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Manufacturing Tolerances: Estimation and Prediction of Cogging Torque
Influenced by Magnetization Faults

I. Coenen, M. van der Giet, and K. Hameyer

Institute of Electrical Machines, RWTH Aachen University, Aachen 52056, Germany

Permanent-magnet excited synchronous motor servo drives are increasingly employed in industrial applications. During mass pro-
duction, deviations from the ideal machine occur. Thereby, parasitic effects such as cogging torque and torque ripple are influenced in
particular. For permanent-magnet excited machines, the magnet’s quality is important. There are many possible failure configurations
requiring the study of their influence on the machine’s behavior. In this paper, an approach for the estimation of cogging torque consid-
ering magnetization faults is presented. This approach is applied to determine crucial configurations of permanent-magnet faults. The
intent is to evaluate the influence of the faulty magnetic materials with its asymmetries on the later produced machine. In the process,
analytical and numerical methods are combined whereby finally a small computational effort with accurate results is achieved.

Index Terms—Cogging torque, electrical machine, estimation of manufacturing fault tolerance, magnetization fault, perma-

nent-magnet motor, servo-drive.

1. INTRODUCTION

LECTRICAL machines offer a lot of advantages in terms
E of efficiency and dynamic performance. Therefore, their
application as servo drives is increasing and they are manu-
factured in significant quantity. However, electrical machines
present parasitic effects such as torque ripple, losses or acoustic
noise which need to be evaluated. Material dependant failures,
geometrical or shape deviations may occur during the manufac-
turing process leading to a non-ideal machine. These deviations
have a strong influence on the afore mentioned parasitic effects.
A relevant parasitic effect occurring in case of permanent-
magnet excited machines is cogging torque. It is strongly in-
fluenced by manufacturing tolerances [1]. In particular, toler-
ances in the magnetic material present a significant impact. To
prove every permanent magnet before inserting it into the ma-
chine would involve a large effort and is usually not performed
during mass production. For a certain machine, it is helpful to
find out the worst cases to know the most crucial influences that
could appear. It is later on possible to take measures to avoid
these worst cases. For instance, a robust design approach can be
applied [2]. Thereby, the distribution of the magnetic flux in the
rotor is altered by applying changes to the machine’s design to
achieve a minimization of cogging torque. This is done with re-
spect to manufacturing variations to obtain a robust design.
Performing the study of possible failure configurations by nu-
merical methods such as finite element analysis (FEA) would
imply a high computational effort. Hence, a method predicting
the cogging torque is required which involves less effort and
delivers accurate results. The majority of the multiple existing
analytical approaches [3], [4] are applied to electrical machines
with surface mounted permanent magnets (SPM). But most of
them are either complex or require simplifications. Furthermore,
the existing approaches are not extended to consider magnetiza-
tion faults. In this study, machines with interior mounted perma-
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Fig. 1. Rotor constructions: (a) Spoke configuration. (b) Buried magnets.

nent magnets (IPM) are investigated. The prediction of cogging
torque for this type of machine is more difficult compared to
SPM due to the saturation appearing in the iron parts linking
magnets and air gap. In [5] an analytical approach is given. But
it is performed applying simplifications. For instance, the flux
distribution in the slots’ region is simplified. In addition, an ex-
tension of the method would be required for consideration of
asymmetries in the magnetic material.

In the following, an approach is presented combining minor
computational effort and accurate results with due regard to
magnetization tolerances.

II. STUDIED MACHINES

In this work, there are two permanent-magnet excited syn-
chronous machines investigated. They both present interior per-
manent magnets. IPM1 contains six stator slots and four pole
pairs with a spoke configuration of the magnets. IPM2 also
presents four pole pairs, but 18 stator slots and buried magnets.
The data of IPM1 and IPM2 is collected in Table I. The two dif-
ferent rotor constructions are shown in Fig. 1.

