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ABSTRACT

Electrical machines used as servo-drive are more effi-
cient and offer a better dynamic behavior when com-
pared to hydraulic or pneumatic drives. However, they
present parasitic effects, such as cogging torque or a-
coustic noise, which disturb their function and there-
fore need to be minimized. The manufacturing process
and the fabrication tolerances of the motor components
have a strong influence on the mentioned parasitic ef-
fects. Therefore, such influences on the electrical ma-
chine must be considered to estimate and minimize the
unwanted effects. This paper presents an overview on
the estimation and minimization of the cogging torque
of a permanent-magnet synchronous machine (PMSM)
and the acoustic noise of an induction motor (IM) used
as servo-drive.

Index Terms— Electrical machines, cogging torque,
noise, tolerances

1. INTRODUCTION

The use of electrical drives on industry and automo-
tion is on constant expansion due to their advantages
on efficiency and dynamic compared to other drive al-
ternatives.

The working principle of electrical drives produces
some undesirable parasitic effects, such as torque rip-
ple, electromagnetic noise and magnetic losses. There-
fore, the optimization of electrical drives implies nec-
essarily the minimization of the parasitic effects. This
minimization is usually done ignoring the influence of
non-ideal manufacturing.

It has been shown that the variations from the ideal
machine due to geometric and material tolerances have
a strong effect on the parasitic effects and specially
on the cogging torque and the electromagnetic noise
[1][2]. The neglection of this fact on the minimization
of the parasitic effects results on an optimum, which is
not robust against manufacturing faults.

This paper presents an overview on the problematic
of cogging torque and acoustic noise considering non-
ideal manufacturing conditions. First, the estimation
methods for both parasitic effects are presented. The

most critical manufacturing faults are then discussed
and an example of practical minimization of each para-
sitic effect is presented.

2. COGGING TORQUE

On PMSMs, cogging torque is already caused under
no-load condition by the interaction between the rotor
magnets and the stator slots. This results in unwanted
effects such as vibrations and deformations. Especially
in application as a servo-drive, this is a very critical
issue. Hence, a minimization of cogging torque is re-
quired.

2.1. Origins and estimation

Due to the stator slotting of the estimated machine, the
air gap width and therefore the magnetic permeance
at the air gap alternates periodically. Because of the
thereby evoked oscillating magnetic energy and the ro-
tor’s inclination to positions with maximum stored en-
ergy, a pulsating torque is generated.

In this study, the computation of the cogging torque
is performed by the Finite Element Method (FEM). The
studied machine is simulated under no-load condition
and the torque 7" is computed with Maxwell Stress Ten-
sor along a cylindrical surface around the rotor:

T:l—z r-B, B;-dl. (1)
Ho Jr

At this, I' is a closed contour around the rotor at radius
r, l, is the length of the machine and B, and B, are the
radial and tangential component of the magnetic flux
density.

2.2. Influence of non-ideal manufacturing

Two tolerances of non-ideal manufacturing are consid-
ered within this study, which influence on cogging torque
is known as critical. These are variance of the mag-
net’s remanence flux-density and static eccentricity of
the rotor.



2.2.1. Variance of remanence flux-density

The occurrence of magnetization faults results in an
asymmetrical distribution of the air gap flux-density
which implicates additional content of cogging torque
[1]. Within this study, a variance at the magnet’s re-
manence flux density Br by £5% is considered. For
the estimated machine with its eight permanent mag-
nets at the rotor, 18 independent configurations can be
evaluated as relevant [3].

Figure 1 shows the cogging torque, related to its
reference value, for the 18 configurations where a vari-
ance at Br by -5% is considered. One octagon rep-
resents the eight magnets of the machine and a circle
marks a magnet which remanence flux-density varies.
It shows that every configuration results in a higher
cogging torque than the reference without magnetiza-
tion faults. But there is a difference in the influence on
cogging torque for the particular configurations.
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Fig. 1. Cogging torque distribution for the 18 configu-
rations.

