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Eddy-Current Computation in the Claws of a
Synchronous Claw-Pole Alternator in
Generator Mode

Christian Kaehler and Gerhard Henneberger

Abstract—This paper deals with the three-dimensional finite-el- excitation coil of the rotor. In generator mode, the stator coils are
ement (FE) calculation of eddy currents in the claws of a claw-pole driven by three-phase current. Therefore, a time-stepping algo-
alternator taking the rotational geometry movement into account. rithm has to be utilized. The main advantages and disadvantages

For this calculation a transient edge-basedd, A — T' formulation : .
is utilized. The generation of the FE model with a special focus on of this approach applied to the claw-pole alternator have already

the discretization of eddy-current regions and air gap is presented. O€€N d_iscussed in [3]. _ _ I
The main intention lies in determining the eddy-current losses in In this paper, the applied transient edge-badedi — 7" ap-

the rotor claws in generator mode at constant speed. Since high- proach in eddy-current regions is outlined [4]. The three-dimen-
speed and high material conductivity leads to divergence, under- gjong| (3-D) FE-model of the claw-pole alternator and calcu-
relaxation of the material conductivity in the claws is conducted. lation results at load in generator mode at constant speed of
Index Terms—Eddy currents, finite-element calculations, 5 = 1800 rpm,n = 2400 rpm,n = 3000 rpm, andn = 4500
rotating machines, transient lock step method. rpm with varying material conductivity in the claw regions are
presented.

I. INTRODUCTION

LAW-POLE alternators are used for generation of elec- Il. THEORY OF EDGE-BASED SOLVER

tricity in automobiles. There are three basic requirementsThe applied edge-based solver uses the FE eddy-current for-

to them: The output performance must be improved, the audibteilation presented in [4]. Two vector potentials, the magnetic
noise reduced, and the efficiency increased. A description actor potentiavf and the electric vector potentiﬁl, are used
the magneto-static field calculation, used for output optimizés compute the flux densitﬁ and the current densitf
tion and the analysis of the structural-dynamic and acoustic be-
havior, can be found in [1], [2]. VxA=B, VxT=.J. 1)

The efficiency of machines is decreased by different loss
mechanisms. In the case of the claw-pole alternator, these @he solver separates the model in eddy-current-free reglons
dominantly ohmic losses in the coils and losses caused Wwhere the following equation fad is solved:
eddy currents in conducting materials. Both can be broken
down into rotor and sta_tor parts. Whereas the oh_mlc losses cjn V X & vV X E(t) s,
be directly calculated in dependence of the coil currents, dn,
analytic description of eddy-current losses is not possible. Mea- R - =
surements of the total loss in combination with a subtraction of - /91 (O‘Z o) +V X di- VB”) dh (2)
all analytically defined loss mechanisms lead to a separation of
eddy-current losses [3]. These show a rise in the ratio of edagd eddy-current regiort3,, where the equations read
current to ohmic losses with higher speeds. The rotor claws are
press-formed out of solid metal. Therefore, the eddy-current (V x & vV x At) =& -V x T()ds =0 A
distribution in the claws is especially significant. Qs

Using the finite element method (FEM), it is possible to cal- L1 - L 0 -
culate the eddy currents in conducting materials which are iyéz <V e VR I(t) +V x & - ot A(t)) 2y =0.
duced by an alternating magnetic field. A time-harmonic ap- 3)
proach can be applied when the geometry is not shifting, all

material properties are linear and sinusoidal currents are usgtl+) describes the given coil current density whife defines
In the case of the claw-pole synchronous machine, the rotoféanences. The material parameterand o represent the
turning with a defined speed while direct current is used in th@nlinear reluctivity and the linear conductivity; defines the

shape function of an edge element (in this solver tetrahedrons).
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2 At =5 (A -4, 5)

where the index: represents the number of the transient step
andAt the time in between transient steps.

In order to get better convergence behavior, the scaled current
potentialZ’ ° is applied

At -
_atxg

2

T°= (6)

leading to the following equation set for eddy-current-free re-
gions (24):

V X @ - vV x [TA’,LH +(1- T)A’n] o,
1951
:/ (az |:T‘]_;),n+l+(1_T)‘j£),n:|+ani'7/-§r) dyy  (7)
h Fig. 1. Discretized FE model with translucent air regions.
and eddy-current regions$2¢)

/ (VXCYZ‘-I/VX [Tgn+1+(1—T)gn
Qo
TV x| T 1-n)T2] d, =0
+azAt X|:7' n+1+( 7') n 2 =

— 1 7o 7o
A /“2 <VXCYZ'EVX|:TT7H_1+(1—T)T”:|
e — (A — A} da =0, (8)
+V xaq At( nt1 n) 2=0.

