass,wc(‘] P f)|s

While one can appreciate the role of the partiite,swith obtained after integration of the squared curremisdy on the
Wiiass micg0ing roughly as s>, it is noted that for the material equivalent ellipse area. Using the statisticalritiistion f(SR),
A, characterized with quite wideRR( S distribution than we obtain

material B, a correspondingly larger effect (abdgfo

increase) is predicted.

class,MIC class,MIC

W) (g f)zdiﬁf(s, RWem (13, 1) dRd: [I/m] (6)
00

Fe

Fig. 8 provides a comparison of the loss calculdtedhe
material A (sinusoidal polarization), = 1 T) for the
rectangular (5) and elliptical (6) model grain. 824 higher
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Fig. 8 - Material A. Classical eddy current losedgicted starting from either

WEP(J, f)=2nV,J,
2
DJ [\/nmmpco@ - 1] cop ¢ i @

2
A

By fitting the experimentaw(S‘”>(Jp, f)it with Eq. (7),no(Jp)

andV,(J,) are identified. SMC materials have unique respons
in terms of the parametey(J,), which can be pretty high [7].
By opposition, in magnetic laminations it is a fewits at
most, permitting one to reduce (7) to the well knosquare

root lawW( =8.76/0GS] \, §* .
Loss measurements performed in the A-type andpB-ty
SMC ring samples under sinusoidal flux over a wialege of

frequencies (from quasi-static excitation up tokH2) and at
Jp values ranging between 0.1 T and 1.25 T, permit wne

rectangular or elliptical model particle and disuted geometrical parameters. identify the quantitiesWhys(Jp), No(Jp), and Vo(J,). Fig. 9a

loss figure is obtained, for the san®R) distribution, with

the elliptical particle. We conclude that the trualue of

Weiass micshould lie between these two values. In the folfawi
calculations, the rectangular model particle wdlddopted.

I1l.  LOSS UNDER SINUSOIDAL POLARIZATION PARAMETERS

IDENTIFICATION

Having calculated, according to the previous disiors
the classical energy loss component, we can prodeed
determine the other two components: the hystetessVy;

shows the experimental behavior of the hysteresiss |
Whys(Jp) in the A-type SMC, showing a power law
dependenci,s(Jp) 0 J,"". The excess loss parametegl,)
andny(Jp)-Vo(Jp), appearing in (7) and (8) are equally observed
to increase withJ, (Fig. 9b) Quite similar behaviors are
observed in the B-type SMCs.

IV. LOSS UNDER DISTORTED INDUCTION WAVEFORM

Based on the previous separation procedure, peefbifor
sinusoidal flux, we can proceed to the calculatmnthe

and the excess l034L,. [8]. We perform this operation for €N€ray losses under non-sinusoidal polarizatioro Tifferent

sinusoidal induction waveform.

Hysteresis energy losspk This component depends, in th
absence of minor loops, exclusively on the pealanzdtion
Jo [9]. It is obtained by experiments, namely by apulating,
at anyJ, value, the measured loss versus frequency curve to

zero frequency.

Excess energy loss MW This term, arising from the
inhomogeneous character of the magnetization psodes.

the domain wall displacements) is experimentalltaoied by

subtracting at each frequencyn)&y and W;sss from the total

lossW. It is theoretically predicted, under very gendeams,

starting from the expression for the instantanespscific

power losP.,(t) [10], according to the expression

Pt =”°2V°(1/1+4“r§v3'§’° X ¢)|—1J|J(t)| wimy  (7)

examples of loss calculation are provided in thect®n,
ewhere J(t) is obtained either by combination of fundamental
and third harmonics or as a triangular function.
1) Distortion of J(t) introduced by a third harmani
Let us consider the time dependent polarization

J(t) = J, sin(at) + I, sinBat + @) 9

where w=2zf, and the harmonics); and J; satisfy the
conditionsJy/J; = 0.1 withJ, = const, such as a phase shift
between 0° and 180°, no minor loop can form fokM$gs(Jy)

is not affected by distortion ofi(t). Examples ofJ(t)
waveforms withJ, = 1 T and differenp; values are shown in
Fig. 10. For any gived,, the hysteresis lo38,(J;) (Fig. 9a)
is identical to the one obtained with sinusoidalxfl The
componentWe,**%(J,, f) is immediately obtained, either
through (4) or by retrieving and summing up g™

wheren, is the number of MOs under quasi-static excitatiorvalues calculated for sinusoidal induction at tregjfiencies