III. COGGING TORQUE

For permanent-magnet excited synchronous machines cog-
ging torque is an undesired effect which occurs due to the in-
teraction between the stator slots and the rotor magnets. Here,
the air gap length varies periodically because of the stator slot-
ting which leads to an alternating permeance at the air gap. The
thereby evoked periodically oscillation of the magnetic energy
leads to a pulsating torque, even at no-load operation. Cogging
torque is undesired because rotational oscillations of the drive
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TABLE 1
STUDIED MACHINES

IPM1 IPM2
Number of pole pairs p 4 4
Number of stator slots N 6 18

Rotor construction Spoke configuration Buried magnets
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Fig. 2. Time function of cogging torque for one rotor revolution and cogging
torque spectrum for (a) [PMland (b) IPM2.

train are excited. To reduce this effect, there are various ap-
proaches for cogging torque minimization [6], [7].

Fig. 2 shows the cogging torque time function of the two an-
alyzed machines for one rotor revolution. This is calculated ap-
plying a time-stepping FEA for no-load operation. The inter-
esting value is the peak-to-peak cogging torque A7'. The cor-
responding discrete Fourier transform (DFT) yields the spec-
trum as also presented in Fig. 2. The main harmonic order n of
the cogging torque is obtained from the least common multiple
(LCM) of pole and slot number [8]:

n = LCM(2p, N) (1

which is 24 for IPM1 and 72 for IPM2.

For IPM?2 the spectrum also shows lower frequency orders
than the main order 72. Those appear due to the stator geometry,
e.g., notches on the circumference of the stator.

IV. MAGNETIZATION FAULTS

For permanent-magnet excited machines the quality of the
permanent-magnet material is an important aspect. Possible de-
viations concerned here are the magnitude of the remanence
flux-density Bgr and the angle 3 of the direction of magneti-
zation. These two tolerances are illustrated in Fig. 3.

Concerning cogging torque, it has been shown that a variation
from the remanence flux-density B preponderates compared
to variations in the magnetization direction [9]. This fault will
be investigated in the following.
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Fig. 3. Magnetization tolerances: (a) magnitude of B, (b) magnetization di-
rection 3.
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Fig. 4. Magnetization fault: Time function of cogging torque for one rotor rev-
olution and cogging torque spectrum for (a) IPM1 and (b) IPM2.

During the manufacturing process, the permanent magnets
are usually inserted into the rotor construction without proving
their quality. It is not known, if there are magnets which are
affected by deviations. The only available information is the
possible deviation specified in the magnet’s data sheet. The fol-
lowing study is based on realistic tolerance ranges.

A. Influence on Cogging Torque

Cogging torque is especially sensitive about magnetization
faults [1], as their occurrence lead to an asymmetrical distribu-
tion of the air gap flux-density and in consequence to additional
content of the cogging torque spectrum.

Fig. 4 shows the course of cogging torque and its spectrum
for IPM1 and IPM2 resulting from faulty permanent magnets.
Here, in each case one magnet presents a decrease by 10% of
magnitude of remanence flux-density compared to its reference
value.

The results from Fig. 4 differ from the results of the faultless
case shown in Fig. 2. The course of cogging torque shows an in-
crease of peak-to-peak cogging torque of about the triple value.
New harmonic orders appear in the spectrum, which are a mul-
tiple of the slot number N. Thereby, the amplitude of these new
orders depends on which and how many magnets are affected
and on the intensity of the defect.

To know the most crucial influences that could appear, the
worst cases are to be defined. For a machine with p pole pairs,
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Fig. 5. (a) Mirror-symmetric configurations and (b) rotationally-symmetric
configurations.
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Fig. 6. Time function of load torque for one rotor revolution and load torque
spectrum (without steady component) for (a) IPM1 and (b) IPM2.

the number of possible configurations is 227. These can be re-
duced by symmetry conditions to a certain number of relevant
configurations to be studied. Design-of-Experiments [10] is ap-
plied and rotationally- and mirror-symmetric configurations are
exploited to reach a minimum of configurations to study.

The analyzed machines both present four pole pairs and there-
fore 28 = 256 possible configurations which can be reduced to
18 relevant ones. Thereby, all configurations which are mirror-
or rotationally-symmetric towards each other are excluded as
they present the same course and amount of cogging torque con-
sidering one rotor revolution. Examples of symmetric configu-
rations are shown in Fig. 5. One octagon represents the eight
magnets of the machine and a defective one is tagged with a
circle.

