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Abstract—This paper shows the influence of the manufacturing process of a claw-pole alternator on its acoustic noise.
First, the stator welds and the assembly of the stator in the
brackets are linked to deformations of the inner diameter
of the stator. Then, the influences of these deformations on
the magnetic forces and the subsequent acoustic noise are
investigated. Results show that the deformations caused by the
manufacturing process significantly increase the sound power
level of particular orders.
Index Terms—Acoustic noise, claw-pole alternator, manufacturing tolerances, faults

influence especially on the cogging torque. Offermann et al.
[9] also studied these machine uncertainties and found a link
between the retracted teeth and the 12th and 24th harmonics
of the cogging torque. Ramesohl [10] found, by simulation,
that an oval stator with a maximum increase of 0.1 mm of the
airgap width significantly increases the sound power level of
the 5th and 6th harmonics (assumed to be the 30th and 36th
orders in this study) but the faults were not implemented in
a full finite element simulation. To the author’s knowledge,
the influence of retracted teeth on the acoustic noise has not
been investigated.

I. I NTRODUCTION
Claw-pole alternators are complex electrical machines not
only due to their rotor shape but also because of their assembly as shown in Figure 1. Assembling these parts together as
well as manufacturing the parts lead to discrepancies between
nominal and real shapes and dimensions. Manufacturing
tolerances and process have an influence on torque ripple
or back EMF for permanent magnet synchronous machines
[2],[3],[4]. Acoustic noise of electrical machines can also be
influenced by tolerances on material parameters [5] or dimensions. The most common studied fault is eccentricity [6], [7].
However, other tolerances, such as stator deformations, can
change the airgap width and also affect the performances and
the acoustic noise of electrical machines.
Liu [8] has investigated the influence of stator deformations of a claw-pole alternator on its no-load flux linkage
and torque. A stator with an oval shape as well as a stator
with retracted teeth at specific locations were studied. The
oval shape was found to have little influence on the noload characteristics whereas the retracted teeth have a greater
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This paper aims at investigating the influence of stator
deformations on the acoustic noise of claw-pole alternators.
It establishes a link between the stator deformations shown
in [8] and the simulation of acoustic noise of claw-pole
alternators shown in [12]. First, the influence of the manufacturing process on the stator deformations is explained.
This model uses permeance functions and magnetomotive
force (MMF) functions taking into account 3D rotor topology
and stator deformations. Then, electromagnetic and vibroacoustic simulations are carried out taking these deformations
into account. Finally, the influence of the deformations on the
magnetic forces and the sound power level are analyzed.

Figure 1: Exploded view of an alternator [12]

II. I NFLUENCE OF THE MANUFACTURING PROCESS ON
THE STATOR SHAPE

The manufacturing process of a claw-pole alternator introduces two specific deformations of the stator.
The first deformation is due to the stator manufacturing.
The stator stack of a claw-pole alternator is made up with
an assembly of steel sheets. These steel sheets are held
together thanks to six welds equally spaced by 60˚ on the
circumference of the outer diameter as shown in Figure 2
(left). The heat generated by the welds increases the outer
diameter at these six locations. As a consequence, the stator
teeth located every 60˚ are also drawn towards the outer
diameter.
The second deformation of the stator is due to the
assembly of the alternator. The stator is clamped between
two aluminum brackets in the axial direction. Four screws
hold the assembly as shown in red in Figure 2 (right). When
the screws are tightened, the stator is squeezed between the
two brackets and the stator is deformed. This deformation
can be investigated thanks to a static mechanical simulation.
Increasing pre-stress is applied on the screws to simulate their
tightening and the stator is compressed. As a result of this
compression, the stator adopts a square shape as shown in
Figure 3.

the simulated square shape may come from the successive
tightening of the screws instead of a simultaneous tightening
of the 4 screws as used in the simulation. The last shape
on the right was measured on the inner diameter of the
assembled stator and includes the oval shape due to the
assembly and the retracted teeth due to the welds.

