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Abstract— Manufacturing processes may introduce a signifigat variability on the magnetic properties of claw mle generator
stators. The present work deals with the analysisfdwo groups of stator samples. The first group i€omposed of 28 slinky stators (SS)
and the second group is composed of 5 stators, mdaatured using laser cut stacked laminations (SLBoth groups are made from the
same lamination grade and with the same geometricalimensions. Characterization was carried out for everal levels of excitation
field at 50Hz. A noticeable variability has been okerved on the iron losses for SS samples, wheretappears to be not significant for

SL samples. The loss separation technique has théeen investigated for the SS samples. Results shévat the variability of static

losses is more important than the one of dynamic $éses.

Index Terms— Iron losses, loss separation technique, slinkyatbr, variability

|I. INTRODUCTION

HE manufacturing of electrical machines magnetidgya
from the cutting of laminations till the final magfic core,
requires several industrial processes. These camdre or

to 30% was observed for the laser cut sample (coedpa the
sample obtained from guillotine cutting) for lowdaaverage
induction levels. This impact is mainly due to 8mall width
of the sample (the impacted region is non negl@ielgarding
to the whole sample). Nevertheless, the lasemgutéchnique

less complex and may have an impact on the magne@n have lessimpact on the iron losses if donefiady.

properties of the considered material, especiallyerms of
iron losses. Several works have been focused osttltly of
the influence on magnetic properties when differeumtting
and assembly techniques are used.

On the one hand, some works have been concernt by

study of cutting techniques such as guillotine [ddynching
[2], [3] and laser [4]. The presented results sttt the
magnetic properties of laminations are very serssitd the
cutting techniques. When comparing these
(quillotine, laser, punching) in terms of iron lessdifferences
from 10% to 20% are observed for 1.5T at 60Hz. fdsrlts
presented in [2] show that the punching techniquesgnts
20% to 30% of additional iron losses (when the migtés not

annealed), compared with those of a reference #&sthea

sample. In [3], the variation of the static and ayrc
components of the magnetic losses is studied mometail
for the punching technigue, from observations omotinded
samples. The most important disparities have bbeerrged in
the static losses component, due to the detemoraif the
magnetic structure of the material, whereas thengha
observed on the dynamic components is not sigmifica

On the other hand, the influences of sticking amedting
processes are presented in [5]. A relative incredspecific
losses after welding was observed in the whole ganfgthe
magnetic polarization, depending on the number efdimg
passes and grade of the non-oriented electricall. siehe
increase of iron losses is up to 10% when compakigeme
configurations (highest and lowest number of weajddasses).
In comparison, the increase of the specific corss lafter
sticking is very low.

The work presented in [6] investigates the inflerof
laser cutting, compared with the guillotine teclugq for
15mm width strip samples. An increase of iron Iessem 10

techniqu

On the other hand, the influence cutting technitye
punching on the iron losses can be reduced witheassrelief
annealing of the cut or punched components.

According to these different results, studiestegldo the
quantification of the influence of various manutaoig
processes may vary with the experimental approachte
considered material. Therefore, it can not be d=red
suitable for an immediate use by electrical mackiesigners.
ggle development of models that take account forsethe
uncertainties is still relevant.

The present work is based on a statistical approHc
consists in quantifying the uncertainties of irasdes in the
yoke of several stator samples used in claw-pdkrraitors.
The first group consists of 5 stators made of stdck
laminations (SL), and the second group is compaxe8
slinky stators (SS) (these are manufactured fraimgle strip
of steel that is edge wound into a spiral). Théugriice of the
manufacturing processes on the iron losses wiliaken into
account in a global way, including the pressing,|ding,

cutting and bending (for SS samples) processes.s Los

separation will then be investigated in order tonpare the
static and dynamic components for both groups.

Il. EXPERIMENTAL PROTOCOLVARIABILITY

Both stator groups have the same geometry anthade
from the same standard grade laminations M800-5#ey
only differ in their manufacturing process: stackathinations

(SL group) and slinky stators (SS group). SL group

manufacturing process consists in laser cuttingrie piece
the entire section of the core. The laser cuttirg &chieved
carefully in order to avoid impact on magnetic mudjes. The
SS group manufacturing process, on the other hamtkists
on manufacturing the core from a long iron band] &y
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punching progressively the slots. The band is tedad up in
a spiral way and welded on its outer perimetersTthethod is
used to reduce significantly the material wastereljuires
special manufacturing techniques and production hinas
[7]. Note that all SS samples are issued from shateh and
puncher.