S is the cross-sectional area of the sanle,0.1356, and/,
is related to the statistical distribution of ttewersal fields for
the MOs [8]. The parameters, andV, both depend ow,.
W,y Obtained by integrating Eqg. (3) over the peribdis

expressed for sinusoida(t) as

and 3 and the peak polarization and J;, respectively.
Because of its quadratic dependence on the inductio
derivative, Wy,s ™! does not depend on the phase The
excess 10ssWe ™! is finally calculated using (7) and
introducing the term J(t)as the derivative of (9). The
parametersVy(J,) and ny(Jo)Vo(Jp) in (7) are retrieved, as
discussed in Section lll, from the loss measuredetn
sinusoidalJ(t) (see Fig. 9b for the type-A material). Fig. 11
shows the evolution with the phase shiff0 < g3 < 180°) of
the energy los®\\**Y measured under the distortdd) given
by (8) withJ, = 1 T andJs/J; = 0.1 (symbols) and the
prediction made according to the above proceduiel(Bne).
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Two examples, corresponding to the fundamentalufragies envisaged at the highest frequencies and with ttengest
f = 2 kHz and = 7 kHz are given, where the evolution of thalistortions, so the total loss can be slightly uedémated by
loss components with the distortion compared witd lbss the present theory, but in any case remains witiérrange of
measured with sinusoidd(t) is visible. It is noted that the measurement uncertalnty

distortion associated with; values closed to 180° leads to a I I B

1.0+ s~ i
decrease of the loss. Fig. 12 shows that the efffedistortion SYZER NN
can also be predicted with good accuracy in thee-§p - “ R\ \
composite. This kind of material exhibits strongteyesis loss o5l /7 \ | ]
component and reduced classical losses, becauits fifie T %) :
granular structure. ¥a '\,\\
— /3 \
2) Triangular polarization waveform Z 00 -
The above discussed prediction approach can be ™ L ‘;\\ ,'f'—
straightforwardly applied to triangular inductioBut, since I AL / ]
J(t) is a constant, it is simpler to get integrate aticdly (7), 0.5 W\ i
the expression for the excess loss: [ lJ=1T I \ \ e
- N A
(tr) _ GSoV _1'07”””‘”w‘H"H‘H\H“H\‘T‘A‘\‘_‘T“H“‘i
Wee (3 1) =20V, 1+—n vz v Y e 10 0 90 180 270 360

wt (degrees)
Fig. 10 — Experimentall(t) waveforms obtained, according to (9), by

150 combination of fundamental; plus third J; harmonics. The harmonics
r amplitudes are in the ratia/J, = 0.1 and), =1 T.
S V. CONCLUSIONS
X100
=) We have carried out a comprehensive investigatiothe
E magnetic losses in Soft Magnetic Composites fromtB@0
3 kHz and provided an associated theoretical assegst@s is
750 based, on the one hand, on the modeling of thesickseddy
I current losses in heterogeneous materials andherother
- hand, on the statistical theory of losses, by wieh energy
ol loss behavior under non-sinusoidal induction warkrafoan be
0.3 predicted. It is emphasized that eddy currents cabwit on
; ] two different scales, that of the individual pd#ic
A v 11.0 (microscopic) and that of the sample cross-section
r|lv --- ny ] (macroscopic). The latter follows from the preseofendom
,E«O-Z - A intergrain contacts, which require sufficiently dar cross-
z | 5 sectional area to result in closed paths. Consdipiemo
= -~ macroscopic currents are established in suffigestnall
201 F \° samples (e.g. 5 mm 5mm cross-sectional area and lower), as
F <° demonstrated by the experiments. Classical eddyemur
r ] losses have been calculated for such kind of spawntaking
; e b) | into account size and shape of the iron particled the
A = —v015 — 1‘0 — 00 statistical distribution of their geometrical parsters.