2.2.2. Static eccentricity

In case of a static eccentricity, the rotor center is dis-
placed into a fixed eccentric position. This results in
higher contents of cogging torque due to the asymmet-
rical behavior of the flux-density at the air gap. Fig-
ure 2 shows the cogging torque distribution for the 18
configurations with static eccentricity compared to the
distribution from figure 1. The distributions show simi-
larities, whereas the one with eccentricity shows higher
cogging torque values.

2.3. Minimization

To achieve the cogging torque minimization the ma-
chine’s geometry is optimized. The influence of vari-
ous design parameters is estimated by using Design of
Experiments [4] in combination with FE simulations.
By conducting a series of factorial design, the width
of the magnet by, and the width of the slot opening bg
appear to be significant parameters concerning the cog-
ging torque for the estimated machine.
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Fig. 2. Cogging torque distribution for the 18 configu-
rations with static eccentricity.

The optimization is performed with respect to the
above manufacturing tolerances, aiming at a minimized
cogging torque characteristic, which is robust against
such tolerances. As a first step, the 18 relevant config-
urations are minimized separately. For each of them, a
22_factorial design is applied with by; and bg as factors
which are varied in two levels. Table 1 shows the ma-
trix of this design with the peak-to-peak cogging torque
AT as output value of each of the four experiments.
From the results the coefficients of a polynomial can
be determined:

9 = co + 171 + CaTg + C12T1T2. )

This polynomial is analyzed with the method of gradi-
ent descent to determine a minimum for the two design
parameters.

Table 1. 22-factorial design.

| Experiments H Independent variables H Output ‘
bav | bs 0 1 2 12
1 - - + - - + ATy
2| + - + | + - - AT,
3 - + + - + - ATs
4 + + + + | + + AT,
l Coefficients H co ‘ c1 ‘ C2 \ C12 H ‘

Finally, an overall design optimum for the machine,
which includes every configuration and therefore the
non-ideal manufacturing, can be determined by a sta-
tistical evaluation. Thereby, the worst case where half
of the permanent magnets are defective is considered
and the probability of occurrence for the particular con-
figurations is determined. At last, a weighted average
value for by; and bg can be calculated, representing the
design optimum.

To verify the results of the minimization, a stochas-
tic numerical analysis is performed. At this, the re-
manence flux-density is considered to be normally dis-



tributed [5]. Figure 3 shows the density function
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of the normal distribution. In this study, the remanence
flux-density is regarded as variable x with the expected

value p and a tolerance width Az of 5% which is equal

to the triple standard deviation o = %

flx) = )?) 3)

Ax=30 Ax=3c

f(x)

u-30 n w+3c

Fig. 3. Density function of the normal distribution.

By use of the Box-Muller method [6] normally dis-
tributed random values z; are generated and transformed
into variables z; = p + z; - o of the normal distribu-
tion. Finally, for each magnet a random value of its
remanence flux-density is generated in such a way that
a series of 80 random configurations is created. The
cogging torque is simulated for each of these configura-
tions, with original geometry of the machine as well as
with optimized geometry. The results are divided into
twelve intervals, where interval I represents the low-
est cogging torque values and interval XII the highest
values. Figure 4 illustrates the resulting frequency dis-
tribution for both geometries. It shows the reduction
of cogging torque which is achieved by applying the
optimized geometry.

3. ACOUSTIC NOISE

Noise from electrical machines is gaining impact due
to the rising demands on job-safety and user comfort.
Acoustic noise from servo-drives has electromagnetic
as well as aerodynamic and mechanical origins. How-
ever, electromagnetic noise is generated as single tones
on frequencies, where the human ear is specially sensi-
tive and, therefore, it is main responsible for noise on
electrical machines.

3.1. Origins

Noise perception results from the combination of three
elements: a vibrating body, a medium, which trans-
ports the vibration and a hearer sensing a noise due
to the vibration. On electrical machines, the air-gap
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Fig. 4. Frequency distribution.

flux density originates radial forces on the stator teeth.
This forces produce a vibration on the stator i.e. on
its yoke and this vibration is transmitted as airborne or
structure-borne noise till the hearer.

