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Abstract

By means of a newly developed broadband measuetup sve have overcome the usual upper limit for the
test frequency, around a few hundred Hz, whichnisoantered in the two-dimensional characterizatbn
magnetic steel sheets at technical inductions amtlave measured the rotational losses in low-castemis up
to 1 kHz and peak induction 1.7 T. An importantcgi@f information is thus retrieved upon a frequerange
useful to predict the performance of high-speedtetal machines. Our experiments, performed owkthi
(0.640 mm) laminations, have brought to light tiheeegence of the skin effect under rotational fiellsis is
revealed by an abrupt deviation of the excessdosgponent, calculated under the conventional leparsition
procedure, from its well-known linear dependencetimm square root of the frequency. A simple magneti
constitutive law under rotating induction is propdsand introduced into the electromagnetic diffasquation,
which is solved by finite elements coupled to a-finear algorithm. The classical rotational eddyreant loss,
largely prevalent with respect to the hysteresis excess loss components on approaching the kigadneies
in low-carbon steels, is then calculated in thes@nee of skin effect, permitting one to achievé dalalysis of
the rotational losses and good predicting capghilion a broad range of frequencies and peak irmhsct
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1- Introduction

In electrical traction applications, compact geanand maximum torque density of motors are obthimg
increasing the rotating speed [1, 2], with enstiigh conversion frequencies, greater iron losses d@creasing
efficiency. A compromise must then be found atdesign stage between these competing issues, @aréas
requiring accurate broadband magnetic loss chaizatien of the laminations used in the machinees@nd a
relatively simple implementation of loss modeliriche loss decomposition procedure, including thee azfs
distorted induction, is the standard modeling respdo the loss phenomenology at low-to-mediumuieegies,
where the skin effect can be neglected [3, 4].t@@from solid physical analysis, it provides aple three-
term expression for the measured energy V¥ = Whyst + Weias{f) + Wex{f), where the quasi-static teNd,ys
combines with a dynamic contributioVg(f) = Weas{f) + Wex{f), the sum of the classical and the excess

components, which depend on the magnetizing freqyuédike f and 2

, respectively [3]. When, under
increasingf, eddy current shielding gives rise to skin deptmparable to or lower than the lamination half-
thickness, straightforward loss separation canmotabcomplished and the calculation of the dynarogs |
component via the electromagnetic diffusion equateguires modeling (for example, via the Preigacilel of
hysteresis) of the constitutive equation of theemat and the use of numerical methods [5-8].

Experimental results have shown that conventionss Iseparation can be applied, in the absenceirf sk
effect, to the two-dimensional losses, and one egess, in particular, the rotational lossedNEF ) =
WhystROD + WyaslRON(E) + Wi ROT (f), with the samV,.FO0 0 f andW,,°" O 2 dependences found under
alternating fields [9]. Very little is known, hower, on the behavior of the rotational losses beyarfew
hundred Hz [10], that is, under the regimes peinigito high-speed electrical machines, where sKecewill
expectedly take place.

We have employed a recently developed 2D setupedbasm a three-phase magnetizer [11], to attain
rotational induction levels of technical interesiy(J, = 1.5 T and beyond) in non-oriented steel shegt® the
kHz range [12]. We have investigated, in particullae rotational loss behavior versus frequendgpwfcarbon
steel sheets, 0.640 mm thick, up to 1 kHz and peddrizationJ, = 1.7 T. Conductivity and thickness of these
sheets are sufficient to generate a surge of the efkect already at power frequencies. A sort refgfiency
threshold for it is in fact identified, where amesitdant sharp deviation ., .7 from the usuall’zdependence
is put in evidence when applying the standard ttesomposition procedure. This appears to be a arsiple
experimental route to direct recognition of growslgn effect. It also highlights the conceptuatiypiortant role
of the excess component in the loss analysis, #yas in the present case, it marginal contribtitethe total
loss figure. To calculate the classical loss, hytfe largest component in the upper frequency aaitgis
recognized that, thanks to the near-isotropic pt@seof the material, the magnetic constitutive B(H) under
rotational field can be well approximated, along afi two orthogonal directions, by a simple relasbip
between complex quantities of the type= E(\ﬂ\)m . This permits one to solve the electromagnetifusién

equation by conventional numerical technique ancatoulateW,..{°"(f), eventually attaining good prediction

of WRT(f) upon the whole investigated frequency range.
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2. Experimental results: evidence for the skin effect

