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Hybrid Model: Permeance Network and 3D Finite Elemat for
Modeling Claw-Pole Synchronous Machines

Geoffrey Devornique, Julien Fontchastagner, Derité¥, and Noureddine Takorabet

Université de Lorraine, GREEN, Vandoeuvre-lés-Nafe$4500, France.

Designing a claw-pole synchronous machine implieslsing many 3D nonlinear magnetostatic problems witih makes the computation
(CPU) time very long. In our model, the mesh is réfied to reach the desired level of precision on dhal quantities such as torque. Since
the airgap is very thin (around 0.3 mm for a 100 mnmdiameter) and a Newton Raphson algorithm requireseveral iterations to converge,
CPU time may be too high. Nowadays, many researchase ongoing to reduce the CPU time, while presemg an acceptable accuracy.
One of the most efficient methods is permeance netwvks but this method is not suitable for complex gemetries. Our main contribution
is to use a permeance network in the areas wheraifl lines are easy to guess and to solve a 3D FEMoptem in complex geometry areas
of the magnetic device: the claw poles and the ajjap for example. Moreover, current sources belongtthe permeance network model,
so that there are no current sources in the 3D FENdroblem. Then, a 3D scalar magnetic potential formliation can be used easily. The
two classical magnetostatic formulations (magnetiscalar potential formulation (Um — hs) and vector potential formulation @ —j)) are
presented in this paper. Then, the hybridization of3D FEM formulation and the permeance network, is pesented. Numerical results
are compared with experimental measurements and aogd agreement is obtained while reducing the CPUrtie.

Index Terms—Claw-pole synchronous machine, 3D FEM, permeancestworks, hybrid models.

In section Il, the choice of magnetostatic formiolatis
presented as well as the hybridization of 3D FEMhwi
THE claw-pole synchronous machine (CP-SM), shown ipermeance network. Then, in section lll, the hyloniodel and

Fig. 1 is widely used in the automotive industrgriks to experimental results are compared.

its low-cost price and robustness compared to atlemtrical

machines. The complex geometry of claws in thernoiakes it

difficult to model with accuracy the CP-SM, whateube

method (numerical or analytical). It cannot be ddeed as a
2D geometry and it has to be kept unaltered. Besitte 3D

effects due to the claw poles cause local high rtgn
saturation, mainly in the rotor claws and statetheThese two
characteristics lead to solve a difficult nonline&D 4 pei Mool

magnetostatic problem. Reducing the CPU time isea r Fig. 1. Experimental test bench with two synchranokaw-pole

|I. INTRODUCTION

challenge. machine
There are many strategies to obtain the optimurarical
between CPU time and accuracy. The main idea igixoan Il. MAGNETIC MODELLING

analytical method based on a permeance network with To compare the performances of the different apyives, we
numerical one based on 3D finite element (FE) nmekt@m one use global quantities: the no-load electromotiveddemf) and
hand, the 3D FEM takes into account the real mst@pe the torque I{). To obtain these different global quantities, two
without geometric approximations, and gives aceurasults. types of models are possible: a casual FE modé&h®nrvhole
But computation time is high. On the other hand,dhalytical geometry and the proposed hybrid model.

method uses less computing resources, at the expehs A. Classical FE 3D models

accuracy [1], [2]. . .
y[1l. 2] Both conventional models rely on the use of magneti

Our main contribution is to take advantage of these potentials: the scalar potenti&l ) or the vector potentiaby
complementary approaches for a 3D problem. To dq t These two potentials bring us either to a b-confogmor to a

coupling between permeance networks and FE isechout . . - - o

. - h-conforming formulation, which provide two variatial

with free finite element softwares (the mesh tooi<h [3] and :

. . ) formulations related to (1) and (2).
the solver GetDP [4]) but it could be implementedny other
computation tool allowing a coupling of electrieaiits with (v curl(a), curl(a’))q = (j, @Yo  + (v by, curl(@))g,, (1)
nonlinear resistances and FEM.

The machine is cut into two areas. A permeanceor&ig with j the current density;the reluctivity andy the remanence,
built from the ferromagnetic areas where the fiiglds are two- Q the studied domaings the source domain an®y the
dimensional (the upper stator armature and theraepart of permanent magnet domain.
the rotor). The air gap and the areas where flakdeare
important (claws and slots) will be the area mod&lEM.

