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Abstract—In this paper an alternative arrangement to con-
ventional Lundell automotive generators is examined. This ge-

N
S S
ometry is characterized by hybrid excitation combining the high
energy density of permanent magnets and the controllability N N
of commonly used electrical excitation. A simulation of the
alternator using the finite-element method (FEM) is accomplished
to optimize the rotor geometry and to develop a design, ready S S

for prototyping. The formulation for the transient solver is
given and the coupling with an external circuit exemplified. The

accomplished studies, simulations and geometry optimizations N
are presented. In a final step the simulations are compared N
to prototype measurements and confronted with conventional . .
alternator geometries. Fig. 1. Schematic geometry sector of examined rotor.
I. INTRODUCTION as the permanent magnets, a symmetric 16 poles field is shaped

The vehicle-power supply required for electrical equipmentinduced voltage and absorbed power is highest. With no
and charging of the battery contains an alternator. Due to 8lgctrical excitation the field has 8 asymmetric poles. Due to
increasing power demand, alternators have to become m#ie asymmetry, the flux crossing the stator coils is unequal
efficient. Thereby the increase of power is to be aimed &gro, so induced voltage is unequal zero and power will be
constant or less installation space and weight of the genera@h_sorbed. If the excitation current is negative, the rotor field
Restricted improvement of existing alternator types leads fi@s 8 symmetric poles. Coil crossing flux will be zero, so

considerations on new and alternative designs. voltage and absorbed power will also be zero.
An alternative machine design studied in present work
consists of hybrid excited rotors, the magnetic excitation is I1l. THE APPLIED TRANSIENT SOLVER

generated by both permanent magnets and excitation windingstg simulate the alternator in chosen operation points, con-
Electrical excitation gives the advantage of simple contrglynts with the difficulty of unknown stator currents and
of the magnetic field by the excitation current, but a MOfejr reaction on the entire magnetic field. Therefore the
complicated construction and an increased copper expense 8¥omplished finite-element simulation requires a transient
development of new magnetic materials featuring higher egg|ving process which takes the geometry rotation into account
ergy densities, improved temperature stability and reasonajjgy is coupled to an electric circuit. The applied in-house
prices, the application of permanent excitation becomes Ma§ver is part of an object-oriented solver package [1]. The
attractive and affords higher power densities. An importagignsient FEM formulation takes the rotational movement into
disadvantage of permanent excitation is the missing opporfitscount by means of time-stepping, so two finite-element
nity of field weakening, preventing appliance in automotivg,eshes have to be handled. The Mmpproach, using the
engineering previously. Gain of hybrid excitation is the COMmnagnetic potentiald in all regions, has to be solved in the

bination of high energy density of permanent magnets and t&ﬂnplete modef. Its Galerkin formulation is [1]:
controllability of electrical excitation [5].

/ (gradai -v gradA,(t) + «a; - daAZ(t)) dQ =

Il. STUDIED GEOMETRY Q dt

In the present work a 16-pole geometry is analyzed. It / <Oéi (1) +r0t(aié'z)-yér)dQ, (1)

consists of four electrical and four permanent excited poles Q

of equal polarization, which are arranged alternately and syiflhe material parameters and o represent the nonlinear re-

metrically. The poles of opposite polarization are not generatkattivity and the linear conductivity. The shape function of an

by own excitation but by the return flux of 'active’ poles (Figelement is defined bw;. J,(¢) describes the z-component of

1). Used permanent magnets are rare-earth magnets. the given coil current-density whil®,.(¢) defines remanence.
The actual pole number, and thus the behavior of theln the case of unknown stator currents the electromagnetic

machine, depends on the excitation of the electrical poles.cimputation has to be coupled with an electrical circuit. The

the electrical excitation generates poles with same polarizatimagnetic potentiall is still an unknown quantity of the system
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of equations. Furthermore two kinds of electric conductors arex Vamy ——
differentiated: the solid conductor with possible eddy currentsw
and the wound conductor where, due to its thin wires, no eddy:
currents are possible. The unknown quantities are voltages for
the solid conductors and currents for the wound conductors., ]
The magnetic potentia, the potential differencAV of solid 0 WG o
conductors and the circuit-mesh currépt are the unknown

vectors of the system of equations. The system matrix of tfig. 3. Star- and delta connected alternator.
FE approach is formulated in following equation:

1 _ _ T . .
@ig@ﬁG Atg& _ ftC@ZDDT ] AAfofl _ nhot 120 phase shifted, but in phase. Currents result from
—ep'c’T  —Ate’D  —eL, - Ate’R, na1 L T these voltages if the alternator is delta-connected. These ring

currents, just limited by relative small coil resistances, can

~(1-©)S+ 4G (1-e) (1-e)c'D'” reach high values, thus they counteract the third harmonics
[ -ec’ —AtO(1 - ©)g Ate(1 — ©)b" } - of the excitation field and nearly erase them. The resulted
—ep’c’ AtO(1—©)D  —OL,, — AtO(1 — O)R,,

n difference between the voltages as well as the conformity
N o with measured values is illustrated in Fig 3. Furthermore the
{ AV, ] + [ 0 } ) simulated currents in load operation and short-circuit operation
Imy, —AtO?Unm,, , — AtO(1 — ©)Up,, were compared to measured values of the prototype.
Whereas the element matricé3,C and R, describe the 1he geometry was optimized in various kinds. The embed-
regions of solid conductors ar@l,C’ andR), describe regions ding of the permanent magnet, the pole cover, the geometry
of wound conductors. In case of coupled circuit simulation artf the excitation-winding slots was studied as well as the

considered rotational movement the element magrix: assembly of more than one magnet per pole. The final rotor
geometry absorbed about 5% more power than compared

‘n+1

Sijlpyr = l/ gradoy, ., - vpq19rada;,  dF (3) Lundell alternator with equal stator. Furthermore the studied
F rotor was about 15% lighter because its axial length is that
Siil, = g/ grade;, - v,grade;, dF (4) of the stator - in contrast to the Lundell type where the rotor

F length is more than twice of its active part.

See final paper for detailed and further results and evalua-
IV. RESULTS AND ACCOMPLISHED STUDIES tions
For the simulation the defined slot conductors of the FE-
model were coupled with an external circuit and star- or V. CONCLUSION
deltg-connected. A star co_nnecte_d ohmic load was includedcomparison with measurements on built prototype showed
to simulate several operation points. To compare geome{Rt the applied transient FE-simulation coupled with external
versions and optimization steps among each other and gt is suitable to simulate electrical machines in generator
general concept with conventional alternators, three load statgSde as well as the unknown stator currents with consid-
over the rotational speed were examined: the voltage in Beation of their reaction on the entire magnetic field of the
load operation, the_ current in short-circuit operation and thachine. By that means it was possible to study, optimize and
absorbed power with a load ofiistar connected resistancesgompare the hybrid excited alternator concept to conventional
Furthermore the no load voltage over excitation current Wagernator designs before prototyping.
calculated with regard to necessary voltage control in au-
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