A three-phase magnetizer, especially designed dohrénigh frequencies [11], has been employed in the
measurement of the magnetic losses in low-cartes sheets (densiy= 7850 kg/m, thicknessi = 0.640 mm,
resistivity p = 12.5110°° Q) under digitally controlled circular flux loci §1. The magnetic losses have been
measured by the fieldmetric method [14-15] on 80 wliameter circular samples, accurately centreche t
stator-like magnetizer. A small air-gap of 1 mmrpigs one to minimize the required exciting powehiah is
supplied by triple DC-20 kHz 5 kVA power amplifilEROWN 5000V Z). The orthogon& andH windings are
placed on a 20 mm 20 mm measuring area at the centre of the disk.mbasurements are repeated, for any
polarization and frequency value, under clockwisd eounterclockwise rotation and their averagelken as
the resulting loss figurké\/ROT)(Jp, f). Fig. 1 shows the experimental dependence ofrtb@sured rotational loss
on J, (negligibly different everywhere from the peakustionB,) up to 1.7 T for frequencies ranging between 2
Hz and 1kHz. It is noted how the maximum\Wf°" (f) versusJ,, occurring around, = 1.5 T, tends to
disappear beyond about 50 Hz, because of the ggowifiluence of the monotonically increasing claakloss
component. It is also remarked that the upperegabf the here attained produgtf (e.g.,.J,=15T atf=1
kHz) are significantly larger than present literatlimits [10].

According to the standard analysis performed atgsdvequencies in nonoriented Fe-Si laminations 83
rotational hysteresis{"°" is found by extrapolating/~°"(J,, f) to f = 0 and we calculate the classical loss
WeiesO(f) as

2R2

WE(E,, 1) J;zgd% ‘. [I/r] Q)

class

By making the differenc@/; "7 (f) = WFEOD() — Weias () = Whyst 07 + WeROTX(F), we obtain the behaviors
shown in Fig. 2a (symbols), where the quanity;®°"(f) is plotted against*? for three different induction
levels. Wi R°P(f) strongly deviates, beyond a threshold frequeratyef.,, from the usuaf*? dependence (the
straight lines in Fig. 2a) experimentally obserdeglow and around power frequencies in 3 wt% Fe-Si
laminations [16].W,"°"(f) follows opposite outward trends with respect hie 2 straight line below and
aboveJ, ~ 1T, becausiV...."°"(f) tends either to lower or faster than linear deleese orf and Eq. (1) no
more applies. Such behavior W.s.*°"(f) replicates the phenomenology of the alternatiagsical loss in the
presence of the skin effect [3-5] and is furtheripuevidence by the statistical analysis of thegnadic objects
(MO), as defined in Bertotti's theory [3]. Fig. B@wvs the dramatic departure of the numi@t..) of active
MOs from the linear increase withey.= WF,\XC(ROT)MJp predicted using Eq. (1). The sharp turnaround(bity)
occurs exactly at the frequenfgy. The statistical loss analysis provides then uk widirect and unique method
to detect the surge of the skin effect in magnstieets, even though, like in the present citgg"°"
contributes by a small proportion w®R°D. We have for example, @ = 1.2 T andfy,, = 100 Hz, the total
rotational lossW™°" = 360.5 mJ/kg, composed W,s("°" = 139.5 MIKgWeasFo" = 197.5 mJ/kg, and
W, FOD = 23 5 mJ/kg. It is remarked that, given the me@rm of the magnetization rotation in nonoriented

4
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materials, there is no room for classical loss fdations deriving from the saturation wave modslsametimes
proposed in the literature [17].