0018-9464 © 2015 IEEE. Personal use is permittettépublication/redistribution requires IEEE pessibn.
See http://www.ieee.org/publications_standardsipatibns/rights/index.html for more informationngerted by IEEE.)
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(H (hc + hs)f grad(Ur’n))Q
—(ugrad(Uy),grad(Un))q =0

)

with hs the source fieldHs = curl(j)), hc is the coercive fieldy
the permeability.

Fig. 2. The 3D FE model

The studied machine, shown in Fig. 2, is purelyedhr
dimensional. In the case & €j) formulation, a spanning tree
gauge [5] is implemented to ensure the magneticdovec
potential uniqueness. The current density is imgaseanalytic
formulas for the rotor coil and computed by a carféow pre-
resolution for the stator coils. However, fo{ — hs)
formulation, we must replace the current sources aoy
equivalent source field. Among the various methodsvaluate
this source field, we choose an indirect methocppsed by
Dular_et al. in [6]. It can be applied to any shapenductor
while reducing CPU time.

The scalar formulation has fewer unknowns thanvitor
formulation. However, computing the source fieldiperiodic
geometry with complex coils is difficult and causesnulative
errors, because of an additional step. We note that
calculation of the emf by the flux derivative issga with the
(a— j) formulation than with thel{m —hs). In return, thed - j)
formulation needs more computing resources dukdaitze of
the system.

To show objectively that the hybrid-method presérgter
is efficient, we did our best to speed up the copeece of 4 —
j) and Um —hs) formulations. Therefore, we use two different
solvers with the same convergence criterion. A Newt
Raphson method with a convergence criterionbdi|||in the
air-gap with a relative accuracy of 1@ selected for thea(-
j) formulation. According to the literature, the New-Raphson
method is not the most suitable fat.{— hs) formulation [8].

For the Um—hs) formulation, a fixed point method with a linear

pre-initialization is implemented with the same wergence
criterion. The choice of solvers and convergendéeraon

results from our previous works to reduce CPU timthe case
of a nonlinear magnetostatic problem [7].

B. Hybrid formulation
The hybrid formulation is based on additional asstions.

It can be understood as the mix of FEM and pernmeanc

network. The 3D FEM unknowns are eittzeor U, depending
on the chosen formulation. The permeance netwokkawns
are the flux §) or the magnetomotive forc®y). As usual, we

assume that the flux denslbyis oriented along the length such

aslegand uniform throughout a flux tube, so that we waite:

{<p = [ b-dS =BS, 3)

V,=[h-dl=HL,,

whereS;qandLeqgrepresent respectively, the equivalent surface
(supposed constant) and the average length ofutthéube.

Considering the magnetic constitutive law of the
ferromagnetic material, permeané&® ¢r reluctanceR) can be
written as:

Q)
kP(V)— ,u( ) suchas ¢ = P(1}) ¥,

R and P depend onB and H through the magnetic
permeability and the permeance network is madeoofimear
components. This hybrid method can be implementeaniy
software under the condition that it supports noedr electrical
circuits, especially resistances.

In addition to reducing the unknowns number, pemuea
network method enables to avoid the calculatiothefsource
field in the case of aUn — hs) formulation. We propose to
remove the current density distribution in FEM damand to
replace it by an equivalent ampere-turns (NI) seurct the
permeance network domain. Since there are no morerds
in the FEM domain, we end up with a currentlessfam for
which a Un formulation is the most suitable. The scalar
potential exists everywhere, even in the slots, tAedjuestion
no longer arises for the calculation of the soliield. Besides,
with this approach, fluxes are directly availabtearesolution.
We will see in section Il that it does not imp&mb much the
flux density distribution in the air gap and glolplantities
(emf and torque). The magnetic field in the FEM daris no
longer due to a volumic current density distribotiut to a flux
source imposed at the boundary of the FEM domain.

Taking as an example the CP-SM, the flux densityise-
dlmenS|onaI in the stator teeth, the link betweEmtethod and
permeances will be located at the top of statahteEnereby
the field sources will be injected at the top & #hots as shown
n Fig. 3.

Fig. 3. Full 3D FE model and corresponding hybriodei

The middle part (FE domain) is only made of ferrgmetic
and magnets. The rotor yoke and the excitationaseireplaced
by the permeance circuit at the inner radius (Imoftvhereas
the stator yoke and coils are replaced by the pamoenetwork
on the outer radius (top). Ampere-turns (NI) sosareee
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represented by circles, permeances by rectangles.