The usual periodic and Dirichlet boundary conditions are
used on the model boundaries fBrand A. The boundary con-
dition between eddy-current-free regidils and eddy-current
regions{}, for the current vector potential reads [5]

Flgl f Xx1n=0 (9)
Fig. 2. Simplified winding region.
wheresi is the normal vector of the region boundary.
i in thi licati Il - i - . .
. Since in this app_lcat!on all eddy currgnt regions are Coréddy—current regions have to be meshed very densely (Fig. 1,
tinuous and short circuited, (9) can easily be achieved by a,[ .
Dirichlet conditionT; = 0 on all edges of the boundany'; rotor claws). A useful mesh density would be two to three el-
! : ment layers within the penetration depth. Due to the large el-

The global matrix is solved by a stabilized Gauss BCG solver

of the ITL-Package [6]. Saturation effects are computed with an ent numbers of the 3-D model, this is not possible with re-

. . spect to calculation time and available memory. Instead, about
overlaying Newton—Raphson procedure for each transient steﬁ.

. . . . ohe and a half element layers are used, leading to an overall el-
The relaxation factor used in between transient steps is chosen
asr = 2/3 (Galerkin-scheme). ement count of around ?_>90 000. .
To represent the rotational movement, a lock-step method is
utilized. In this method, no real movement takes place. Instead,
boundary conditions are used which pair adjoining edgesin each
The magnetically relevant components of the synchronostep depending on the rotational angle, while the mesh remains
claw-pole alternator are modeled (Fig. 1). Since the geomestationary.
of the alternator is symmetric over two pole pitches, only @ 60 This edge reordering routine of the transient solver needs a
model is generated and periodic boundaries are defined.  special air gap discretization. To implement the change of ge-
The winding head is simplified as depicted in Fig. 2. Thugmetry, the FE-mesh of the alternator is separated into moving
the synchronous alternator with 36 stator teeth (number of pakements in the rotor and stationary elements in the stator. The
pairsp = 6) is reduced to a machine whose geometry artbundary area of these two meshes is located in the middle of
electro-magnetic field distribution is periodic after a rotation ahe air gap. The boundary area is meshed identically in both sep-
one stator tooth pitch (i.e360°/p - 2 - 3 = 10°) of its rotor arate meshes. This boundary mesh is partitioned into equidistant
instead of the 6D periodicity with regular winding heads. areas in the direction of movement, which have to be meshed ab-
In order to discretize the penetration depth of the eddy cigelutely identical again, so that the reordering routine can pair
rents and achieve low Peclet numbers [7], the surfaces of the edges in each transient step [4].

IIl. FINITE ELEMENT MODEL
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Fig. 5. Convergence history for high material conductivity.
Fig. 3. Eddy-current-density distributios,{m?) on the rotor claws at speed
n = 4500 rpm and conductivity = 4.0 - 10%(1/€m).
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Fig. 4. Convergence history for low material conductivity. Fig. 6. Eddy-current losses versus rotation for various material conductivities

at constant speed = 1800 rpm.

IV. CALCULATIONS AND RESULTS : . S
material conductivity, which is factor four lower than the real

The calculations are conducted at constant speed. The ménductivity of the claws.
chanical step angle amountsdo= 1°, leading to e.9.At = Consequently, while the eddy-current distribution (Fig. 3)
55.556 ps in between transient steps for a speed e 3000 does not change qualitatively when varying high material
rpm. The excitation current is impressed in the rotor. The thregonductivity, the calculated values of the total eddy-current
phase current of the real alternator in generator mode is injec{géses in the claws are too low.
in the stator coils. It turns synchronously with the rotor. The convergence histories for a comparable time step, iden-

In order to achieve smooth convergence and to reduce the $gl| speed, and different material conductivities show the influ-
tling time, the calculation is started with the material condugmnce of the conductivity on the stability of the matrix system.
tivity of the claws beingr = 4.0-10%(1/Qm) or Pecletnumber Fig 4 depicts the convergence history at a relatively low con-
P, = 0.001, which is defined as [7] ductivity of o = 4.0 - 103(1/€m). The convergence does not

differ relevantly from static convergence although oscillations
(10) appear around cg-step 400. In contrast; at 1.0 - 10%(1/Qm)
the oscillations dominate the convergence behavior (Fig. 5).