The main purpose of the experiment is to quarttify
variability of the iron losses of the stator sanglgokes for
both groups. To this end, primary and secondarydings
have been realized along their yoke, as for the nmthg
characterization of a toroidal sample: each statonple has
an excitation winding that creates a magnetic fluthe yoke
along its perimeter, and a secondary winding iseddtb

Fig 1: Manually wounded samples

The experimental characterization is carried ontlen
sinusoidal magnetic flux density and the quantityimerest
are the iron lossessPW/kg], which are determined from the
calculation of area of the measured B(H) hysternesip. The
variability has been quantified using descriptiteistics, and
by calculating the Coefficient of Variation (Cv),high is
given by:

(6
Cv=—
y (1)

wherep is the empirical mean of the measured charadtes;st

and o the empirical standard deviation (SD), for each

considered K.y level.

A. Preliminary analysis

In order to verify that the variability of the mdosses are
mainly related to the variability of the magnetioperty of
the material and not to the accuracy of measuresnetthe
windings and of the geometrical dimensions (whiate a
uncertain due to the tolerances of fabrication)meo
preliminary investigations have been done.

Thirty repetitive measurements have then beenechout
on one sample and for several maximum excitatielugi to
investigate noise measurement. Results then givie€dvthan
1%, for all the considered g, levels are, which mean that
uncertainty related to measurement can be considase
negligible.

investigate the influence related to these mechéanic
tolerances, the magnetic flux density, obtainedmfréhe
nominal section, is recalculated using a uniforuilstributed
cross-section area inside the upper and loweraoter values.
For a given sample, the Cv of iron losses, cornedppmy to the
uniformly distributed cross sections, is less th&v%.
According to this result, influence introduced by
considering the nominal cross section of the yolengd the
characterization is not significant. Therefore, dod each
sample, nominal section has been considered.
According to these results, if a significant vailigép is
identified among the stators samples, this can ibked
directly to the degradation of the magnetic prdpertiue to
manufacturing processes.

B. Ironlosses variability

Both groups have been characterized for 14 |exfets,qx
at a frequency of 50Hz. The iron losses for eachpda of the
SS group are reported in figure 2. As it is showthis figure,
variability of SS group iron losses is significanthe
maximum disparity for two extreme stators for thieoke H;.x
level is between 22 % to 26%.

The Cv has then been calculated for all,,Hevel and
reported in figure 4. Calculated Cv is between %3and
7.74%. According to the preliminary analysis abovee
measured variability of the iron losses is gredtean the
variability introduced by the measurement noiseg th
fabrication tolerances and the manual winding.

Therefore, this variability may be linked directtp
uncertainties on the magnetic properties of thasgtes.
Moreover, and as those samples have been issued dro
production chain, variability could be introduceq bhe
manufacturing process.

©
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Fia 2: Iron losses curves SS arc

Iron losses for SL group are reported in figuret3isl

Influence of the manual winding has also beeBhown that they are very close. Moreover, Cv fdr thé

investigated by winding and re winding one sampléntes.
Results showed a Cv less than 0.5%, which mean thigo
uncertainty introduced by manual winding is nongigant.

considered level of K are less than 1%, which means that
variability of SL samples is not significant. Theiagtified
variability can be linked mainly to noise measurataeand

Moreover, the nominal cross section area of theeyokhere is no variability for the iron losses of thisoup.

(according to the manufacturer datasheet) has bsed for
the calculation of the magnetic flux density. Neketless,
geometrical tolerances are defined for the manufagj. To

Moreover, as these samples were manufactured efipdor
this study, the manufacturing process may be waitrolled
(laser cut lamination).
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Fig 3: Iron losses curves for SL grc

This experience confirms also that the noise measent and
the manual winding introduced a very low variabkilit
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Fig 4: Cv of SS and SL groups iron losses Vs Hmax

C. Averageironlosses

In order to investigate the magnetic performanfcbath
groups, their iron losses average, for eagh,Hevel, have
been compared.
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Fia 5: Averaageron losses for SS and SL aro

It has been realized by averaging, for each grthgiron
losses for each level of the excitation fielg,ld It was then
found that iron losses for SS group are higher tfeanSL
group (figure 5), especially for the higher levélHy,,y (2500

A/m), where the disparity is about 14%. Therefatesan be
concluded that the SL group is more efficient froon loss
point of view.