The radial surface force acting on the stator teeth
o can be calculated with the simplified Maxwell Stress
Tensor by:
B (?,T (LE, t)

or(x,t) = o

. 4)

where Bs ;- is the radial flux density in the air-gap.
Given two flux density waves B, (x, t) and By(z,t),

Ba(z,t) = Bacos((Vax — wy, )t — ¢q) (5)

By(x,t) = Bycos((vpx — wy, )t — o) (6)
the radial force generated by them is

2
gap(z,t) = ﬁ(%(l + cos(2vax — 2wy, t — 2¢))

+BTE(1 + cos(2vpxr — 2wy, t — 2¢y))
+B2 - Bcos((Va £ )T — (wy, & wiy )t — (Pa £ ¢1)).

The mode-number r of a surface-force wave repre-
sents the number of spatial maxima of it and can be cal-
culated from the pole pair numbers of the flux-density
waves, which interact to originate the surface-force:

Tab = Vg £ Up. (8)

Fig. 5 shows surface-force waves with mode-numbers
smaller than six.



Fig. 5. Mode-number r of a radial surface-force wave.

Similarly, the angular speed of the surface force can
be calculated as follows:

Wap = Wy, T wy,. )

The deformation of the stator yoke decreases pro-
portionally with the mode-order of the force excitation.
Mode-orders smaller than six are critical. Equations
(8) and (9) can therefore be used to identify the crit-
ical frequency-orders of the acoustic noise and trace
back their origin in terms of air-gap flux-density com-
ponents.

3.2. Estimation methods

Noise in electrical machines is a complex problem due
to its multiphysical nature (Electromagnetism, Mechan-
ics and Acoustics). Both, analytical and numerical meth-
ods are proposed in the literature [7].

Analytical methods allow systematically studying
the entire chain of effects leading to the generation of
noise, from the stator currents to the deformation. There-
fore, they are very useful for the identification of cause-
and-effect relationships but not for their quantification
due to its limitations on the description of the steel non-
linearity and the resonance frequencies of the structure.

On the other hand, numerical methods i.e. cou-
pled electromagnetic-mechanical FEM simulations are
much more accurate, although also computationally mo-
re expensive and unable to prove a causal link between
a specific flux-density component and noise.

Therefore, the most efficient approach consists of
a combination of analytical and numerical methods is
presented in this paper. The analytical model is used to
identify cause-and-effects relationships. A coupled FE
simulation allows afterward the quantification of this
relationships.

3.2.1. Analytical model

The identification of the critical frequency-orders and
mode-orders and its origins is done using order tables
[8]. They allow a simple and effective representation of

the combination of stator harmonics, which are repre-
sented on the columns of the table, and rotor harmon-
ics, which can be found on the rows of the table, and
how this combination leads to forces with the corre-
sponding mode and frequency-order.

Table 2 shows the order table for an induction ma-
chine (IM) with p = 2 pole pairs and Ny = 26 rotor
slots. It can be read that the stator harmonic with pole-
pair number v; = 26 and the rotor harmonic with pole-
pair number vo = —24 results on a radial force wave
with the critical mode-number » = 2 and a frequency

[=21-fm.

Table 2. Order table for an IM with p = 2 and N, =
26. Only r < |8] are indicated.

Stator harmonics
vy |2 -10 14 22 26 57:1
V2

8 2 + | 4 -8 5.0
5 - 10 0.0
E 24 o+ 2 | 210
= - 2 26.0
g 28 + 6 31.0
& - -2 | -26.0

3.2.2. Numerical model

For the numerical study of the structural-dynamic be-
havior of the machine, a 2D transient electromagnetic
simulation is first performed. The electromagnetic sur-
face-force densities are extracted from the solution with
the Maxwell Stress Tensor and transformed into the fre-
quency domain. They are then used as excitation for
the structural-dynamic simulation. The resulting defor-
mation can be used as input for an acoustic simulation
or it can be integrated to calculate the body-sound in-
dex. The body-sound index for a specific frequency
L(f) is an integral value related to the deformation of
a body, in this case the stator. It is defined as the sum
of the square of the normal component of the velocity
of deformation |7 - 7i| for all the finite elements p in the
surface S of the body [9],[10]:

> ls, 100 np|2dS
So - b,

L(f) = 10log( ) (10)

So = 1m? and h%]O = 250 - 10~ "m? are reference
values.

