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Abstract—In this paper, the complete magnetic material char- [ % m,
acteristic, hysteretic and anhysteretic, is reconstructed for a d
El electromagnetic inductor. The material identification process, & 5
7 ZY

including air gap assessment, is carried out using a coupled
experimental-numerical inverse technique, based on a set of well
chosen global and local magnetic measurements. It is shown
that a higher accuracy is obtained when local measurements 56|42 ® Olpo 49
are performed in regions with less stray fields, and the air gap

assessment is strongly improved by the use of local magnetic

measurements.
. 10 Position 1 J_Q
Index Terms—Inverse problems, magnetic measurements, mag- 4 i '
netic material identification, hysteresis identification. » 94
14 ﬁ» Position $’
2
|. INTRODUCTION e -
45 56

N EI core inductor is an electromagnetic device (EMD),
which is widely used in modern power electronics apig. 1.  The studied EI core. At positions 1 and 2 the local méigne
plications, such as switched mode power supplies. In omlerneasurements are carried ogi. and g2 are the middle and the outer air
precisely design and analyze such applications, the miagn&gP thicknesses, respectively. Dimensions are in mm.
material characteristic of the El inductor has to be known.

Classically, the magnetic material characteristic of anlEM

is determined by means of Epstein frame, single sheet tedigfameters is achieved. _Furthermore_, due__to t_he fact tiat t.h
or ring core measurements on a separate sheet of the s .rﬁjra_cy of the magnetic ma‘ef'a' identification process is
material as the EMD [1]. This requires extra samples ghly influenced by the uncertainty of the EMD geometry,

the electrical steel sheet, which are unfortunately somei espemglly the ar gap f[h|ckr.1§ss,' we include different air
not available. Therefore, it is convenient to charactettee 93P thicknesses in the identification process. The proposed

magnetic properties on the specific geometry of the Emferse a_pproac_h is validated by compar_ing the recqvered
itself. However, the non-uniform electromagnetic fieldteats characteristics with the measured characteristics on aetiag
make this task much more difficult ring core of the same material as the El core.

The authors propose an accurate combined numerical- Il. PROBLEM DEFINITION
experimental methodology in order to identify the magnetid. The studied geometry
properties in geometries with non-uniform electromagneti
fields. The presented methodology is applied to an El ¢ core with one “middle” air gap in the middle limby,)
inductor, as shown in Fig. 1. We employ two magnetic materig d two “outer” air gapg(g,) between E and | yokes. 'I:he

characteristics, each with a limited number of F)aramGte'i_:fsicitation coil is wound over the middle limb of the E-core
the anhystereti®-H curve, and the hysteresis characteristi(iﬁith N, = 356 turns

described by the Preisach model [2].
The proposed procedure is based on a coupled experimental- .
numerical inverse technique, starting from a set of glob& Magnetic measurements
and/or local magnetic measurements and a 3D finite elementhe guasi static magnetic measurements are performed at
model of the El inductor, by minimizing the error between the Hz for a sinusoidal current excitation, in order to have a
measured and simulated electromagnetic quantity forreifie negligible presence of eddy current effects in the magnetic
values of the excitation current. Depending on the nature @bre.
the measurements, (e.g. local, global, measurement @usiti 1) |ocal magnetic measurement$he local magnetic in-
etc.), that are used as input for the inverse problem, aioertgyction measuremens;,..;’ is done by means of extra needle
resolution or accuracy of the recovered magnetic materjjlobes or a search coil.Bj,..;' is measured at different
Corresponding author: A. Abdallh (E-mail: Ahmed.Abdallh@gfbe). positions of the El inductor, e.g. positions 1 and 2, as shown

This work is supported by projects FWO-G.0082.06, GOAO7ARDS, and in Fig. 1. The positioning of the local measurement setup has
IAP-P6/21. P. Sergeant is a postdoctoral researcher of \@.F a placement error of 0.01 mm.

