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A simple compensation method for the accurate measuremieof
magnetic losses with a single strip tester

O. de la Barriére C. Ragusa M. Kharf, C. Appind, F. Fiorill®, F. Mazaleyrat

ISATIE, CNRS, UniverSud, 61 av du President Wilge:®4230 Cachan, France
“Dipart. Energia, Politecnico di Torino, C.so Duemli Abruzzi 24, 10129 Torino, Italy
®Nanoscience and Materials Division, Istituto Nazilendi Ricerca Metrologica (INRIM), Torino, Italy

We present a new method for the accurate characteration of soft magnetic sheets using a permeametbased on the precise
compensation of the magnetomotive force (MMF) drogn the flux-closing yoke. It has been developed inrder to overcome the
systematic uncertainty affecting the value of the mgnetic fieldstrength in single sheet testers whenbtained, according to the
standards, through the measurement of the magnetizg current. This phenomenon is more critical for hgh permeability materials,
because of the reduced MMF drop across the sampl&/hile additional sensors and auxiliary windings hae been proposed in the
literature, a novel approach is demonstrated herehased on the use of the permeameter upper half yoles the MMF drop sensor and
of an auxiliary winding on the lower half yoke, imgementing compensation. This solution, dispensingne from dealing with the
usually small signal levels of the conventional MMFrop sensors (e.g. Chattock coils), provides bestsults with the introduction of
wedge-shaped magnetic poles, in order to accuratetiefine the magnetic path length. The method is vidlated by measurements of
power loss, apparent power, and hysteresis cyclea aon-oriented and grain-oriented Fe-Si steel shegtwhich are compared with local
measurements performed on the same samples usiHgcoil and B-coil across a uniformly magnetized region.

Index Terms—Magnetic loss, hysteresis cycle, compensated permneeter, apparent power.

35 the one across the sample, especially with higmpability
36 materials. This can lead to overestimated magnfi
3-HE PROPER design of electrical machines 3hdvalues. At the same time, the yoke itself can gte\a certain
electromagnetic devices requires an accurate giedi®8 contribution to the measured loss, depending on its
iron loss. Indeed, in modern embedded applicatinsh 89 manufacture and the possible existence of interlameddy
hybrid or electric vehicles [1][2], the best commriee must B8 currents at the pole faces [15].
found between the machine efficiency [3][4] and qteel One way to overcome this difficulty is, as discukse
density [5]. But any predictive model starts frompeop@?2 [16], one of compensating the drop of the MMF i fokes
material characterization [6][7]. The standard i3 of the permeameter by an auxiliary magnetizing WwigdThis
technique of soft magnetic steel sheets is basetti®unse £4 is driven by a Chattock coil, placed over the meéagusample
the Epstein test frame [8]. It shows good reprability, a45 region of length |, and a very high-gain amplifier,
demonstrated by inter-laboratory comparisons of ggoless implementing a feedback control on the auxiliaryrent, such
and apparent power measurements [9]. Howeverpitbibod7 as to compensate the MMF drop outside the lehgtfi6].
besides requiring tedious preparation of the sasnpW8 Like all the H-coil measurements, this method has a weak
inevitably affected by appreciable systematic diévies (up &9 point in the necessity of handling small signaklev
about 10 % at high inductions) from the true valoésh®0 In this paper, we consider a single strip doublgeRe
measured quantities, as obtained, for example, doyirafl permeameter, applied to annealed Epstein samplesiewa
measurements usingd-coils [9][10][11]. But the H-co$2 new compensation method, simpler and more effedtiag
method requires the integration of low-level signahd 8 previous literature solutions [16], is implementegpstein
hardly acceptable in the industrial practice. lasieg inter&gt strip samples are used in the present experimentgractical
is therefore attached, at present time, to the ISi@hee® convenience, but the method could be easily adapoed
Testing (SST) method, applied according to theaieirig |EE6 standard SST permeameters. The |d.ea'|s one of ubimng
Standard [12][13], because of the convenient usewvigR? upper half of the yoke_ as a zero MMF |nd|_cator_&m_1lc_3wer
lamination samples. The STT method does not recii half for accommodating the compensation circuit.idta

relief of samples upon cutting, can be directly leggpto t simple measuring - arrangement, where t_he signal @o b
domain-refined high-grade grain-oriented materiat; controlled is relatively large and much easier amdie than

shows good reproducibility of measurements [9] 4]the weak and noise-prone signal generated by adchatoil.