With higher pole pair numbers p, the number of possible con-
figurations increases and so does the effort for cogging torque
computation.

B. Influence on Load Torque

The indicated effects of magnetization faults also appear
under load operation. For IPM1 and IPM2, the load torque is
calculated with FEA and the resulting time function and DFT
spectrum are plotted in Fig. 6. This is done for the faultless
case as well as for the faulty case with one defective permanent
magnet. It shows that the torque ripple under load operation is
also influenced by magnetization faults. Furthermore, the new
harmonic orders which are a multiple of N also appear in the
load torque spectrum.
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V. ESTIMATION TECHNIQUE

The specific problem of this work is to find crucial configu-
rations of magnetization faults. The larger the number of poles,
the larger is the number of configurations to investigate. There-
fore, a fast method for the prediction of cogging torque is re-
quired. Here, an approach combining analytical and numerical
methods is applied. For the numerical study, the number of re-
quired time-stepping FEA simulations is reduced to two. In the
following this approach is named IEM (Institute of Electrical
Machines) approach.

The basis for the cogging torque calculation is the Maxwell
Stress Tensor (MST) [11]:

2w
10) = 2R [ Bi(1,0) Bily,0) da @
Ho 0

Here, R is the air gap radius, [z the length of the machine, «
the relative position at the air gap and + the relative mechanical
angular displacement between stator and rotor. B,.(y, ) and
By (v, «) are the radial and tangential flux-densities at the air
gap of the machine.

The MST is employed when the torque is calculated with
FEA and for this approach it also builds the basis for the an-
alytical computation.

In case of magnetization faults, the radial and tangential flux-
density functions B,.(v, «) and By(y, «) will differ from the
faultless case with Bo(7, @) and Byo(y, ). They can be de-
scribed by

2p

B,(7,a) = Byo(v,0) + Y bi-AByi(y, ), (©)
12=pl

By(y,@) = Bio(v,0) + Y _bi-ABu(v,e).  (4)
=1

Thereby, A B is defined to be the difference between the faulty
function By(y,«) and the faultless function By(y,«). The
vector b indicates which magnet is defective.

Fig. 7 shows AB,.(v, &) and AB;(+y, @) in case of one defec-
tive magnet at « = 210° compared to the faultless B;.o(7y, «)
respectively Byo(+y, @) for one rotor position . The defective
magnet has a remanence flux-density Bgr reduced by 10%.
Comparing B,(v,«) of the two different machines, IPMI
shows a sinusoidal behavior. The reason behind is the geometry
of stator and rotor of this machine which are shaped in such
a way that a sinusoidal behavior of the air gap flux-density is
achieved. This is not the case for IPM2 as Fig. 7 shows.

For the presented approach, two underlying FEA calculations
are needed: the faultless case and the case where one magnet is
defective. In each case the air gap is being sampled to calculate
the discrete flux-density functions for every « and .

With B,.o(v,«) and Bio(7, @) from the faultless case and
AB.(v,a) and ABy(v, ) from the case where one magnet is
defective, B,.(y, @) and By(7y, ) can be evaluated for each pos-
sible configuration. Thereby, the vector b is important as it indi-
cates which magnet is defective and therefore at which position
the fault appears.
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Fig. 7. Radial and tangential flux-density component for one defective magnet
versus air gap angle « for (a) IPM1 and (b) IPM2.

Finally, with (2), (3), and (4) the cogging torque T(7) and
its spectrum T'(n) can now be evaluated for every possible
configuration.

A computer program realizes this algorithm, which reads in
the flux-density functions and calculates T'(+y) iterating over b.

A. Crucial Configurations

To find the worst case configurations of magnetization faults
concerning cogging torque, the latter is calculated for the 18
relevant configurations.

The results for a variation of ABr = —10% are shown in
Fig. 8. For verification of the IEM approach, the results are com-
pared to the corresponding FEA results and the study is per-
formed for both machines. In either case, the values of IEM
approach and FEA differ, but the qualitative distribution is the
same. On average, the results differ around 10% for IPM1 and
20% for IPM2. The achieved results for [PM1 are more accurate
due to the sinusoidal course of the machine’s air gap flux-den-
sity which can be established more precise. But for both ma-
chines the FEA and IEM approach results show the same quali-
tative distribution and present configuration 12 to have the most
crucial influence on cogging torque.