Having thus experimentally identified a threshfleuency for the skin effect, we essentially need
proceed towards a novel formulation #.s"°"(f), by which we can cover the rotational loss prtipsrupon

the whole broad frequency range.

3. Skin effect and classical eddy current losses under circular induction
3.1A simplified constitutive equation

Some works exist for extending the conventionaligaidh models under alternating fields to rotating
inductions [18-19]. However, such models are gbi#avy from the computational point of view, and rou
permit to take into account the decrease of théehgsis loss when the induction increases undatimgtfield.
To correct these drawbacks, we propose here aeihysteresis model based on the assimilation ofnidierial
to a perfect isotropic medium. Let us take the shample midplane as thg-plane and assume the coordinate
= 0 at the center of the disk sample. The magrtaizaector is assumed to rotate at constant angelacity o
= 2zf. We need to define a constitutive equation forrttagerial under rotating field, paralleling the akcase of
alternating field, where such equation coincidethwhe static hysteresis loop and a hysteresis hrmodst be
worked out [4, 20]. Remarkably, a simple magnetiostitutive law can be adopted with circular pdation in
nonoriented alloys, under the following assumptioi$ The constitutive relationship is rate indegemt. This
amounts to assume, according to the experimersirtithe range of frequencies of interest (i.eydmdfy,) the
excess loss figur\.,."°" is much smaller thalVh,s"°" and W,,,*°"; 2) The material anisotropy can be
neglected. We approximate here this condition Hysstuting, at each frequency, the experimental matig
field locusH(f) associated with the circul&-locus (of modulus3, = [B|) with an equivalent circuldd-locus of
same area and raditgf)=|H(f)|, emulating the condition of a perfectly isotmpnaterial. By extrapolating this
procedure td = 0O, the limiting circle of radiusly = Ho| is obtained, witlB lagging behindH, by the angle
(see Fig. 3). Under the isotropic approximatitie, sinusoidaH andB components are identical along thand
y axes and the energy loss

w®RN(B,, )= fH (B =j;” (Hy @B, /dt+H, [B, /dt) =W, +W, =2W, ,  [I/n7] (2)
can be written in the quasi-static limit\&k,s("°" = 2tH.B,- Sin@h,s). The phase shift is then obtained as
W(ROT)(Bp)

hyst

g, T 3)

thst( Hg) = arcsir{

At the same time, the complex permeability, embogythe constitutive equation for the material under

rotational field, is given by
H(Ho) = (Hg) expl=i Ghyst(Ho) ] 4)
(with i? = -1), whereg(Ho) = [(Ho)| = By/Ho. Both z(Ho) and 6y are time-independent and evolve with the

5



122 polarization level in the investigated materialsh®wn in Fig. 4. The complex constitutive equatifarsthe x

123 andy directions can thus be expressed &, = u(H,)H, and B, = y(H,)H,, with H, =|H,| and

y ’

124 Hy=|H,|.

125 3.2Diffusion equation and classical loss
126 The electromagnetic diffusion equation, controllig magnetic field penetration in the sheet, igteur,

127  under the usual assumption of infinitely extenggglane,

9%H , (2) _. 0°Hy(2) _.
128 ;—Z’;() =iwoB, (2) T); =iwoB,(2) (5)
129 where all the local quantities depend onlyzolmtroducing the constitutive equations in Eq. (%) get
92H,(2) _. 0°H,(2) .
130 T);—IQUE(HX)HX T_IME(Hy)ﬂy, (6)
131 to be solved under the boundary conditions
o0H, (@ _, oH,(2) 0
0z |, 0z 420
oH . 8
oH(@ —iaod B, @ =iax79(—in) ®)
0z z=d /2 2 0z z=d/2 2