Ill. LOSS SEPARATION TECHNIQUES O8SGROUP

A. lron loss separation approach

In order to investigate the origin of the varigkgifor the
SS group, the loss separation techniques is applied
According to the phenomenological principle prombdsy
Bertotti [8], the so-called loss separation apphoathe
average power losses per unit volume P can be duzsed
into three components:

P = RtattPelasstPexc 2
where Ry are the quasi-static hysteresis lossggssRre the
classical losses (macroscopic eddy currents) apdake the
excess losses (dynamic behavior of the magneticadh
[10]. Analytical models have been proposed to itigate
these components that require the identificatiopashmeters.
These are dependant on the chemical and physical
characteristics of the considered material [9-THerefore,
for a sinusoidal supply, the static losses canp@aimated
by the following well known equation proposed bgiStnetz
[12], where By is the peak value of the magnetic flux
density, f the frequency amdthe Steinmetz coefficient:
Pstat =k th gwax (3)
Classical losses, assuming the skin effect asigielg,
can be obtained from:

oRKe (Brma)’ 4
Excess losses can be evaluated by the followingtem:
R Ko fBrmad 5)

In order to identify the parameters,(i, ke, kexd, the iron
losses have to be determined for several magnétic f
densities and frequencies, and used to minimizéutiation:

(6)

where Reasis the measured iron losses, n the number of
experimental data and Ehe predicted iron losses.

In our case, the characterization has been reafime5
levels of Bax (sinusoidal induction) and different values of the
frequency (5Hz to 200Hz). It has been assumedoitigitstatic
behavior, i.e. hysteresis losses, is involved atz.5H
Coefficients k, a, k. and k.. were identified for each stator
sample of the SS group. The static and dynamic comepts
are then calculated, and eventually their varigbdimong the
samples, especially at 50Hz.

B. Iron losses components variability

As mentioned above, parameterg (k ke, kexo) have been
identified for each SS sample, for the whole fremies and
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Bmax levels. Empirical mean and standard deviation @&d flosses is more significant compared to the Cv afiadyic

these parameters are reported in table |, as wethair Cv.
We have then assumed that dynamic

losses, for all By levels. These variabilities may suppose the

losses are th&oduction of additional constraints during theraling of

contribution of Rassand R, It can be noticed from this table the laminations, which affect mainly the static es, and

that the variabilities of dynamic losses comporarameters

much less the dynamic losses mainly related to the

ke and k,. are more important compared to those for staticonductivity.

components parametersadado.

TABLE |
EMPIRICAL VARIABILITY OF IDENTIFIED PARAMETERS
Parameters K o ke Kexc
Mean 0.067 1.506 6.9xt0 52x10°
Sd 47x1d 23x10° 9.19x10° 4.90x10°
Cv (%) 6.94% 1.57% 13.31% 9.41%

The linear correlation matrix of the 4 parameisrgiven
in table Il. It can be observed that the correlatletween
parameters kand k. is significant and follows a linear
negative law. For a given frequency and level diiction, the
corresponding losses will follow the same correlataw.

TABLE Il
LINEAR CORRELATION OF IDENTIFIED PARAMETERS
kh o ke kexc
Kn 1 0.3t -0.17 -0.04
o 0.35 1 -0.1 0.26
Ke -0.17 -0.1 1 -0.64
Kexc -0.04 0.26 -0.64 1

Then, as the global dynamic lossegg, Ran be written as
the sum of classical
component has a lower variability thap,Ror P, In fact,
according to the property of the variance (the sguaot of
the standard deviation Sd), when considering twpeddant
random variables with a negative linear correlatidhe
variance of their sum is lower. From table Il, vamaonclude
also that correlation between static losses an@dmjm losses
is very small. Iron losses componentgP...ssand R, have
been then estimated according to those identifeadpeters
and from relations given in (3), (4) and (5), fack sample, at
the frequency of 50Hz.
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Fig 6: Coefficient of Variation of static and dyn@momponents of losses
for SS group at 50Hz

The Cv of static and dynamic losses, for eagh, Bevel

has been calculated according to the relation éd

presented in figure 6. According to this figure, G static

and excess losses, this dynami

IV. CONCLUSION

Influence of the manufacturing processes on tha ir
losses has been investigated in this paper. $tatistpproach
was implemented from observations on two groupstafor
samples at a frequency of 50Hz, and several lewéls
maximum excitation fields K It has been shown that
variability of SS samples is more significant comgohto SL
samples. Loss separation techniques applied oe gesaples
have shown that the variability of their static gments is
more significant compared with the one of their aymc
component. In the future, a stochastic model véldeveloped
in order to take into account the variability oferdified
parameters related to each component, and thusthéosses
variability among SS samples.
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