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In mass production, fabrication processes of eledtal machines are not perfectly repeatable with tira, leading to dispersions on the
dimensions which are not equal to their nominal vales. The issue is then to link the dispersions ohe dimensions which are uncertain
to the performances of electrical machines in ordeto evaluate their influence. To deal with uncertaity, there is a growing interest in
the stochastic approach, which consists in modelijnthe uncertain parameters with random variables. h fact, this approach enables to
quantify the influence of the variability of the uncertain parameters on the variability of the quantties of interest. In this paper, a
stochastic approach coupled with a 3D Finite Elemémmodel is used to study the influence of the fabeation process imperfections like

the rotor eccentricity and the stator deformation a the performances of a claw pole synchronous macte.

Index Terms—Claw Pole Machine, Finite Element Method, Eccentdity, Stator Deformation, Uncertainty Quantification, Stochastic

Model

|I. INTRODUCTION

to model the variability of the dimensions with dam
variables. Until now, the stochastic approach imnegally

UE to the imperfections of the fabrication processapplied with random parameters modelled from eigend

deviations occur on the manufactured part dimerssain
an electrical machine, which are not equal to timeiminal
values. For example, the inner surface of the stidesn't fit
a perfect cylinder shape or the rotor is not péifecentered
(eccentricity) [1-8]. These deviations introduce rgsdic
effects on the behavior of the electrical machiewadays, if
the deviations are perfectly known and constanterical
models are available to evaluate their effects @endicularly
one can check if the electrical machine still dist$s the
specification (if it is the case, these deviatiocan be
accepted). In [8] for example, a 3D Finite Elemerddel has
been used to study the influence of the statorrdeition on

the performance of a claw pole synchronous machine.

practice, these deviations versus the nominal dses are
not perfectly known especially in mass productiomeve the
fabrication process changes with time. It introdueariability
on the dimension deviations. The behavior of thehire is
then not the same from a machine to another. Coestly,
one has to quantify the effect of this variabilign the
electrical machine behavior and check if the sjeatibns are
still satisfied. If not, the most influential dim&ons on the
behavior should be identified in order to act oa thbrication
process to reduce their variability. The stochastproach
enables to evaluate the impact of the dimensiopedsson the
performances of the electrical machine and als@igeotools
for a global sensitivity analysis [9]. The issug¢hien to be able

almost no measurement to characterize the dispelsig.

In this paper, we propose to quantify, using a lsstic
approach, the influence on a claw pole machineopmidnces
of the dimension dispersions introduced by a preoces
fabrication. The dispersions on the dimensionsnacelelled
using a probabilistic model extracted from measurms on
40 machines [9]. It appears that the most significa
imperfections are the eccentricity of rotor and dieéormation
of the stator inner surface which cannot be comsitlas a
perfect cylinder. A 3D non linear finite element aeb of the
machine with a parameterized geometry has beerapmato
account for any eccentricity and complex inner acefshape
of the stator. To propagate the uncertainty, ahgtsiic non
intrusive approach based on sparse polynomial chaos
expansion has been applied. Then, statistics rexs dadracted
in order quantify the influence of the imperfecsonn the
performances of the electrical machine.

. CHARACTERIZATIONAND MODELLING OFTHE
IMPERFECTIONSOF THE CLAW POLEMACHINES

A measurement campaign has been made on parts of 40
electrical machines. Each machine has been disasseginto
three parts (the stator, a bracket and the roEagh part has
been measured using a coordinate measuring magime).
To characterize the eccentricity, the three padsehbeen
virtually reassembled [10]. As expected, the meabur
dimensions were not equal to the nominal dimensidine
inner surface of the stator reconstructed from B#asured
points corresponding to the radii of the 36 slosasured on
16 layers regularly distributed along the depthFlg.2, we
can see clearly that the reconstructed surfacetiarperfect



cylinder. Moreover, the imperfections of the 40 Hiaes
were not identical and it appears a dispersiontdutée non-
repeatability of the process of fabrication. Thalgsis of the
measurement showed that the major imperfection® whee
eccentricity of the rotor (static and dynamic) aasdo the
deformation of the inner surface of the stator. ¥fmuld
mention that this conclusion can be drawn only tbe
considered fabrication process and cannot be gé&restao
any other fabrication process of claw pole machines

A. Caracterisation of the eccentricity

To characterize the eccentricity, three axes shdugtd
determined: the rotation axis of the rotor, thesaofi the rotor
and the axis of the stator. By calculating from theasured
dimensions, the intersections of these axes withglans P1
and P2 defined by the two bearings of the rotorftside
rotation axis of the rotor is the reference andndef the center
of the coordinate system in each plan. The int¢imes of the
rotor and stator axes with the planesdnd B are denoted
M1, Mg, M, and M,; axes. It appears that the points sind
Mg, are not dispersed and can be considered coincigliémt
the origin (0,0) as shown in Fig. 2. However, tl&pdrsions