132 imposed by the symmetry of the magnetic field iokith respect to the=0 plane (Neumann condition) and
133 the requirement of a mean circular induct®nacross the sample thickness, respectively. Thoblem is non
134 linear, becausg@ depends orH|. We thus discretize Eq. (5) versudy the Finite Elements Method and we
135 apply the Fixed Point (FP) iterative techniquetfbbolve the non linearity. Its solution providas H(z) profile,
136 by which we can compute, via the constitutive eiguatthe classical 1098/,.°" " and obtain the hysteresis
137 loss componenNhyst(ROT). The classical component is evaluated by integmadh the lamination thickness of the
138 square of the current density modulus derived ftoennumerical computation of the curl of tHefield. The
139 hysteresis loss is obtained by summing the areabeofocal hysteresis cycles. Since the inductioofilp
140 through the sample cross-section evolves fyithe same holds fONhyst(ROT), as shown in Fig. 5. This behavior
141 replicates to some extent the skin effect relatedease of the hysteresis loss witbbserved under alternating
142 fields [5, 7], but for the decrease Whyst(ROT) at the highes, values. Such a decrease is consistent with the
143 experimental dependence Whyst(ROT) on J,. After having attained a maximum value, it tendszero on
144  approaching the saturation, following the disappeee of the domain walls. If we define the quanfif§°™
145 = WhyetFO + Ws O™ ) the sum of the so-calculated hysteresis andickidssses, we find that it accounts
146 for most of the measured Iowexp(ROT) beyondfy,, while the conventional loss separation holds \wetbis
147  threshold. Comparison &, "°" with WR°T s provided in Fig. 6 dt= 1 kHz and = 100 Hz. In both cases
148 the excess loss, though crucial to the identificatf the threshold frequendy; via Eq. (1), turns out to be a

149 few percent of the total loss only. It is obsentemv W.."°", calculated with Eq. (1), overestimates the

6



150 measured loss &= 1 kHz and low inductions, while falling short Wf..~°" " at high inductions, consistent
151  with the results reported in Fig. 2.

152 We might inquire about a possible approximate esgion for the classical rotational loss with siffect
153 where, as often done with the alternating regime2[3, a linear material is considered. With constzomplex
154  permeabilityy, uniform across the lamination depth and dependirig on the mean valug,, we obtain a linear
155 diffusion equation, which can be analytically salvdf the correspondingly calculated classical lass
156 WiasFO™N) @ ratioF gast™ = Wyass RO HNM/W,.6F°T is obtained through the equation

157

(sinha, /a, —sinha_/a_) (9)

158 |:(L|N)(d/5):3
cosha, —cosa_

class

159 where 6 = 1/(rjp|df)*? is the skin depth and. = (1 +¢) d/d, with ¢ = tan(0.5-argf1)), is a dimensionless
160 quantity. It is interesting to parallel the rafig.s.-" with the one concerning the previous numericalitimh
161 for the classical 10SBgass " = Weast 0T I Wyas7°T. These ratios are shown in Fig. 7 as a functiot/dfwith
162 the frequency ranging between DC and 1 kHz, fdiedkht values of,. The linear model, always providing a
163  ratio Fgasd™ < 1, cannot account for the effect of saturatiortte lamination edges, a feature that can properly
164  dealt with only byW,...*°" ) Remarkably, at high inductions, whetg,. "’ > 1 (but relatively close to 1, as
165 shown in Fig. 7), assumingy.ss = 1 (i.e. neglecting the skin effect) provides ettér approximation of the
166 experiments than the linear model.