The hybrid model we propose is made of three egustifor
which unknowns are scalar potentitlj] and magnetomotive
forces Vp). The first one is the variationély, formulation in
the FE domain. Compared to the formulation (Zpdtudes an
additional term taking into account the fluxes tsmkoundary
due to the reluctance network. The second equéiarset of
nonlinear algebraic equations which link fluxgand potentials
V, in the reluctance network. It can be written asvariational
equation (6) (see [9] and [10] for details). Theurses of
magnetomotive forces are implemented as a consiraitne
corresponding function space. That is why NI soside not
appear in the variational formulation. The thirdlaten
provides the coupling between the last two formoiet: fluxes

on the surfaces3J are expressed from both FE formulation in

Qe and permeance network formulation @ic. The flux of
each branch of the permeance network is injectéal tine
ferromagnetic surface connected to this permeawthat the

flux densityb is supposed to be purely normal to the connection

surface. This is a simplifying assumption.

(1 he, grad(Up))og, — (n grad(Uy,), grad(Un))og,
+ (n ’ b, Urln)dSC =0

©)

<[(p]’ [VPI] )Qcirc - <[P] [VP]’ [VP’])Qci‘rc =0

0 = fLSCin b dS = [p] =(n-b,Un)as, )

The flexibility of Gmsh — GetDP allows us to implent the
variational formulation governing the hybrid model.

C. Implementation of the (k- \}) hybrid model

The weak formulation (5) uses linear scalar notihents.
This basis functions are based on a structured aseshown in
Fig. 3 and 4. Mesh in the FE of the hybrid modgtd) is the
same as in the two other full FE models. Periodiwditions are
used to simplify the problem. A rolling band madetturee
elements is used in the airgap which length isrAr8. The
nonlinear hybrid formulation is solved by usingixefl point
method in the whole domain (FE and permeance n&jvwia
a strong coupling.

Fig. 4. Gmsh-GetDP implementation of the hybrid elod

The first step of validation consists in comparihg two @
—j) and Um — hg) formulations with the proposed hybrid

formulation. Fig. 5 and 6 show the flux densitytdisition in
the ferromagnetic parts of FE domain for a fulldagperation.
Maximum values are quite the same but so are biglisons.
The next section deals with a deeper comparison.

28
|.'15 2
2 I <
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Fig. 5. p|| for a load operation foa¢ j) and (Un- hs) formulations

0
®elim

Fig. 6. ||b|| for a load operation for thn(- Vp) hybrid model

In this section, we will discuss about a no-load anfull-
load operations. We can provide experimental measents
for the no-load operation and we will compare tiné given by
two numerical formulations and experimental resuitsr the
full-load operation, as our test bench does noetaw torque
sensor yet, three numerical models are compared.

The emf are calculated by derivating the magnéiixes. In
the hybrid model, the fluxes in the network brarsclare
directly available after the resolution and it ofigs to sum
them to obtain the total fluxg through the coitoil;.. In the case
of FE periodic model with & — j) formulation, (7) is
implemented.

1
¢i=_fff a-jdVandEi= -0
I coil;
10

RESULTS

do;
de

U]

EMF (V)

—Experimental
—Vector formulation
Hybrid model

0
Nomalized time

4
~~

0.5

Fig. 7. EMF over one period

Fig. 7 shows the no-load emf waveforms whereas&ijpts
the rms value of emf versus excitation currégitfor a constant

rotor speed. Fok = 0, emf is non zero because the machine

includes both wounded inductor and magnets. Asaggdethe
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(a —j) formulation gives emfs very close to measuredsone
becquse '[.hIS model uses the least S|mpI.|fy|ng apBum;. The | .
relative difference for the no-load emf is lessntfg¥o in the
worst case compared to both experimental and ilteSsults.
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--Experimental

-+Vector formulation H :
0 ~ Hybrid model Fig. 9. Torque waveform over slot pitch
0 2 4 6 8
1, (A) IV. CONCLUSION

Fig. 8. EMF versus| The aim of this work is to speed up optimizationqessing.