The parametersofsr) define the distance between the
different axis at t=0. The two other parametefs )
represent the angles between the stator axis @nbtor axis
with the axis of the phase A of the stator alst=@t With the
proposed model, only one parameter characterizesyfie of
eccentricity and we have=1 static eccentricityy=0 dynamic
eccentricity, 0s<1 mixed eccentricity. For each of the 40
machines, the previous parameters have been igentif
leading to a sample of 40 realizations for eachaipater
a,SrPsPr. Statistical tests showed thatan be modeled by a
gaussian Random Variable (RV), sr by a lognormaj Riich
statistics are reported in Table 1, wherdss and pfr by
uniform RVs on the interval [0,360°].

Mr1

(0,0)] Rotation axis

of M;; and M, can not be neglected and are not coincident

which leads to an eccentricity. The mounting of tive shaft
bearings is not the same and is much more tightenethe

Fig. 3. Definition of the parameters,¢r 8sr) modelling the eccentricity

B. Caracterisation of the stator inner surface

side of the plane JPleading to less dispersion. In order to ap analysis of the measurement of the 40 machinewsd

emphasize the three states of eccentricity (stdyicamic and

that the deformation of the stator inner surfacen dm

mixed), we introduce a new parametrization of thgccyrately be modelled by considering the radiig)rof the

intersections points M and M; in the plane B Four new
parameterso(srsfr) presented in Fig. 3 are introduced.
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Fig. 1. Measurement of the inner surface of theostdleft) and 3D
representation of the deformation of this surfawenfthe measured points
(right).
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i" tooth at the depth z {@<l with | the length of the stator)
[5,6]:

(i, z) = hy + thinsin(%‘) + thosco{%[)

(T it
+ hSSinSIr(EJ + h3cosco{g)

(Tt i [ 2in
S"{EJ + k6cco{§) +KqpS r(?)
2in .

+ klzcco{?) + klacos(m)

The parametersegk kioskisc and kg are fixed parameters.
The 6 paramEterS)ahr‘Zsina h2cos) hSSina hscos and iBsin depend on
the machines. Statistical tests showed that thahiéty of the
last 6 parameters could be modelled by gaussianmRkh
means and standard deviations are reported in Table
should be noted that the origin of the deformatgsociated
to the previous parameters can be linked to a stdghe
fabrication process. For example, the termg, And B are
related to the assembling of the lamination stanH the
housing with 4 screws. The termgh is related to the six
welding bands on the side of lamination stack legdb the

retraction of six teeth over the 36 stator teeth.
TABLE |
MEAN AND STANDARD DEVIATION (STD) OF THE PARAMETERS IN A
DIMENSIONLESS FORN(THE AIRGAP LENGTH IS THE REFERENC)E

1)

+ —4r|‘gsin 2(z-1)

Fig. 2. Definition of the three axes and the poMtg M, M, and M.

ho Nsin2 Neos2 Nsin3 Ncos3 Nsing sr a
MEAN (%) 2.49 1.2 3.6 0.49 -0.8 29,5 31.6 0.469
sSTD(%) 24 3.9 3.5 14 1.4 9,1 13.6 0.19




Once the uncertainties on the inputs have been lledde
we can quantify the influence of the eccentricityd aof the
stator deformation on the quantities of interesplypagating
the uncertainties through the FE model of the gt
machine, which should be able to account all
imperfections listed above [9].

IIl.  FINITE ELEMENT MODEL ACCOUNTING FOR THE
IMPERFECTIONS

The eddy current effect in the stator and in therrdnas

V. RESULTS

We have studied the EMF and the torque when tler ist
supplied by a current | of 0.5A and 4A and theastatinding
is at no load. The torque is then a cogging tordud=0.5A,
the machine behavior is almost linear whereas attdé

thgachine is very saturated. The effect of the eciwitytand of

the stator deformation has been studied separaiihg
guantities of interest are the harmonics of the EhMid the
harmonics of the torque. The fundamental
corresponds to the mechanical frequency, the @akttr
frequency is 6 times higher because the machiné Ipaérs of

been neglected. Under this assumption, the clawe pgboles. The ideal machine where the dimensions qualdo

synchronous machine has been modeled using a nearli
magnetostatic model accounting for the movemeng. Sdalar
potential formulation coupled with 3D Finite Elentenethod
has been used to solve the non linear magnetogtatitem.
The number of nodes and tetrahedral elements ahttgh are
respectively equal to 152865 and 832514. To adcfaurthe
modification of the geometry (eccentricity and atat
deformation), a method based on node displacenanbaen

their nominal value has been first modelled. Aseeted, the
harmonics of the EMF are of order 6, 18, 30 andHertorque
36 and 72.