167 4. Conclusions

168 Magnetic losses have been measured under cirewaction in 0.640 mm tick low-carbon steel lamiaas
169 up to frequencies of 1 kHz and peak polarizatiaelld, = 1.7 T. Relevant skin effect takes place, dependin
170 theJ, value, starting from a few ten Hz, as uniquelyeaded by the loss decomposition procedure, perfdrme
171 according to the statistical theory of lossess lemonstrated that the classical loss componergys dominant
172 beyond the threshold frequency for the skin effeahy be accurately computed exploiting a simplifieagnetic
173 constitutive law of the material under rotationald. It is also shown that the extreme simplifioat of
174 assuming a fully linear approximation for the d#fion equation can provide at low induction levedtidr results
175 than the well known formula of the classical losghaut skin effect. On the contrary, at higher iatlon levels,
176 the classical expression (neglecting skin effeat) provide a better approximation.

177



178

179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222

References

[1] K.M. Rahman and S.E. Sculz, Design of high-effickeand high-torque-density switched reluctance moto
for vehicle propulsionlEEE Trans. Ind. Appl38 (2002), 1500-1507.

[2] S. Niu, . Ho, W. Fu, and J. Zhu, Eddy current réidacin High-Speed Machines and Eddy Current Loss
Analysis With Multislice Time-Stepping Finite-ElemteMethod, |[EEE Trans. Magn.48 (2012), 1007-
1010.

[3] G. Bertotti,Hysteresis in Magnetismcademic Press, New York, 1998, Chap. 12.

[4] E. Barbisio, F. Fiorillo, and C. Ragusa, Predictingss in Magnetic Steels Under Arbitrary Induction
Waveform and With Minor Hysteresis LoopEEE Trans. Magn.40 (2004), 1810-1819.

[5] C. Appino, G. Bertotti, O. Bottauscio, F. FiorillB, Tiberto, D. Binesti, J.P. Ducreux, M. Chiangand M.
Repetto, Power losses in thick steel laminatiorib twsteresis]. Appl. Phys79 (1996), 4575-4577.

[6] V. Basso, G. Bertotti, O. Bottauscio, F. Fiorild, Pasquale, M. Chiampi, and M. Repetto, Powerdsss
magnetic laminations with hysteresis: finite elemmodeling and experimental validatiah, Appl. Phys.
81 (1997), 5606-5608.

[7] S. E. Zirka, Y.l. Moroz, P.Marketos, and A.J. MgsEsolution of power loss components with induction
level and frequencyl. Magn. Magn. Mater320 (2008), e1039-e1043.

[8] C. Beatrice, C. Appino, O. de la Barriere, F. Hioriand C. Ragusa, Broadband magnetic losses-i8i Fe
and Fe-Co lamination$EE Trans. Magn.50 (2014), 6300504.

[9] C. Appino, C. Ragusa, and F. Fiorillo, Can rotadiomagnetization be theoretically assess&d?,). Appl.
Electromagn. Mech44 (2014), 355-370.

[10]Y. Li, J. G. Zhu, Q. Yang, Z. W. Lin, Y. Guo, and Zhang, Study on rotational hysteresis and coss lo
under three dimensional magnetizatitfE Trans. Magn.47 (2011), 3520-3523.

[11]0O. de la Barriére, C. Appino, F. Fiorillo, C. RaguM. Lecrivain, L. Rocchino, H. Ben Ahmed, M. Giabs
F. Mazaleyrat, and M. LoBue, Extended frequencyyaimof magnetic losses under rotating induction i
soft magnetic composite$, Appl. Phys.111 (2012), 07E325.

[12]C. Appino, O. de la Barriére, C. Beatrice, F. Fioriand C. Ragusa, Rotational magnetic losses in
nonoriented Fe—Si and Fe—Co laminations up to tluhdetz range |EEE Trans. Magn.50 (2014), to
appear.

[13]C. Ragusa and F. Fiorillo, A three-phase singleestester with digital control of flux loci based the
contraction mapping principld, Magn. Magn. Mateyvol. 304, no. 2 (2006), pp. €568-e570.