Exploiting our ability to compute the classical dos
component, we were able to make a full assessnfetiteo
Fig. 9 - Type A Soft Magnetic Composite under sbidal flux. a) Hysteresis magnetic loss behavior of the composites in thgueacy
lossWhyst @s a function of peak polarizatidpn b) Parameter¥, andn,'V, (see range DC — 10 kHz when subjected, according todstah
(7)) versusk, rules, to sinusoidal induction. We were able, imtipalar,
It is fair to state that inevitable interwindingpemitive effects extract a couple of structure related parameteggl,f and
may hinder to some extent the achievement of aepiyf V,(J,)), characterizing the statistical features of the
triangular J(t) waveform (i.e. square voltage), becausenagnetization process, and consequently predict,thia
oscillations can arise at the tip points. For tléason, our framework of the
experiments were performed up to the maximum exgiti
frequencyf = 5 kHz. Fig. 13 shows the frequency dependence
of the energy loss measured under triangular inoluetp to 5
kHz forJ,= 0.5T, 1 T, and 1.29 in the A-type material. The
results show excellent agreement with the theaketic
prediction. Weak effects related to the appearante
macroscopic eddy current patterns may in general be

g, M
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analytical formulation for the magnetic losses ungeneric

RARRREN induction waveform is obtained. This implies thdsoathe
E O Experimental reverse is possible, where the material responsinteoidal
300 - —— Predicted B . . . .
S : — Sinusoidal J(t) induction can be induced from measurements doné wit
= distorted induction. With the introduction of hyssis loop
£ 7 modeling, the present treatment can be generalied
200 F ] induction distortion with minor loops.
§ L
(@] —
= S .]p =05T
[ [ =
8 1005 < 501
= r £
: I
L PR & 2 Er=leeut SRRSO ROPRSNIN SIS
° 8 25t |
F g O  Experimental
300 | [ —— Predicted hyst
— [ —— Sinusoidal J (t)
(o))
v 1 1 1 1
;
S [
~ 200 |-
§ [ = 200
3 =
8 : class E 150
E 100 — . 0 PSP PO PSS B ;
(@] L
N ,, 100
i e f= TkHz @
oL % [ [ Cl _
0 45 90 135 180 g 50
¢, (degrees) =
Fig. 11 - Type A Soft Magnetic Composite under 1sorusoidal flux, with
distortion introduced by a third harmonig; € 1 T, Js/J, = 0.1). The symbols
and the solid line describe the experimental aredlipted behaviors of the
energy loss versus phase slgft respectively. The two examples reported S 300
here refer to the fundamental frequendie®2 kHz and = 7 kHz. <
=
E
S §200
200 P—o—_ . @
— . (Y —
E 1 e a— Q
' 1 = 100} =
— exc — E
D) e e e Y 3 (o] hyst
) L j
é L M/class/' | L b b
N i J, =17 1 0 1 2 3 4 5
o 100 L = 8 KHz i Frequency f (kHz)
o [ ] Fig. 13 - Type A Soft Magnetic Composite underrtgalar induction J, =
S t d 05T, 1.0 T, 1.25T). The experimental loss verstequency behavior
2 r w 1 (symbols) closely compares with the predictioni¢stihe).
50 - hyst —
t O  Experimental E
— Predicted 1 VI. APPENDIX
—— Sinusoidal J(t) ] . . o
0l In this appendix, it is demonstrated that the fdem{B)
0 45 90 135 180 tends to the one of the classical loss in the latfon, in the

¢, (degrees)

Fig. 12 - Same as Fig. 11 for the Type B Soft Maign€omposite.
Experiments (symbols) and theory (solid line) & fandamental frequency
f=8kHz.

loss separation principle, the effect of distortimhmagnetic
induction on the SMC loss behavior. Although mooenplex
than in the conventional case of soft magnetic tatidns, an

limit R—0 (i.e.L>>l), which should be, for a given width

) I
WE(J, f)—p—EEEIZE@JZ(t» . o] (12)

Class
Fe

If formula (3) is in good agreement with formulaljl
recalling thatS=L.I andR=I/L, one should find:



<
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K(R)

R 1 OREL
12

12)

This can be verified graphically in Fig. 14. Thire ttwo

formulae (3) and (11) are consistent.

Fig.

1.0

0.8

o
)

12.K(R/R
o
~

0.2 B

0.0 L
0.0 0.5

1.0
R

14 -Ratio 12K(R)/R to check the consistency of the two formulae (8) a

(11).
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