It can be stated that the applied approach is accurate enough
to find the worst configurations of magnetization errors. At this,
there is an enormous gain of time compared to FEA: half a
minute compared to four hours, in each case computing the cog-
ging torque over one revolution for one failure configuration.
Finally, this approach has a large potential of saving effort for
machines with large pole numbers.

B. Stochastic Analysis

In [12] the influence of varying qualities of the permanent
magnet on the cogging torque has been shown. The results have
been generated applying a stochastic analysis where the dif-
ferent qualities and tolerances are modeled by different prob-
ability distributions. The aim is to verify the allowed and there-
fore acceptable tolerance ranges respecting a particular quality.
This procedure requires a large number of test configurations to
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Fig. 8. Cogging torque distribution for relevant permanent-magnet configura-
tions (ABr = —10%) for (a) IPM1 and (b) IPM2.

evaluate and compare the outcome cogging torque distributions.
This presents a high computational effort when performing this
analysis with FEA calculations.

To allow a time-saving realization, the same approach as dis-
cussed above can be applied here. A scaling factor s is intro-
duced to study different percental variances of Bg.

AB =s- (Bf_—lo - Bo) . (5)

The factor s relates any variance to the variance of —10%. It
is determined by comparing the flux-density functions for dif-
ferent deviations A Bg. There are only the results of two FEA
simulations required to calculate the torque T'(7y).

As an example, the remanence flux-density Bp is assumed to
be normally distributed following the probability density func-

tion
1 (x—p ?
~3 < . ) : (6)

The variable x represents Br. The expected value p is defined
to be the reference value of Bg and a tolerance range Ax of
+10% is considered, which is equal to three times the standard
deviation o. For IPM2, there are 30 random failure configura-
tions created and their cogging torque is calculated with the pre-
sented approach. The resulting peak-to-peak values are divided
into five intervals I to V, whereby I is the interval with the lowest
and V the interval with the highest values of cogging torque.
Fig. 9 shows the resulting frequency distribution in comparison
to FEA results.

Table II presents the per unit cogging torque for the applied
intervals. Thereby, the cogging torque of each method is related
to the corresponding reference cogging torque of the faultless
machines. As determined in Fig. 8, the cogging torque calcu-
lated with the presented approach is about 20% higher compared

fx) =

= - ex
oV2r P
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TABLE II
COGGING TORQUE INTERVALS

IEM approach FEA
Interval ; -
p.-u. cogging torque p.u. cogging torque
I 2-3 1.6-2.6
11 3-4 2.6-3.6
I 4-5 3.6-4.6
v 5-6 4.6-56
\% 6-4 5.6-6.6

to FEA. Therefore, the corresponding initial value of interval I
is set to be 20% higher than the value for the FEA results.

The two resulting distributions are qualitatively similar to
each other. The results achieved by the presented approach show
higher variance of distribution. It can be concluded that the pre-
sented approach can be used to evaluate statistical coherences.
In addition, it can be stated that the chosen approach is very ef-
ficient when compared to FEA.

VI. CONCLUSION

In this study, an approach for the prediction of cogging torque
with regard to magnetization faults is presented. Analytical and
numerical methods are combined leading to a minor compu-
tational effort and qualitatively precise results. This approach
can quickly be employed to study permanent-magnet machines
by analyzing the worst case permanent-magnet configuration.
The method is successfully applied for machines with interior
mounted magnets. Furthermore, this method is extended in such
a way that a stochastic analysis can be performed. Here, a large
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number of required calculations can be realized. This allows
investigating different qualities of the permanent magnets. Fi-
nally, with the presented method it is possible to evaluate the
influence of the magnetic material and its tolerances on the later
produced machine. This information is valuable for the mass
production of the machine and its subsequent application as a
servo drive. Depending on the application, there are certain re-
quirements on cogging torque. Employing this investigation, it
is possible to prove if these can be achieved with respect to
the allowed tolerance ranges. If not, either a robust design of
the machine or an adjustment of the allowed tolerances is to be
considered.
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