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Abstract- Numerical procedures were developed 
for the calculation and design optimization of claw- 
pole alternators. Based on the three-dimensional (3D) 
magnetostatic field computation the output gerfor- 
mance, efficiency, local and global forces are computed 
and compared to measurements. The precalculation of 
a claw-pole alternator is presented on the example of 
a prototype with additional permanent magnets. 

I. INTRODUCTION 

The claw-pole alternator is the oldest type of three- 
phase electrical machine and is a special kind of syn- 
chronous machine. The first one was used in 1891 to 
generate electricity for the Pirst three-phase transmission 
line from Lauffen to Frankfurt/Main in Germany. Later 
most generators were constructed as salient-pole or turbo 
machines and the claw-pole type disappeared from the 
field. From the beginning of the 1960th there was a re- 
vival of the alternator for the generation of electric power 
in vehicels and especially in automobiles. 

Today millions of alternators are produced at a very 
high level of automization. Although the production costs 
are very low, every improvement that increases the output 
performance or the efficiency has to be implemented. This 
is necessary because the number of small drives and elec- 
tronic components increases all the time to make the cars 
safer and more comfortable. The intention of this paper is 
to present reliable numerical methods for the precalcula- 
tion of the alternator to replace the classical optimization 
method that uses hardware samples. 

11. CALCULATION METHODS 

The main part of numerical calculation is to describe 
the terminal behaviour of the alternator. Actually there 
are three major tasks dealing with the following topics: 

e The output performance has to be increased, 

the losses should be reduced and the efficiency im- 
proved, 

the forces and the audible noise have to be reduced. 
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In the following subsections three different procedures 
are described which are helpful to gain these targets or to 
come closer to them. All methods base on the magneto- 
static field calculation which is introduced at first. 

A .  Calculation of magnetostatic field and performance 

The shape of the claws leads to a truly 3D magnetic 
field in all regions. Moreover the claw’s geometry has to 
be modelled as accurate as possible because of the large in- 
fluence on the output performance of the alternator. The 
magnetically relevant parts are shown in figure 1. The 
solid rotor consists of two claw-pole wheels, the core with 
circumferrential exciting coil and the shaft. The stator is 
laminated (lmm thick steel sheets) and carries the three- 
phase winding. 

Fig. 1. Geometry of the claw-pole alternator 

While constructing the Finite Element mesh, symmetry 
and periodicy are taken into account. So only one pole of 
the alternator has to be modelled. Figure 2 presents a typ- 
ical model without coils and surrounding air. Usually one 
FE mesh, representing one single position of rotor versus 
stator, gives good results for the fundamentals of air-gap 
induction, stator flux linkage and induced voltage. After 
calculation of magnetostatic field the on-load behaviour at 
any speed can be determined iteratively using the vector 
diagram of the salient-pole synchronous machine 131. 
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Fig. 2. FE mesh of one pole-pitch 

Three different alternators with different outer diam- 
eters, different shapes of the claws and different output 
performances were investigated and compared to measure- 
ments. Usually the design engineer is interested in the 
no-load and the load characteristic of the machine. The 
load characteristics (DC output current Ig vs alternator 
speed n) are plotted in figure 3. 
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Fig. 3. Load characteristics of different alternators 

The presented procedure is very useful to get the DC 
value of the output current I9 and the rms values of volt- 
age U1 and current I1 on the three-phase side. The effect 
of rectifier bridge is taken into account via two correction 
factors for current (ki) and voltage (ICu) as derived in [8]: 

The variables 11 and U1 represent the fundamentals of 
current and voltage, cos (PI is the power factor, U~=13 .5  V 
the battery voltage, kD a correction factor, RB = 4.3 mR 
the bulk resistance ,and U ~ = 0 . 6  V the threshold voltage 
of the diodes. The time functions of voltage and current 
can be simulated using a simple machine model [7]. 

B. Calculation of eJFciency 

The second calculation procedure deals with the deter- 
mination of losses and efficiency. The losses are separated 
as accurate as possible. For all calculations the alternator 
is supposed to be seperatly excited. The basic losses are 
the mechanical oneEl, the copper losses in the stator coil, 
the losses of the rectifier bridge and the iron losses in sta- 
tor and rotor. The rating chart (figure 4) illustrates the 
flux of power. 