Fig. 1 shows the profile of the studied geometry. It is an
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2) Global magnetic measurement$he term global mea- I1l. I NVERSE PROBLEM FORMULATION
surements means the measurement of two quantities; thehe three parameters of the anhyster&tl characteristic
excitation current (I) in and the voltage (V) over the exitita , — [H, B, »], and the five parameters of the Lorentzian
winding. This global measurement gives rise to the flux dgnsigistribution of the scalar Preisach model= [a, b, c, k1, ko]
linked with the excitation winding: are recovered using the proposed inverse approach. In lthe fo
lowing section, three objective functioi$F' are formulated,

1 t which minimize iteratively the quadratic error between the
B(t) = N, S /0 [V(7) = RI()]dr @) measured and simulated quantities:
whereN; is the number of turns of the excitation windirigjis p* = argmin OF(p) (5)
the cross section of the excitation windirigjjs the resistance P
of the excitation coil. wherep* is the optimum ‘recovered’ material parameters.
A. Objective Functions
C. Finite element modeling The first and second objective functiq®F;, OFy) are

. . o 0o .
The numerical model of the EI core inductor is constructelgpp.lememed using the amplitude,) of the k smusmda!
using the 3D finite element method (FEM) which solves thexcnatlon currentk = 1, ., i = 40) and the local magnetic

9 . ) ) . Rduction measurements, at fixed positions, e.g. positian 1
nonlinear guasi-static Maxwell’s equation:

position 2 of Fig. 1, respectively:

1

VX (5= V X A) =1 ®) K By(ix,p) — Buli
oy Or(p) =Y | PR B e
for the magnetic vector potentidl with the non-linear mag- k?
netic permeabilityu;, and the current density. We imple- OF B Bs (i, P) — Bm(ik) o 7
mented two material models, that defipen (2). 2(p) = kz—; | By (i) lposition 2 (7)

1) Anhysteretic characteristicThe single-valued nonlinear
constitutive relation of the magnetic material, is modkIby
means of three parametd®dy, By, v|:

with B,,(ix) the measured peak magnetic induction value of
the k" excitation current andB,(ix,p) the corresponding
simulated local flux densities using the 3D FEM and the
H B B\" material parameter valugs
T = (B) (B) (3)  The third objective functionOF3) is implemented using

0 0 0 global measurements of the excitation currehjt gnd the

2) Hysteretic characteristic:The hysteretic magnetic ma-voltage V) of the excitation winding, see eq. (1), where no
terial behavior can be fully characterized by a Preisadfc@l measurements are used:
distribution function (PDF). Theoretically, the PDF can be t t
identified either from an Everett map or by fitting parameters Om(t) = (1/N1)[/ V(r)dr — R/ I(7)dr] (8)
in an analytical expression. In order to limit the number 0 0

of parameters to be recovered with an acceptable hysteresis i G5 (i, P) — G (i)
model accuracy, we prefer to use an analytical expression fo OFs(p)=>_ | ’¢ in) 12 9)
the PDF. k=1 ma

Here, the scalar Preisach model with one input (the magith ¢,,(i;) the measured peak magnetic flux value of He
netic field) and one output (the magnetic induction) is useelxcitation current and;(ix, p) the corresponding simulated
in which the material is constituted by several dipoles eacfalue.
with a non symmetric loop with up and down switchingd. Combined objective functions
fields & and 5 (8 < «). We suppose thafwa,3) has a

. R i X i - Toincrease the efficiency of the numerical inverse approach
Lorentzian distribution with a reversible and an irrevelesi

we combine the previous objective functions, so that more

part: P(a, 3) = Pirr (o, 8) + Prev(t, B). information is given as input to the inverse approach. Each
objective function is based on two measured quantities, only
and the excitation current is the common factor in all of them
k1 ko ;
P(a, B) = + 5a,ﬁm (4) (I, Biocai—1), (I, Bipeai—2), and (I, V). In the combined ob-

(1+ (5L + (52)?)

jective function(COF’), we combine two or three previously

This PDF is characterized by a set of five Preisach pglentloned objective functions:

rametersia, b, c, k1, k2. do.5 is the Kronecker delta symbol

[3]. Integrating this PDF equals the magnetization saimmat COFz = OR UOF; (10)
These five parameters are independent as we assume that there COFy13=0F UOF;3 (11)
is no a priori knowledge of the material available. Coupling COFy; = OF, UOF; (12)

the Preisach model with eq. (2) is done in a similar way as
described in [4]. COF133 =0F, UOF, UOF3 (13)
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) : . ) Fig. 3. The anhysteretiB-H characteristic using)F;, OF>, and OF3
Fig. 2. The anhystereti@-H characteristic usingOFy, OF3, and OF3 compared to the reference characteristig, is unknown go = 0).
compared to the reference characteristig, = 0.85 mm, g> = 0).