Figure 4: Inner diameter stator shapes of a claw-pole alternator in black, from left to right: nominal stator, stator with
retracted teeth, oval stator, oval stator with retracted teeth
[16]
The deformations of the inner diameter of the stator
have an influence on the airgap width of the alternator.
As a consequence, magnetic forces are affected and are
investigated in the following section.
III. E LECTROMAGNETIC AND VIBRO - ACOUSTIC
SIMULATION METHODS

A. Electromagnetic simulation
Electromagnetic simulations are carried with the finite
element software JMAG. The magnetic flux density and the
magnetic forces can be directly computed as shown in Figure
5. However, in order to better understand the influence of
the stator deformations on the magnetic forces, the analytical
formulas of magnetic pressures are derived in this section.
Figure 2: Stator stack with welds circled in red and statorbrackets assembly of a claw-pole alternator (screws in red)

Figure 3: Stator and brackets assembly deformation and stator
deformation due to the tightening of the screws
The stator deformations due to the welds and the stator
and brackets assembly have been reported by Liu [8]. The
measured deformed shapes of the stator inner diameter are
shown in black in Figure 4. The first shape on the left is the
nominal case: the inner diameter is perfectly circular. The
second shape is due to the welds: six teeth are retracted,
leading to an increase in the airgap width at these locations.
The third shape is oval and was measured after tightening the
screws. The difference between the measured oval shape and

Figure 5: Magnetic flux density and magnetic forces computed with JMAG
Radial and tangential magnetic pressures, Pr and Pt , are
computed with the following formulas:
Pr =

Br2 − Bt2
2µ0

(1)

Br Bt
(2)
µ0
where µ0 is the magnetic permeability of vacuum and
Br and Bt are the radial and tangential components of the
magnetic flux density.
Pt =

An analytical expression of the radial magnetic flux
density (Br ) can be derived from the magnetomotive force
(mmf) and permeance (λ) functions such as:

Magnetomotive force functions are expressed as follow
with mmf s and mmf r the stator and rotor magnetomotive
force functions:

Br = mmf × λ

mmf = mmf s + mmf r

(3)

The magnetomotive force (mmf) and the permeance (λ)
functions of a claw-pole alternator must be adapted to take
the rotor shape into account [11]. These equations are detailed
below. First, the permeance function is written as:
λ = Λ0 + λs + λr

λs =

∞
X

Λks cos(ks Z s α)

The stator magnetomotive force function is expressed as:
mmf s =

(5)

∞
X

s
M M Fks
cos(pθ ± ks pα)

(9)

ks =6k±1
s
M M Fks

(4)

where Λ0 is a constant value which accounts for the airgap
width and λs and λr are the permeance functions of the stator
and the rotor respectively. λs is expressed as:

(8)

√
w s
Iks
3 2N s kks
=
πpks

(10)

with θ the angular position of the rotor, N s the number
s
w
of stator turns, Iks
and kks
the RMS stator phase current and
the winding factor for harmonic ks respectively.
Again, the rotor magnetomotive force function changes
depending on the rotor position similarly to Equation 6:

ks =1

with Z s the number of stator teeth and α the angular
position.
The rotor permeance function λr changes depending on
the rotor position as shown in Figure 6. Hence, the expression
of λr includes two parameters α1 and α2 which depend on
the axial position.

mmf r = M M F0r +

hr =1

× [sin(phr α1 ) + sin(phr α2 )] (11)
with M M F0r and M M F r defined as:
M M F0r =

∞
X
2Λr
cos(pkr (α−θ))×[sin(pkr α1 )−sin(pkr α2 )]
λ =
πkr
kr =1
(6)
with p the number of pole pairs and:
r

Λr0 +

Λr0 =

α1 + (π/p − α2 )
π/p

(7)

∞
X
2M M F r
cos(phr (α − θ))
πhr

α1 − (π/p − α2 )
π/p

M M F r = N rIr

(12)

(13)