[14]Y. Guo, J. Zhu, J. Zhong, H. Lu, and J. Jin, Measwent and modeling of rotational core losses of sof
magnetic materials used in electrical machinesveew, [EEE Trans. Magn 44 (2008), 279-291.

[15]E. Cardelli, A. Faba, and F. Tisdipt. J. Appl. Electromagn. Mecghi4 (2014), 331-338.

[16]C. Appino, F. Fiorillo, and C. Ragusa, One-dimenaltiwo-dimensional loss measurements up to high
inductionsJ. Appl. Phys105 (2009), 07E718.

[17]S. Steentjes, S.E. Zirka, Y.E. Moroz, E.Y. MorondaK. Hameyer, Dynamic magnetization model of
nonoriented steel sheetEEE Trans. Magn.50 (2014), 7300204.

[18]A.J. Bergqvist, A simple vector generalization lné tliles-Atherton model of hysteredlSEE Trans Magn.
32 (1996), 4213-4215.

[19]1. D. Mayergoyz,Mathematical Models of Hysteresis and Their Appiaa Academic Press-Elsevier,
2003.

[20]S.E. Zirka, Y.l. Moroz, P. Marketos, and A.J. Mqgs¥sscosity-based magnetodynamic model of soft
magnetic material$EEE Trans. Magn42 (2006), 2121-2132.

[21]K. Simonyi, A. SekeyFoundations of Electrical Engineering: Fields-netk®wavesMacmillan, 1963.



223

224
225
226
227
228
229
230
231
232
233
234
235
236

237
238
239
240
241
242
243
244
245
246
247
248
249
250

Figure captions

Fig. 1 — Rotational energy loss \&. measured in a 0.640 mm thick low-carbon steel tsimee¢he range of
frequencies 2 Hz - 1 kHz.

Fig. 2 — a) The experimental values W °7(f) = WROD() — Wyaed°7(f) (symbols), withWiass 0 ™(f) given
by Eq. (1), diverge from the standdtdlaw beyond a threshold frequency, signaling thgewf the skin effect.
b) At the same frequency the correspondingly catedl number of active magnetic objentBlex) versusHeyx.
behavior suffers a sharp turnabout.

Fig. 3 — The experimental quasi-statielocus is assimilated to a circular locus of saneaabelonging to the
equivalent perfectly isotropic material.

Fig. 4 — Quasi-static rotational permeability- B, / H,and related angular delays: of B, (see Fig. 3).

Fig. 5 — Skin effect dependent evolution of thetésesis energy loss with frequency. Decreas&’hgg‘[(ROT)with
f is observed at higheds values, because the material attains saturatidgheoauter sheet layers.

Fig. 6 — Measured rotational loss,\{f°" versus polarizatiod, atf = 1 kHz and = 100 Hz and its comparison
with the quantityWROTFP) = W, (ROD + W, FOT F)(solid line) calculated via the electromagnetididifon
equation and its solution by the Fixed Point teghai The dash-dotted lined shows the behaviai/gf F°"
calculated with the standard Eq. (1).

Flg 7 - Ratiog:class(FP)z Wclass(ROT'FPchlass(ROT) and I:class(LlN) = Wclass(ROT’LlN)/Wclass(ROT) (Wlth Wclass(ROT) given by
Eq. (1)) calculated by the numerical method witkeBli Point iteration and the linear methdd. d is the ratio
between the sheet thickness and the skin depth.
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271 equation and its solution by the Fixed Point teghai The dash-dotted lined shows the behaviagfR°"
272  calculated with the standard Eq. (1).
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275 Flg 7 - Ra-tiOSFCIas's.(FP): Wclass(ROTYFPchlass(ROT) a-r]dF(:I.a\s's.(l_”\l) = Wclass(ROT'LIN)/WCIass(ROT) (W|th Wclass(ROT) giVen by

276 Eq. (1)) calculated by the numerical method witkeBi Point iteration and the linear methddJd is the ratio
277 Dbetween the sheet thickness and the skin dept