A. Impact of the eccentricity

frequency

We have calculated the EMF and the torque for R=120

realisations of the uncertain parameters. In Figwd have
represented the R EMF’s for 1I=0.5 A. We can seettiey are

chosen instead of a remeshing method. A transfaomat SUPerposed and the variation coefficient of therivaric

method has been implemented in order to move adelgube
nodes in order to take into account the deformatbrihe
stator and the eccentricity. This transformation
parameterized by the uncertain parametels fs8r) and (h,
Nosin Mocos Mesin Mecos Nesi). The position of the rotor is
parameterized bya(srsfr) which is very convenient to
simulate any configuration of eccentricity. In thkame way,
the radius of each tooth is calculated accordingthe
deformation of the stator inner surface given leypharameters
(ho, thim hZcos hisiny hacos thirD and the eXpreSSion (1)

IV. UNCERTAINTY QUANTIFICATION METHOD AND GLOBAL
SENSITIVITY ANALYSIS

The inputs of the FE model being random variabths,
outputs are also random variables. The issue ig ttoe
characterize them by calculating their statistike the mean
and the standard deviation but also to determire itiput

random variables which contribute the most to their

variability. If we denote(8)=[p.(0),..,p(8)] the vector of the
input random variables, G, an output of the moided, random

magnitude is lower than 1.5%. Due to the saturatifect, at
I=4 A the coefficient of variation is almost equalzero. On

ithe torque it appears that the variability of tieeemtricity has

almost no influence on the magnitude of the hare®o86 and
72. A parasitic harmonic of order 1 appears whicgnitudes
for the 120 realizations have been reported inSFig. well as
the magnitude of the harmonic 36. The coefficientasiation
of the magnitude of the harmonic 1 is equal to 70% 64%
for 1=0.5 A and I=4 A respectively meaning thatsthiarmonic
is really dispersive. We can also notice a smaliatidlity of
the magnitude of the harmonic 36. However, thedagitween
the mean of the magnitudes of the harmonic 1 anid 8gual
to 3.8% and 0.9% for I=0.5 A and 1=4 A. Consequerdhven
though the variability of the eccentricity is quitgge it has a
small impact on the machine behavior. It shouldnbéced
that this conclusion can be drawn only for the atgty type
considered in this analysis. The conclusion woubd imave
been necessarily the same if the variability of, nd M,
would have been significant (see Fig. 2) for examnpl

B. Impact of the stator deformation

variable Gp(8)]. To characterize it, we seek for an We have first quantified the effect of the uncertiais on

approximation under the form:

clp(ell= X 4ol

with g real coefficients and4¥i[p(0)])<i<x Multivariate
polynomials (Polynomial chaos). To determine

)

the stator deformation. We have generated a saofifte200
realizations of the input parameters, (hbsim Focos Desine Mecos

hssi). We have calculated the evolution of the torque
function of the position for each realization. ligF6, the
superposition of the 200 torque wave shapes argaxed to

théhe one of the ideal machine (the dimensions aveleg the

coefficients g a samplef(,..p") of size R of the realizations nominal ones) for 1=0.5 A. We can see that the ostat

is generated in accordance with the probability sitgn
function of each input parameter phe FE model is solved

deformation introduced a low frequency effect.
characterize it, the harmonics of torque have hmsoulated

for each parameter realizatiph(1<j<R) and a sample of size for each realization. The influence of the paramsetn the

R of the quantity of interest G is obtained. Thare Least
Angle Regression (LAR) method is applied in ordeidientify
coefficients g[12].

variability these harmonics has been studied byutating the
Sobol indices. The harmonics 36 and 72, which exit the
ideal machine, are not much
deformation. However, new harmonics of order 12 24d

To

influenced by the stato



appear. In Table Il, we have reported the valueSobol
indices for 1=0.5 A and 4 A for the harmonic 12should be
noted that only the termgf is the most influential meaning
that the variability (and the magnitude) of therhanics 12
and 24 of the torque can only be reduced by adint;, As
mentioned previously, the termsh is closely related to the
welding process. Consequently, the reduction ohtrenonics
12 and 24 passes necessarily by modifying thisestdghe
fabrication process.

(1]
(2]

(3]

VI. CONCLUSION [4]

The stochastic approach presented enables to rtdiate
imperfections and the variability of the fabricatiprocess to
the quantity of interest of an electrical machifikis approach [5]
segregates among all the dispersive input paraseter
characterizing from a measurement campaign, whis @re [6]
the most influential. It has been shown that theswered
manufactured machines, that the eccentricity hss impact
than the stator inner surface deformation on thé=E¥d the
torque at no load.

(71

(8]

18-

(9]
(10]

o

[11]
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Fig.4. 120 realizations of the EMF when taking iattcount the eccentricity
and I=0.5 A

Fig.5. Magnitudes of the harmonics 1 (top) and ®6ttbm) for 120
realizations of the torque when 1=0.5 A.
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