In (10), v represents the velocity,is the characteristic length  The total eddy-current losses in the claws over the rotation is
of an element in the direction of movement, anis$ the perme- depicted in Fig. 6. After a short settling time of about ten time
ability of the element material. The conductivity is subsequentteps, a periodicity of the eddy-current lossesaf = 10° me-
increased tor = 4.0 - 103(1/Qm), o0 = 4.0 - 10*(1/Qm), chanical establishes. To emphasize this periodicity, a zoom on
o =4.0-10%(1/Qm), ando = 1.0 - 10°(1/Qm) or P, ~ 2.5. the losses at material conductivity= 4.0 - 105(1/Qm) is de-
The real conductivity ob = 4.0 - 10°(1/Qm) leads to diver- picted in Fig. 7. The periodicity is congruent with the assump-
gence £. = 10). Therefore, the simulation is finished with ations taken in Section Ill.

v-l-p-o

P =
2
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TABLE |
ToTAL EDDY CURRENTLOSSES INROTOR CLAWS (W) WITH WINDING HEADS
AT SPEED7n. = 3000 RPM

Conductivity (1/Qm) 4107 4.107 4.10° 1.10° 4-10°

Calculated losses 104 p 7.02 30.66 50.1

Extrapolated losses 112.8
TABLE 1l

CALCULATED TOTAL EDDY CURRENT LOSSES INROTOR CLAWS (W) WITH
SIMPLIFIED WINDINGS, EXTRAPOLATION IN SQUARE BRACKETS

Conductivity (1/Qm) 4-10° 4.10° 4.107 4-10° 1-10° 4-10°
n = 1250 rpm 7.36p  72.6p 714 5.95  [10.9] [27.4]
n = 3000 rpm 14.1p  141p 135 9.00  16.5  [41.0]
n = 3000 rpm 47.8p 471 3.90 16.9  [29.9] [70.7]
n = 4500 rpm 1144 1.1 7.07 27.3  [47.9] [111]

Fig. 7. Zoom on eddy-current losses versus rotation for a specific material

conductivity at constant speed= 1800 rpm.
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Fig. 8. Average eddy-current loss enerdys) at material conductivity =
4.0 - 10*(1/€m) and constant speed = 4500 rpm.

with m and = being geometry-dependent parameters, which
for the specific claw-pole alternator geometry described in this
paper at a speed of = 3000 rpm amount ton = 3.25 - 1073
and the exponent = 0.57.

Table Il presents the calculated loss values with simplified
winding heads combined with the extrapolated values in
brackets.

V. CONCLUSION

In this paper, a 3-D FE method to calculate the eddy currents
in the claws of a synchronous claw-pole alternator is presented
taking the rotational movement into account. Although a com-
putation with the real material conductivity is not possible due
to convergence problems, an extrapolation of the eddy-current
losses is shown. In addition, the eddy-current-density distribu-
tion as well as the average eddy-current loss energy distribu-
tion on the rotor claws with decreased material conductivity are
depicted.

Taking the average eddy-current loss energy for each element

AtV & .
P Z‘]?u

n=1

W =

(11)

with V being the number of steps in a periddthe volume of

an element, and,, the eddy-current density of that element at
stepn, over a period of the losses leads to Fig. 8. The distribu-
tion of the average loss energy can later be used as excitation for
thermal solvers. Since the thermal distribution will only differ
by diffusion effects from the energy distribution, the maxima
distribution in Fig. 8 can already be compared to hotspot dis-
tributions in temperature measurements on the surfaces of th[%]

rotor claws.

By using the mean values of the calculations with low ma-
terial conductivity (Table 1), an extrapolation function can be

constructed to compute the losses at the real conductivity

x

Peddy currents — f(O') g

W] = H (12

REFERENCES

[1] S.Kuppers, “Numerische Verfahren zur Berechnung und Auslegung von
Drehstrom—Klauenpolgeneratoren,” Ph.D. dissertation, Department of
Electrical Machines (IEM), Aachen Institute of Technology (RWTH),
Aachen, Germany, 1996.

] M. Hecquet, S. Dahel, M. Goueygou, and P. Brochet, “Numerical deter-
mination of pole shape influence on radial forces in an automotive alter-
nator,” inProc. 2nd Int. Sem. Vibrations and Acoustic Noise of Electric
Machinery (VANEM)Lodz, Poland, June 2000, pp. 39-43.

[3] C.Kaehlerand G. Henneberger, “Three-dimensional eddy-current com-

putation in the claws of a synchronous claw-pole alternator,” presented

at the 5th Int. Sem. Electric and Magnetic Fields (EMF), Ghent, Bel-

gium, May 2000.

D. Albertz and G. Henneberger, “On the use of the new edge-based

4 A — T formulation for the calculation of time-harmonic, stationary

and transient current field problemdBEE Trans. Magn.vol. 36, pp.

818-822, July 2000.

[5] O.Biro and K. Preis, “An edge finite element eddy-current formulation
using a reduced magnetic and a current vector potentlBEE Trans.
Magn, vol. 36, pp. 3128-3130, Sept. 2000.

[6] A.Lumsdaine and J. Siek. The iterative template library. [Online]. Avail-
able: http://www.lsc.nd.edu/researchl/itl

[7] D. Rodger, P. J. Leonhard, and T. Karaguler, “An optimal formulation
for 3-D moving conductor eddy-current problems with smooth rotor,”
IEEE Trans. Magn.vol. 26, pp. 2359-2363, Sept. 1990.

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 07,2020 at 13:23:09 UTC from IEEE Xplore. Restrictions apply.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