N r and I r the number of rotor turns and the rotor coil
current respectively.
The stator deformations depicted in Figure 4 have an
influence on the stator permeance function which must be
rewritten as:

λs =

∞
X


s
welds
ΛZs
cos(6ks α)
ks cos(ks Z α) + Λks

ks =1

+ Λoval cos(2α) (14)

Figure 6: Magnetomotive force mmf r and permeance λr of
a claw-pole rotor

with Λwelds
and Λoval depending on the amplitudes of the
ks
stator deformations. Figure 7 shows the permeance function
of a deformed 36-slots stator.
The deformations of the stator shown in Figure 4 only
modify the stator permeance λs compared to the nominal
case. Since this function does not depend on θ which is a
time variable but only on α which is a space variable, the
deformations of the stator do not introduce new “temporal
orders” in the magnetic forces but only new “spatial orders”.
As a result, the force and acoustic spectra contain the same
temporal orders for all configurations (i.e. with or without
deformations) but differences in amplitudes are expected.

as in [12]. Figure 9 shows an example of modal shape of the
alternator obtained with ANSYS.

Figure 7: Permeance function of the oval stator with retracted
teeth
The deformations of the stator are taken into account in
the finite element model thanks to a deformation of the mesh.
This method, called “morphing”, consists in changing the
coordinates of the nodes of a mesh. As a consequence, the
mesh is only modified locally by moving the nodes close to
the studied deformations as shown in Figure 8. This method
avoids the introduction of possible numerical errors due to a
remeshing of the complete geometry.

Figure 9: Simulated alternator mode shape [12]. Left: complete geometry. Right: shape of the stator outer diameter
(blue) compared to its nominal shape (black)
The stator deformations due to the manufacturing process
are large in comparison with the airgap width: they reach
up to 40% of the airgap width. Therefore, they may have
a significant influence on the magnetic forces. However, we
assume that these deformations are too small to influence
the mechanical dynamic behavior of the alternator. Thus, the
mechanical mesh of the alternator used for the modal analysis
is not deformed.

C. Vibro-acoustic simulation
Figure 8: Mesh modification or “morphing” of a stator tooth

B. Modal analysis
The modal analysis solves the following equation:
[K − ω 2 M ]{x} = 0

(15)

with ω the angular velocity, {x} the displacement vector
and [M ] and [K] are respectively the mass and stiffness
matrices of the structure. The results of the modal analysis
are the modal shapes and natural frequencies of the structure.
In order to carry out this modal analysis, a model of the
structure is needed. The mechanical model of a claw-pole
alternator has been detailed in [12]. This model accounts
for the laminated structure of the stator stack thanks to an
updated Young’s modulus which is lower than for steel,
meaning that the stack is less rigid than a homogeneous block
of steel. The heterogeneous composition of the windings,
made up with copper wires and varnish, is also accounted for
with an equivalent Young’s modulus assigned to a solid inside
each slot. The contacts between the stator and the brackets
also have to be computed. Only contacts near the screws
are considered, where pressure between the stator and the
brackets is maximum. The rotor is taken into account in the
model and linked to the brackets with springs, modeling the
stiffness of the bearings. The final model was checked against
measurements of physical parts to ensure a good correlation

Electromagnetic simulation and modal analysis require
different mesh densities. Therefore, magnetic forces must be
transferred from the electromagnetic mesh to the structural
mesh. This first step of the vibro-acoustic simulation, carried out in LMS Virtual.Lab, is called “mapping”. Since,
the electromagnetic mesh takes the stator deformations into
account and the mechanical mesh does not, the geometries
of the two meshes are slightly different. However, since the
deformations are much smaller than the element size of the
mechanical mesh, the mapping of the forces is not affected
by this difference.
Vibrations are then computed with a modal superposition
method considering a 2% damping coefficient for all modes,
which is a typical value for claw-pole alternators [13]. Next,
sound pressures are computed based on the vibrations. The
sound power of mode m could be analytically calculated for
a simple geometry using the following formula [14]:
Wm =

X
1
2
ρcS
σ m vm
2

(16)

with ρ the air density, c the speed of sound in the air,
S the outer area of the stator, σm the radiation factor of the
stator for mode m and vm the radial velocity.
Nonetheless, simple analytical formulas cannot be found
to compute the radiation factor of parts with complex geometries such as the brackets of the alternator (see Figure
1). Hence, for claw-pole alternators, the sound power level
is computed numerically with FEM.