Fig 6 shows an overview of the numerical simula-
tion procedure.

If the axial behavior of the structure is to be ana-
lyzed, for example in the case that the machine is only
fixed at one axial end of the machine, a three dimen-
sional structure-dynamic simulation, which is compu-
tationally very expensive, is necessary. For differential
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Fig. 6. Overview of the numerical simulation proce-
dure.
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Fig. 7. Surface force-density with mode-number r = 2
for an IM with p = 2 and N, = 26.

analysis between two geometry variants, the compari-
son of the electromagnetic force excitation is enough.
This reduces drastically the computational effort be-
cause the force can be extracted directly from the elec-
tromagnetic simulation.

Fig 7 shows the surface-force density with mode-
number » = 2 (ovalization mode) for the also ana-
Iytically studied IM on the frequency domain. Thanks
to the numerical analysis, it is possible to quantify the
force density with mode-number r = 2 and frequency
f =21- f,,, whose origin has been already identified
with Table 2.

The deformations on the machine due to this exci-
tation forces may be calculated in two different ways.
The first possibility is a modal analysis of the structure.
The transfer function of the structure extracted from the
modal analysis can be then used for a wide-band com-
putation of the deformation. An alternative approach is
an harmonic mechanical simulation of the relevant fre-
quency using the forces from the electromagnetic sim-
ulation as excitation. Because electric drives produce
only forces with single frequencies, which are easily
identifiable by order-tables (see Table 2) this method is
preferred.
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Fig. 8. Body-sound index of the stator of an IM with
p = 2and Ny = 26.

Fig 8 shows the body-sound index L computed by
(10) for the studied IM. The deformation with the fre-
quency-order 21 is due to the ovalization form of the
exciting force critical, confirming the analytical results.

3.3. Influence of a non-ideal manufacturing condi-
tions

The manufacturing process of an electrical drive pro-
duces due to geometrical tolerances or material inho-
mogeneities variations from the ideal conditions. These
deviations such as eccentricity, cutting notches, mag-
netic anisotropy, current harmonics or permanent-mag-
net tolerances have a negative influence on the acous-
tic behavior of the machine because they generate new
force excitations. Due to its capital importance [11],
[12] , the effect of the eccentricity on the acoustic be-
havior is discussed as example.

3.3.1. Eccentricity

Eccentricity occurs if the stator and the rotor of the ma-
chine does not have the same center and it results on
a non-uniform air-gap. Due to the geometrical toler-
ances, all electrical machines are up to some extend
eccentric.

The non-uniformity of the air-gap caused by the ec-
centricity can be described as an air-gap magnetic per-
meance wave with the pole-pair number v, = 1. From
its combination with stator and rotor harmonics, new
surface-force waves result. The mode-order number of
this new waves r. can be calculated from the mode-
order number of the surface-force waves of the machine
without eccentricity 7original as

Te = Toriginal Tr. = Toriginal +1 (11)

Therefore, the surface-force waves of the centric
machine with the uncritical mode-order r = 0 results
under eccentricity conditions on surface-force waves
with mode-order » = 1 i.e. on oscillating global forces.
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Fig. 9. Body-sound index of the stator of a PMSM with
and without static eccentricity.

The machine reacts strongly to this kind of forces and,
therefore, large deformations occur.

This critical effect of the eccentricity on the acous-
tic behavior of the machine can be observed in Fig. 9.
It shows the body-sound index of the stator of a PMSM
with and without static eccentricity. An increase of up
to 20 dB occurs due to this manufacturing fault.

3.4. Example of noise reduction

As seen previously, the evaluation of the electromag-
netic, structural and acoustic behavior of an electrical
drive is computationally expensive. Direct optimiza-
tion algorithms are therefore not applicable. An alter-
native approach is the methodology of Design of Ex-
periments and Response Surface as it has been used on
section 2.