An original model based on hybridization of 3D FEda
permeance network is applied to a claw-pole machihe Un
—V,) formulation has been chosen for several rea$orss, the
scalar potentialm andV, are easier to link together at the
common boundary becaugead(Un) is similar to a potential
differenceV,. Moreover, current sources are transferred in the
r=2 ﬂ (B:By. (o +y7) + (B) — Bi)xy) dxdydz (8) permeancepnetwork which avoids calculating any sfield
e Jla, Uor/ X% + y? for the scalar potential formulation. It providexarate results
and CPU time is reduced, which makes it suitabi@ife-design
As shown in Fig. 9, the hybrid model underestimatess and/or optimization purposes. We have ongoing setudi
average torque (under 10% of difference) due todifferent concerning other hybrid formulations, such as @).
assumptions of permeance network model. This tyjpeocalels

In the case of full-load operation, the torqueadkclated by
the volume integral of the Maxwell stress tensahi&moving-
band using (8). The volume integral enables toayesurface
integrals and it naturally smooths the curve Torerageform.

allows us to take into account the real 3D effeside the claw. REFERENCES

In a future work, this model will be used for thgtimization of [1] V. Ostovic, J. M. Miller, V. K. Garg, R. D. Schulend S. H. Swaleg

claw shape for a given stator geometry. Magnetic-Equivalent-Circuit Based Performance Cotafion of a
TABLE | Lundell Alternatorjn IEEE Transactions On Industry Applications, vol.

35, no. 4, pp. 825-830, 1999.
[2] L. Albert, C. Chillet, A. Jarosz and F. Wurtanalytic Modeling of
Automotive Claw-Pole Alternator for Design and Coaised

TORQUESIMULATIONS

models &-j) (Um—hs) (Unr— V) Optimization, in Proc. 1& Eur. Conf. Power Electronics and
Cm(N.m) 21.76 21.68 20.31 Applications, Toulouse, France, Sept. 24, 2003.

. f [3] C. Geuzaine and J.-F. Remackmsh: a three-dimensional finite element
QPU time for a 356 1423 165 mesh generator with built-in pre- and post-procegsifacilities,
given rotor angle (s) International Journal for Numerical Methods in Evegiring, vol. 79, no.
DOFs number 450 650 226318 134583 11, pp. 1309-1331, 2009. _
[teration number 11 23 12 [4] P.Dular, C. Geuzaine, F. Henrotte and W. Leghageneral environment

for the treatment of discrete problems and its @apion to the finite
element methodEEE Transactions on Magnetics, vol. 34, no. 5, pp.

From Table I, we can conclude that thém(— Vp) hybrid 3395-3398, 1998. .
model. even if it is based on strond assumptioi Lite [5] P. Dular, A. Nicolet, A. Genon, and W. Legro8. discrete sequence
, ) g ptiongsga q associated with mixed finite elements and its gaggelition for vector
good approximate value of the average torque. Mae&cCPU potentials IEEE Transactions on Magnetics, vol. 31, no. 8, 1356-
time is divided by 2. Besides, DOFs number is astelivided - é35§' |199g- KuoPena. C. Geuzaine. N. Sadowskd &P A. Bast
. . L . ) . Dular, P. Kuo-Peng, C. Geuzaine, N. Sadowsld, &R.A. Bastos,
by 4. The _ga'r_] \_N'th theln — hs) formulation is much higher: Dual magnetodynamic formulations and their soureéd$ associated
CPU time is divided by 8.6 . with massive and stranded inductolSEE Transactions on Magnetics,
CPU time is more or less the same for no-load emffall vol. 36, no. 4, pp. 1293-1299, 2000.

. . : [7] G. Devornique, J. Fontchastagner, N. Takorabet @ndNetter, Fast
load torque. Our hybrid model will really improvenet Computation of Nonlinear 3D FE Analysis for Elec#ii Machines,n

convergence speed of optimization processes, Withou proc. 18 Int. Sym. On Electric and Magnetic fields EMF, ydrrance,

damaging the accuracy. Our work began with a singggice April, 2016. . _ _

(electromagnet) and we drew the same conclusiohss T[8] C: Neagoe and F. Ossarnalysis of convergence in nonlinear
. magnetostatic finite elements probletEEE Transactions on Magnetics,

example proves the robustness of thlg, ¢ V) formulation vol. 30, no. 5, pp. 2865-2868, 1994.

Even in the case of a complex geometry. [9] P. Dular and W. LegrosCoupling of local and global quantities in

various finite element formulations its applicatida electrostatics,
magnetostatics and magnetodynamiE&EE Transactions on Magnetics,
vol. 34, no. 5, pp. 3078-3081, 1998.

[10] P. Dular, J. Gyselinck, T. Henneron and F. Piribual finite element
formulations for lumped reluctances couplin@&EE Transactions on
Magnetics, vol. 41, no. 5, pp. 1396-1399, 2005.