. . . As a further advantage, there is no geometricalodinuity
Consequently, there is demand by industry for iticlg S . . 2 : . -
reference values in the material specification daags. Wi 3 i the magnetizing winding, as required insteadnensuing

o inhomogeneity of the applied field, by the inseitiof the
the SST arrangement, where the sheet sample is6ds@ @& chattock coil [16]. The method is validated by camigon

double-C laminated yoke, the magnetic fieldstrendg iith accurate measurements performed upon a relgtiv
calculated using the measured magnetizing currek @ restricted median region of the strip sample by theoil
defined magnetic path length,(= 0.45 m) is adopted. A "g#n method. Non-oriented (NO) and high-permeability imra
problem here is that the magnetomotive force (MMFfp i®9 oriented (GO) Fe-Si samples have been tested,veihgood
the flux-closing yokes may not be negligible widsspect to

|I. INTRODUCTION
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70 agreement between the results obtained with theneta@@O by which maximum uniformity of the applied fieldrass the

71 current and those obtained by localiz¢@ndB coils. 101 whole distance;is obtained ([11], p. 109).

102 According to Ampére’s law, the magnetomotive foidle
72 Il. THE COMPENSATED PERMEAMETER 103 generated by a currehtflowing into the N-turn solenoid is
73 In this section we describe the geometry of theesy reiﬁ%rt]o the magnetic field along a closed path by the

74 the circuit for the compensation of the MMF drop.

75 A. System geometry and magnetic path length N-I= gSLH'dl- (1)
76 The sample is a conventional annealed Epstein. Stk
77 induction derivative is measured by means of a thoQ- ?
78 mm long pickup coil placed at the center of thépstinsi
79 the B-coil, a many-turn calibrated flat-coil (1 mm thi
80 turn-area 2.280%m?) of same length is placed upo
81 sample surface (see

82 Fig. 1). The H-coil provides, after integration of1 e
83 measured voltage, the tangential field upon the som
84 area. Since in the measuring region the applidd fied
85 induction are verified to be highly uniform, tangah fi
86 and internal field are bound to coincide. The mestuo

If a method is found by which the drop of the MM the
flux-closing yoke is made either negligible or full

8 compensated, (1) simply beconmé$ = H-L;, whereLs is the

length of the mean magnetic flux path in the samiplehas

10 value intermediate betwedy, the distance between the pole
faces, and.,, the width of the permeameter (Fig. 2b), as the
obvious result of flux channeling from the samphoithe
yokes (see Fig. 3a). It is actually not well definand it
4 depends on the magnetization level in the sheeplkeart will
F appreciably change on approaching the materiataada.

g; Iﬁss is tr;]us idfentified with the ftruehloss figlurfe_thJe matﬁriﬁl, Flux lines ... Exciting coil
that Is, the reference quantity for the resu tamtatd with the .
89 compensated permeameter. O3 Upper la;rgll(r;ated GO
Exciting coil ~— ———— [THTITHTTTETTTRTTTTRIIT Sample
..............‘-B-coil ........... /’— N E Lower laminated
.......... a N il GO yoke
* 1
’ .......................... H-coil -1 l‘J—__T_| i (a) Standard configuration.
.., Y% 24
....... ”n »?® .
................. S Flux lines
w Sarngile {Fipstein steip) ATCTICTAOTI
91 A 1 Pure iron
92 Fig. 1 - Sample (Epstein strip), with enwrappBgoil and tangentiaH- coil
93 (3D view and front view). : -
Lower GO yoke 1 T
— b) Modified configuration.
Upper yoke L,=290 mm (b) Modifi Igurat
Fig. 3 - Defining the magnetic flux path lengthttire sample.
v