PI Inputpower 
P, Mechanical losses 
Pb  Ironlosses 
P D ~  Rectifier losses 
P a  Stator copper losses 
P, Outputpower 

Fig. 4. Rating chart of the alternator 

The mechanical losses can be measured at the opera- 
tion without any ercciting current. Empirical studies of 
different alternator types and comparison to classical for- 
mulations [l] lead to the expression of (3) with one portion 
depending on the bearings ( P B ~ )  and another one depend- 
ing on the ventilator (I've). The copper losses in the sta- 
tor coil (4) and the rectifier losses ( 5 )  can be computed 
very simple. The factor kD = 1.14 includes additional 
commutation losses of the diodes. 

Pc, = 3.Rl.I; (4) 
Poi = ~ * ~ D * ( U T + R B . I ~ ) . I ~  (5) 

The main problem is the determination of iron losses 
in the solid claw-poles. Slotting harmonics of the air-gap 
field induce eddy currents into the claws. The calculation 
of these currents requires a time-step calculation proce- 
dure with a very :lhort time-step, but the computation 
time is much too high yet. For that a simple equivalent 
model was developed to examine the way of eddy cur- 
rents. It was found out that the ratio of iron losses (rotor 
to stator) is about 2:l. 
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The loss distribution was checked on a standard alterna- 
tor with original claw shape. The output current, copper 
losses in stator, rectifier losses and the iron losses in the 
stator Ppe,s were calculated, the mechanical losses and 
the mechanically supplied power were measured. From 
the power rating the rotor iron losses P F e , R  may be sub- 
tracted as follows in (6). The ratio of 2:l  from rotor to 
stator iron losses was verified. Because of that fact the 
total efficiency can be approximated as shown in (7). 

P F e , R  = p 1  - p 2  - PCu - PDi - P F e , S  - prnec (6) 

(7) 
p 2  ' 

p 2  3- PCu f P D i  + p m e c  + 3 ' P F e , S  

The diagram of performance and losses of the test alter- 
nator (P2=1.5 kW) is plotted in figure 5 .  The efficiency 
increases to 64% (2000 rpm) and decreases to about 40% 
at higher speeds. Note that the efficiency is reduced by 
about 2% if the alternator is self-excited because of copper 
losses in the field coil. 
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Fig. 5. Power and losses of the alternator vs speed 

C. Calculation of forces 

From the magnetostatic field calculation the surface 
force density distribution is calculated using Maxwell's 
stress tensor (8 and 9). The force density 0 follows from 
the normal component Hn in region 1 and 2 on both sides 
of the boundary surface. The normal vector is called Z 1 2 ,  

the magnetic cooenergies which have to be computed from 
the field quantities are called tu; and tu;. The method was 
presented in [5] on the example of an induction furnace 
and was applied to the claw-pole alternator [6]. 

a" = ( (Hln  - H2n) . Bn - (w; - .I;,) . z12 (8) 

w1 = - .  (i&.&) , 202 = - * ( I72  .E&) (9) 
I 1  1 1  

2 2 

From a number of 5 FE models, each representing one 
single point of time and one special stator-rotor-position, 
the time functions of induction and force-density at each 

with 

node are computed. The integration about surface yields 
the forces which can b 
model of the machine 
vibrations. The procedure works, bu 
of mechanical material parameters is 
only global forces will be presented in this 

The spectra of radial and tangential for 
a single stator tooth are shown in 
no-load the DC value 
tangential one disappeares. The D 
force decreases with speed because of the armature reac- 
tion, the tangential one is maximum at ab 
Because the tangential force is proportional 
is the speed of maximum torque, too. It c 
the most spectral components behave similar 
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Fig. 6 .  Spectrum of radial forces on a single stator tooth 
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Fig. 7. Spectrum of tangential forces on a single stator tooth 

Equation 8 yields that the frequencies of the fundamen- 
tal and harmonics of forces are double as high as the fre- 
quencies of induction components. Therefore the spectra 
have only even orders of force. Another interesting point 
is that the values of tangential forces reach only from one 
tenth to one fifth of the radial ones. From the tangential 
forces the torque can be computed. 
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111. RESULTS OF OPTIMIZATION 

A .  Design optimization 

Several aspects were investigated to improve the output 
performance of the alternator. One method is to optimize 
the shape of the claws using the FEM and the Response 
Surface Method [2]. The calculation time to compute the 
load characteristic is about one day per sample on an 
hp755 workstation. So only a few parameters may be 
optimized simultaneously. It was shown that the output 
performance can be improved by 20% while changing the 
pole-pitch and the flank angle of claws [SI. 