3.4.1. Objectives

The already presented IM is optimized using this method.
The outer dimensions of the machine (stator outer ra-
dius, shaft radius, etc.) and the main configuration of
the machine (number of pole pairs, number of stator
and rotor slots, etc.) are given. Hence they are not con-
sidered as optimization parameters.

The objective of the optimization is the minimiza-
tion of the vibration given by the electrical machine to
the mechanical load. The induction machine transmits
vibration in two different ways. First, the torque ripple
is delivered through the shaft into the mechanical load.
On the other hand, the electromagnetic forces acting
on the stator of the machine produce a vibration, which
is transmitted via the housing to the mechanical load.
Moreover, the delivery of the rated torque must be en-
sured.

3.4.2. Model evaluation

The delivered torque (7') and torque ripple (AT') can
be evaluated easily through a 2D finite element elec-
tromagnetic simulation. The evaluation of the vibra-

tion transmitted via the stator and the housing require a
coupled simulation. Neglecting the axial deformation
with a 2D structure dynamical simulation, a fast evalu-
ation, one minute per frequency, of the deformation of
the machine is possible [13]. To reduce the computa-
tional effort further, only frequencies with a significant
force excitation are considered. This results in eleven
structure dynamical simulations for each model evalu-
ation.

For the employment in the optimization, the structure-
dynamic behavior for the different frequencies is sum-
marized as the logarithmic sum of the body-sound in-
dex for all significant frequencies (L).

The evaluation of these three objectives (minimiza-
tion of L and AT and maintenance of T) with the cou-
pling of the transient electromagnetic 2D simulation
and the harmonic structure-dynamic 2D simulation takes
about 3 hours.

3.4.3. Optimization parameters

The choice of the parameters or factors of the opti-
mization is one of the critical points of the process.
As a preliminary step of the optimization a sensibil-
ity analysis was performed for a set of eight parame-
ters. This analysis was conducted using simple ana-
lytical and electromagnetic numerical models and took
about the same amount of time as the optimization it-
self. Only three of the studied parameters have shown
a significant influence on the response variables. The
first one is the air-gap length (A). The other two are
related with the mechanical connection between sta-
tor and housing. This connection is ensured through
six clamping bolts. Both stator and housing have six
notches to keep these clamping bolts. Both the depth of
this mounting notches in the outer contour of the stator
(D) and its position (P) are taken as optimization pa-
rameters.

3.4.4. Optimization procedure and results

A full factorial design-of-experiment is used to sam-
ple the parameter space. The response surface for the
three response variable is build using first (for D and
P) and second order polynomial (for A). The optimiza-
tion is then performed on these response surfaces tak-
ing into account the mechanical constraints and using
the method of gradient descent.

Table 3 shows the values of the geometry parame-
ters before and after the optimization. The results of the
optimization are shown in Fig. 10. The torque ripple
and the logarithmic sum of the body-sound index have
been reduced respectively in 30% and 4.6 dB, which
implies a diminution of about 50% in the deformation
of the stator. The delivered torque after the optimiza-
tion is 6% higher as the rated one. This is due to the
linear approximation of the torque behavior and can be
easily counteracted with a smaller current in the motor.



Table 3. Value of the parameter before and after the
optimization.

Parameter Reference Optimum
A 0.2 mm 0.25 mm
D 3.5 mm 2.1 mm
P notch over a slot  notch over a tooth

1.4

Before the Optimization
1.2 After the Optimization ¢

0.8
0.6
0.4
0.2

Variation of the response variable

T AT L
Response variable

Fig. 10. Response variable before and after the opti-
mization.

4. CONCLUSIONS

This paper shows an overview of the estimation and
minimization methods of two parasitic effects from elec-
trical drives: cogging torque and acoustic noise.

The influence of non-ideal manufacturing on the
optimization has been illustrated with the minimization
of the cogging torque of a PMSM, considering eccen-
tricity and tolerances of the remanence of permanent
magnet. The use of numerical simulations combined
with statistical Design of Experiments results in a ro-
bust design of the machine, which is validated by stochas-
tic FEM.

The same procedure is also successful on the min-
imization of the acoustic noise produced by an IM in
spite of the multiphysical nature of the problem.
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