116 We wish to impose a flux path such that the lenigth
117 coincides with the distance between the pole fageso this
118 end, the following modification of the upper yolsegroposed.
119 Two identical wedge-shaped pure iron poles are edlac
Sample 120 peneath the two limbs of the upper yoke, as showfig. 3b
121 and Fig. 5, with the contact lines between the tskadace
B-coil 122 and the poles placed exactly at the distdncés discussed in
123 the following Section, this is expected to forcender the
H-coil 124 action of a feedback system employing auxiliary difgs on
Exéitjng coil 125 the yokes, the flux path length in the sample tedeal tol;.
126 Under these conditions, the magnetic fiéldin the sample
127 will be obtained according to the relation

=)

Z

Lower yoke Excitﬁlg coil Upper GO yoke NO=HIIL. (2
Fig. 2 - a) 3D view of the permeameter. b) 2D viswmagnetizer, exclig8 independent of the way the flux lines enter thedoyoke.
cireuit, and measuring coils. 129 B. The principle of MMF compensation.

94  The developed permeameter, shown in Fig. 2, cansf®o  The idea here developed follows to some extent ftioen
95 double-C laminated yoke of 50 mm50 mm cross-sectipB@al method using a Chattock coil sensor to cancel th&F\Non a
96 area, made of 0.30 mm thick high-permeability G@psti82 known length, as described in [16}lere we take the yoke
97 uniformly wound magnetizing solenoid covers theatisel33 itsdf as a zero MMF indicator. A few-turn secondary coil
98 = 190 mm between the pole faces of the yoke. &ndoweg!i wound around the upper yoke provides the derivaifzéhe
99 with series connected additional narrow windingstaenglss magnetic fluxg, flowing in it. According to the simplified
136 reluctance description of the system shown in Bigwhere
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the reluctance of the sampleRg, the reluctance of the ugper lll. EXPERIMENTAL RESULTS

and lower yokes iRy, and that of the wedge-shaped RYJ§ IS The novel compensated permeameter has been tasted o
Re, the MMF dropE pertaining to the magnetic circuit oyigigdenonoriented Fe-(3 wt%)Si sheets (thickness 0.35 rang

the sample is proportional to the flyx  Since there i @p high-permeability (HiB) grain-oriented sheets (Hriess
MMF source in the upper yokE, \_N|Il_be reduced to zergdwy g og mm). Energy loss, apparent power, and hystetesps
canceling the fluxp,, that is, bringing to zero the vo{lgge, ere measured under sinusoidal induction waveforrh
corresp(I)_nglnéglg mSg_ced in the secotpdary_ %Q'I' Td::ﬂ 1% 100 Hz and peak polarization values 0. T, <1.5T. The
accompiished by adding a compensation winding e (mi 1 value of the magnetic field was obtained both by measuring

yoke and controlling it in such a way that the espondi the ma . : : ;.
e gnetizing current and by integrating the aignduced
generated MM\, leads to the conditioR = 0. The CONiFAL i, 1o y_cojj placed at the center of the Epstein strip.

loop is schematically shown in Fig. 5. An analogtcol car _ _
(PID controller) keeps the voltage [ dp,/dt equal to zerol B§ A. Non-oriented Fe-S sheets
properly supplying, via a high-gain linear amplifieth®s  Fig. 6 shows the measured energy loss vs. peak

compensation winding on the lower yoke. Conseqye®ilt6 polarization obtained through thecoil and current methods.
the flux g in the sample is made to entirely flow in the lowe

yoke_ W Error
q— - H coil —— 10,0
(P1=0 —&— --0-- Current, compensation
f|—®— --O-- Current, no compensation /N
I 60 —A— --A-- Current, compensation without poles %
RY o 475 ~
50 F ’ °\°
R[] []%. _ .
Dot z
E=0 = 150 X
— é -
R, ¥s S <
. 4255 3
N.I 20 . N
10F }
sagpetoeet 10,0
L 0 ERUL
7 0,0 g 15
Y TN 177 ' > (D
Fig. 4. Reluctance network of the compensated ameter. 178 Fig. 6. NO Fe-Si sheets. Comparison of the enesgy measured by the-
179 coil method and the current measurement method.pEnmeameter can be
- 180 compensated as described above, non-compensagedoftipensation circuit
i 181 is not switched on), or compensated without the poles. The dashed lines
182 provide the deviations of the loss figures measuvittl the current method
183 with respect to thel-coil method.
. 10E E
v vi=0 08F / E
Analog 04l —— H-coil . E
control —=— Current, compensatlon 3
(PID) e 0,2 || —=— Current, no compensation E
~ 00 7 ]
.ﬁ ]
02F 3
04F 1
Power 06 ’
amplifier -08F E
10k f= 100 Hz ]
Fig. 5. Compensated permeameter and control tircui ! . 4
-100 50 0 50 100
134 H (A/m)
] ) o 185 Fig. 7. NO Fe-Si sheetsl, = 1 T. Comparison of the hysteresis loops
This compensation method is simple and sensitineg86 measured by the-coil method and by the current measurement methith,