B. Additional permanent magnets 

The application of additional permanent magnets is an- 
other method to improve the output performance. Several 
variants with different magnet positions were investigated 
to find the optimum effect on performance. The perma- 
nent magnets may operate actively increasing the total 
flux passing the rotor or they compensate one part of the 
leakage flux that passes between the claws. 

Some disadvantages of the active principle were re- 
ported in [4]. As the permanent magnets excitation is 
continous, the voltage controller would have to be modi- 
fied to weaken this field at higher speeds. Additionally the 
required level of flux is so high that only rare-earth mate- 
rials could be implemented. The best position of magnets 
is at the surface of the claws, but there are problems of 
fixing the magnets and of high temperature level. 

The compensation principle is the better one and was 
investigated more in detail. The leakage flux between the 
claws amounts about 30% of the main flux at the position 
of core at no-load condition and may increase to about 
50% under full load. So the best position of magnets is 
between the claws to compensate this leakage flux [4], [8]. 
The rotor model of this variant is presented in figure 8. 
Simple ferrites (SrFe) can be used and the voltage con- 
troller remains unchanged. 

Fig. 8. Rotor with additional permanent magnets 

The improvement of performance versus speed is shown 
in figure 9. The precalculated and measured values agree 
very close. The output performance increases by about 

40% at lower speeds and 5% at higher ones. Furthermore 
there is a goad correspondence to the demands of typical 
driving cycles. 
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Fig. 9. Improvement of the output performance vs speed 

[V. CONCLUSION 

Numerical procedures for the calculation of automotive 
alternators were presented. The rms values of terminal 
voltage and current can be computed with a maximum 
error of 5%. A procedure to separate losses and to predict 
the efficiency was developed. Force density distribution 
and global forces on rotor and stator were investigated 
and can be used to calculate displacements and audible 
noise in the future. Il?or the first time it was shown that the 
output performance of a new type of claw-pole alternator 
can be precalculated accurately. 

REFERENCES 

R. Richter, Elektrische Maschinen, Springer-Verlag, Berlin 
1930. 
G.E.P. Box, N.R. Draper, Empirical Model-Building and Re- 
sponse Surface, John Wiley & Sons, 1987. 
R. Block, G. Henneberger, Numerical Calculation and Simula- 
tion of a Claw-Pole Alternator, Proceedings of the 9th ICEM, 
Manchester, England, 1992. 
G. Henneberger, S Kiippers, Improvement of the Output Per- 
formance of a Claw-Pole Alternator by Additional Permanent 
Magnets, Proceedings of the 10th ICEM, Paris, France, 1994. 
W. Hadrys, Elektrische, mechanische und akustische Berech- 
nung von Induktionstiegelofen zur GerGuschreduzierung, Verlag 
Shaker, PhD thesis, RWTH Aachen, 1995. 
G .  Henneberger, VV. Hadrys, S. Kuppers, I. Ramesohl, Three 
Dimensional Calculation of Magnetic Forces and Displace- 
ments of 0 Claw-Pole Generator, IEEE Trans. Magn., Vol 32, 

G. Henneberger, S. Kiippers, Field Calculation and Dynamic 
Simulation of a Claw-Pole Alternator, Proceedings of the 7th 
International Conlkrence on Electrical Machines and Drives, 
Durham, England, 1995. 
S. Kiippers, Numerische Verfahren ZUT Berechnung und Aus- 
legung von Drehstrom-Klauenpolgenenatoren, Verlag Shaker, 
PhD thesis, RWTH Aachen, 1996. 

NO 3, pp 1685-1688, July 1996. 

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 07,2020 at 10:17:07 UTC from IEEE Xplore.  Restrictions apply. 