=
©

IV. RESULTS AND DISCUSSION Easf
m L
The results of the magnetic material identification based on 5
the proposed inverse approach are presented and discuassed i § il
. . Reference
the f0||OWII’]g SeCtIOI’]S g o8k ___(CRér::g C(ore lge;ss;;eme;(s)
= 1209, =0 mm
A. Magnetic material identification (Anhysteretic behayio % 06 i Bov(gljf;j:jm 1-:)53"' 124381
In this part, we solve the inverse problem in order to 5™ M Py =, e 12229
. . 0.2 0 13 Y1 N H
identify the three parametef$f,, By, v]. Here, the value of = : ‘ ® [y By vl = (289,62, 1.3258, 11.621)
the middle and outer air gap thicknesses are kept constant 0 SORAag#:fic Fiold Stfg;;’gth ﬁO‘EA/m?“ 3500
(g1 = 0.85 mm, g, = 0). Values are given by the constructor
of the EI profile. Fig. 4. The anhysteretiB-H characteristic using”OF12, COF}3, and

Fig. 2 shows the reconstructed anhysterBtidl characteris- COI23 compared to the reference characteristip, is unknown g = 0).
tic of the EI core inductor material using the proposed isger
method by implementing@ £y, OF,, andOF3. . . .

The recovered characteristic is compared to the measur_e(lj: ig. 3 shows thg reconstructeq anh_ysterBHld charactens-
‘reference’ magnetic parameters using the fing core measuiic of the El'core mdugtor material using the proposed isger
ments of the same material as the El core material. method by 'mplemen“h@?FL OF;, and OF3, compared to

A good correspondence between the recovered magndfig Teference’ magnetic parameters. _ ,
parameters and the reference magnetic parameters, fmiicu 't €an be observed from Fig. 3 that solving the inverse
at saturation, is observed. The best results are observed REpPlem based on these objective functions does not gesrant -
OF,, which is based on the local magnetic induction at the the ac_curate magnetic parameters and the accurate middle ai
core. OF,, which is based on the local magnetic inductio§@P thickness value. _
at the middle limb, andOF;, which is based on global In order to well pose the inverse problem, we need to

measurements slightly differ from the reference charetter nclude more measurements as input of the inverse problem,
These results can be explained as follows: the invers Use of the combined objective functio®)F1a, COF1s,

problem is generally an ill-posed problem, i.e. a small err@"dCOF23, see equ. (10-12). Fig. 4 depicts the reconstructed
in the measured quantities leads to an error in the recovefdysteretid-H characteristic of the El core inductor material
parametersOF; is based onBy,..;_1 near to the middle air USiNg the proposed inverse method by ‘|mplemen'm1@F12, _
gap. It can be affected by the fringing effe@F; is based COFi3, and COFy;, compared to the ‘reference’ magnetic
on V over the excitation winding. It can be affected by th@arameters.

value of the ohmic resistancB in (1). However, OF, is It can be observed from Fig. 4 th&lOF,, and COFy3
based onBy,..;_» on the I-core. It is far from the excitation result in accurate material parameters, as well as the atecur

Winding, and hence it is hardly affected by the stray f|e|d§“||ddle air gap thickness. HoweverO I3 results in accurate

Therefore, solving the inverse problem based on the md8gterial parameters, and inaccurate middle air gap thaskne
reliable measurements gives the best results. At position 2, very accurate measurements are providedeto th

. N e . ._inverse problem, see also sec. IV-A.
B. Magnetic material identification (Anhysteretic behayio P

and one air gap assessment C. Magnetic material identification (Anhysteretic behayio

In this part, we solve the inverse problem in order to idgntif2nd two air gaps assessment
the three parameteiidly, By, v]. Moreover, the difficulty of  In this part, we solve the inverse problem in order to identif
the inverse problem is increased by including the value ef tthe three parameterdi,, By, v], and the two unknown air
middle air gap(g1) as unknown in the identification processgaps thicknesse$g; and g, are unknowi. The magnetic
The value of the outer air gap thickness is kept condt@gnt=measurements were carried out for two measured values of the
0). outer air gap thickness, i.gz = 0.25 mm,and g, = 0.5 mm,
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Fig. 5. The anhysteretiB-H characteristic using’O F;23 compared to the Fig. 6. The hysteresis loops usin@F> compared to the reference
reference characteristi¢g; andgo are unknowi. characteristic(g; = 0.85 mm, g> = 0).

by putting plastic spacers with known thickness betweerithenon-uniform field patterns. On the other hand, our proposed
and | yokes. The two yokes are fixed together by a mechanicaéthod is general and can be applied to any EMD.
clamp to prevent the movement of the I-yoke.