does not require any specific MMF sensor and a BighkB7 and without compensation.

to-noise ratio is ensured by the high permeabditthe G@3 |t appears that the results by tHecoil method and the current
laminations employed in the yokes. The voltageis, {0fg method with compensation and wedge-shaped ironspate
example, always much larger than the one achievi I@O the upper yoke show remarkable agreement. On ther ot

Chattock cail, and its control around the zero e 'gé hand, because of the additional loss contributipithle yokes,

correspondingly easier and more precise. To be riastd overestimated figures are obtained by use of the
4

imperfect contact between the wedge shaped poldst

sample, which can be lumped in the pole reluctdrg

little detrimental effect on the permeameter peﬁmn% £

because the flux in the upper yoke is made to hanis 196
197

uncompensated permeameter, the high¢ne higher the loss
deviation (up to about 7 %). If the compensatioocedure is
applied to the standard permeameter configuratidhowt
wedge-shaped poles, the loss value is still ovienagtd (from
2% to 4%), because the magnetic path cannot be full
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constrained to the sample lengthand is slightly longer. 231

the H-coil and compensated current measurements could be

The good agreement between Hieoil and the compensz8ad attributed to the difficulties intrinsic to thE-coil method
current methods is confirmed by the correspo@@i8glsmall signal, integration problems...). This furtreresses

measured hysteresis loops shown in Fig. 7. 234

B. HiB grain-oriented sheets

Measurements of high permeability GO materi
demanding, because the MMF drop in the yokes ma
from negligible with respect to the one in the skmpt
same time, the localized measurements usingHtioeil
difficult, especially at low frequencies, because signal 53
be very small. This adds to the interest for thEermopo§<a
solution, which includes also the measurement efa;bpa@{ﬁ
power. Fig. 8 compares the energy loss values rodday
the H-coil method and the magnetizing current metho Mvi
and without compensation, in the GO sheet. It [zaagnt 2t
the compensated permeameter and Hbeoil measuremsyis
provide close results. Under uncompensated conditi
finds instead that the current method overestim
magnetic loss by a substantial extent, especiallyl
inductions (about 10% fal, = 0.5 T, 6% forJ, = 1.5 T). This
is expected, because the loss in the yoke deperigon
not on the type of material under test, and itsorét t

sample loss increases with better materials 252
253
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260
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Fig. 8. High-permeability GO sheets. Comparison tieé energy 20&2
measured by thél-coil method and the current measurement meth@i 3vi
and without compensation. 274
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Fig. 9. High-permeability GO sheets. As in FigoBthe apparent powerpgg

Fig. 9 shows the behavior of the measured apppmmégg

Again, we find good agreement between the resutisiqegy
by the two methodd4-coil and compensated permeam@e@s.
is noted that part of the small discrepancies crmx;;ubetw%grg
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the merits of the here proposed approach.

IV. CONCLUSIONS

62'€ A permeameter has been developed, which applies a

simple and effective magnetomotive force compeasati
method for the accurate characterization of sofymetic steel
sheets. It does not require specific sensors, éxasulge
shaped pole faces for the precise definition of riegnetic
path length. It works on the principle of using the-closing
yoke itself for both sensing and compensation.

The performances of this permeameter have beetdated
by measurements on non-oriented and grain-oriefed®i
sheets, whose results excellently compare with resailts
provided by measurements performed using the tdiageh
coil method.
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