IV. S IMULATION RESULTS AND ANALYSIS
A three-phase alternator with six pole pairs and a 36-slots
stator similar to the one used in [15] is studied in this section.
The four stator configurations shown in Figure 4 (nominal,
oval, retracted teeth and nominal with retracted teeth) are
simulated. The simulations are carried out at 4000 rpm with
an excitation current of 4 A and the alternator is connected
to a rectifier bridge and a battery (i.e. load condition).
The maximum values of the imperfections measured by Liu
[16] for similar alternators are used in the simulations. The
deformations reach 40% and 15% of the airgap width for the
retracted teeth and oval stator respectively.
The stator deformations have an influence on the stator
permeance as shown by Equation 14. As a consequence, the
magnetic flux density is modified as well as the subsequent
magnetic forces and acoustic noise. In the following sections,
the influence of the deformations on the average torque, the
output current, the magnetic forces and the sound power level
(SPL) are analyzed.

not account for the spatial distribution of these magnetic
forces, which has an important influence on the acoustic
noise. However, they give a first insight into the evolution
of excitation forces with the stator deformations.
Figure 10 shows the spectrum of the sum of the radial
forces applied on the stator and the spectrum of the electromagnetic torque for the four simulated configurations. The
temporal order 0 (i.e. null frequency) is hidden as it does not
contribute to the noise generation.
The results show that the retracted teeth lead to a significant increase in amplitude of the orders multiple of 12
except for orders 36 and 72. The oval stator has relatively
low influence on the magnetic forces. The results of the stator
with both deformations, oval and retracted teeth, also show
an increase in amplitudes of orders multiple of 12 but to a
smaller extent compared with the retracted teeth alone. The
ovalization seems to mitigate the effect of the retracted teeth
on the sum of the radial forces and the torque.

A. Average torque and output current
Stator deformations change the average airgap width and
influence “global” characteristics such as the average torque
and output current. On the one hand, the oval shape increases
and decreases the airgap width depending on the considered
angular position. However, the average airgap width is the
same as the nominal stator and only small changes of the
average torque and output current are expected. On the other
hand, the retracted teeth always increase the airgap width.
Thus, the average airgap width is larger than for the nominal
case and the average torque and the output current are expected to be lower. These results are confirmed by simulations
as shown in Table I. In the end, stator deformations slightly
decrease the global performances of the alternator.
Table I: Relative difference in average torque and output
current compared with the nominal stator (for the nominal
stator, torque is -4.5 Nm and output current is 112 A)
Configuration
Retracted teeth
Oval
Oval + retracted teeth

Average torque
-2.2%
-0.3%
-0.8%

Output current
-1.6%
-0.3%
-0.7%

B. Magnetic forces
In order to investigate the influence of the deformations
on the magnetic forces, the sum of the forces on the stator
is considered. Since tangential forces have a significant
influence on the acoustic noise of claw-pole alternators as
shown in [11], the forces are separated into their radial and
tangential components. Instead, of summing the tangential
forces on the stator, the rotor torque is considered as it is the
image of the sum of the tangential magnetic forces applied
on the stator. The sum of radial and tangential forces do

Figure 10: Spectra of the sum of radial forces acting on the
stator and torque for different stators at 4000 rpm
As shown previously in [17], [18] and [19], the fundamental order of the cogging torque and the radial forces on the
stator is N c , the least common multiple (lcm) of the number
of poles 2p and the number of stator teeth Z s :
N c = lcm(2p, Z s )