Flg 5 ShOWS the reconSIrUCted anhySterBﬁH CharaCteriS_ THE LORENTZIAN PARAMETERSTQFBEEEIPREISACH MODEL COMPARED TO
tic of the EI core inductor material using the proposed isger THE FITTED PARAMETERS ON THE MEASUREMENTS DATA
method, by implementing’OF;23, compared to the ‘refer-
ence’ magnetic parameters. It can be observed from Fig.t5 tha
COF123 results in accurate material parameter identification;
as well as the accurate air gap thickness for both examinedFitted value 124.99 3801 504.08 1.89 5.15
outer air gap thicknesses, i = 0.25,and0.5 mm.

Parameter a b c k1 x107% ko x 1074

Recovered value 123.32 39.01 480 1.8 5.52

D. Magnetic material identification (Hysteretic behavior)

In this part, we solve the inverse problem in order to
identify the five parameters of the Lorentzian distribution V. CONCLUSION

of the scalar Preisach modék,b,c, k1, k»]. The value of | this paper, we proposed a method to reconstruct the
the middle and outer air gap thicknesses are kept constfpkteretic and the anhysteretic behavior of an EMD. An
(91 = 0.85 mm, g5 = 0), respectively. For simplicity, we haveg| core inductor was used as a test case. The proposed
tested only one objective function, i.€.F, which provides method solves an inverse problem starting from well defined
the most accurate measurements. global and/or local magnetic measurements, followed by a
LT 4 Lty P) — b (tn) numerical procedure, that is based on the finite_ elemen_t
OFs(p) = ZZ | == S |2 pition 2 (14)  method. Moreover, assessment of the unknown air gaps is
1=1 n=1 bin.i(tn) investigated and validated. The identification of the hytte

whereb,, ;(t,) is the measured magnetic induction value @nd the anhysteretic behavior gives a good indication fer th
thent" time step(n = 1,...,T = 1000) for the{*" magnetiza- hysteresis losses and the magnetic permeability, resp8cti

tion loop andb, ;(t,,p) is the corresponding simulated locall he numerical inverse problem approach has been found to be
flux densities uéing the 3D FEM. an effective methodology for the extraction of the magnetic

Fig. 6 shows the recovered hysteresis loops of the Eflaracteristics of the magnetic material.
core inductor material using the proposed inverse method,
by implementingO F», compared to the ‘reference’ magnetic REFERENCES
hysteresis loops. A good correspondence between the meg- E. Antonelli, E. Cardelli, and A. Faba, “Epstein frame:wand when
sured hysteresis loops on the ring core, and the recovemd on it can be really representative about the magnetic beha¥iantnated
is observed. Table | indicates the five Lorentzian pararseter T;"lggne,\t,'lg;tggésglEEE Trans. on Magnetics/ol. 41, No. 5, pp. 1516~
fitted on the magnetic ring core measurements data, and t{® 1. D. Mayergoyz, Mathematical Models of Hysteresis. BerSpringer,
corresponding parameters recovered from the inversegmobl 3 é99Al- boni. E. Cardelii G. Finocchio. and F. La FomsiRemark
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than 10% between the identified and the reference paramet[g]r gg, SNO- >, Pf- 30%8—503% ,SeF{erm?Ef 20?5:*_- ¢ hvsteresi
. . . A ergeant, an . ugs ‘Implementation o ysteresis ma-
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geometry, i.e. no air gap. Moreover, it has been assumed, in COMSOL Users conference, Grenoble, 2007. Available online
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|OOpS have a direct relation with the measured Current_'ﬂu;? the Jiles-Atherton hysteresis model using differentiallevon,” IEEE
loops according to Ampere’s and Faraday’s laws, respdgtive  Trans. on Magnetigsvol. 44, No. 6, pp. 1098-1101, June 2008.

However, this assumption is not valid for an EMD with highly
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