(17)

In the same manner, we can introduce N w , the fundamental order of the forces, radial and tangential, due to the
retracted teeth, defined as the least common multiple (lcm) of
the number of poles 2p and the number of welds or retracted
teeth Z w :
N w = lcm(2p, Z w )

(18)

In this case, 2p = 12 and Z w = 6 therefore N w = 12
and the influenced orders are multiples of 12 as shown in
Figure 10.
C. Sound power level
Figure 11 shows the sound power level (SPL) for all
simulated configurations as well as the measurement. The
influences of the stator deformations on the SPL are basically
the same as for the magnetic forces: the influence of the
ovalization is relatively small whereas the influence of the
retracted teeth is significant on orders multiple of N w = 12.
With the retracted teeth, the average increase in SPL for
orders multiple of 12 reach about 16 dBA compared to the
nominal case.
The strong influence of the retracted teeth on the 54th
order remains unexplained by the radial forces and torque
spectra. However, the difference in dB between the SPL of the
nominal case and the retracted teeth case depicts the relative
difference between these two levels. As a consequence, the
difference may be large on a dB scale even if both values are
small.
The simulated SPL with the retracted teeth and the oval
shape is closer to the measurement than the simulated SPL
with the nominal stator: the average difference between
measurement and simulation for all the orders is 8 dB with
the final simulation (e.g. retracted teeth and oval shape)
whereas the average difference with the nominal simulation
is 16.6 dB.
The remaining discrepancies between the measurement
and the simulation may be explained by other imperfections
which were not taken into account. For instance, the 6th order
is not influenced by any of the simulated imperfections and
is largely underestimated.
For claw-pole alternators, the SPL of the main order,
in this case the 36th order, is generally much higher than
the SPL of the other orders [13]. Consequently, the stator
deformations do not influence the overall sound power level.
However, if one of the influenced orders, for example the
12th or 24th order, crosses a natural frequency meanwhile
the level of 36th order is low, the overall SPL would be
influenced.
V. C ONCLUSION
This paper has investigated the influence of stator deformations on the acoustic noise of claw-pole alternators.
First, the origins of the stator deformations have been linked
to the manufacturing process. Two deformations have been
studied: an oval stator shape due to the assembly of the stator

Figure 11: Sound power level spectrum of a claw-pole
alternator at 4000 rpm: simulations with different stators and
measurement

in two brackets and retracted teeth at six locations due to
the six welds on the stator outer diameter. The equations of
the modified stator permeance were then derived to show
how they affect the magnetic flux density and the magnetic
forces. Simulation results show that the oval stator has little
influence on the sound power level of the alternator. However,
the retracted teeth have a significant influence on orders
multiple of N w , the least common multiple of the number
of poles and the number of retracted teeth or welds. This
influence is observed on the magnetic forces as well as on the
sound power level which is increased by 16 dBA on average.
Furthermore, the simulations with the stator imperfections are
much closer to the measurements compared to the simulations
with the nominal stator.
In the studied case, the influence of the stator deformations on the overall sound power level (SPL) was weak.
However, if the level of the influenced orders exceeds the
main acoustic order, the overall SPL will also be affected.
This could be the case for other electrical machines.
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d’Arts et Métiers, 2015.
Z. Zhu and D. Howe, “Influence of design parameters on cogging
torque in permanent magnet machines,” Energy Conversion, IEEE
Transactions on, vol. 15, no. 4, pp. 407–412, Dec 2000.
L. Zhu, S. Z. Jiang, Z. Q. Zhu, and C. C. Chan, “Analytical methods
for minimizing cogging torque in permanent-magnet machines,” Magnetics, IEEE Transactions on, vol. 45, no. 4, pp. 2023–2031, April
2009.
D. Hanselman, “Effect of skew, pole count and slot count on brushless
motor radial force, cogging torque and back EMF,” Electric Power
Applications, IEE Proceedings -, vol. 144, no. 5, pp. 325–330, Sep

