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Abstract -- Eddy current losses generated in the rotor of the
permanent magnet machines may lead to an excessive magnet
heating. This can cause full demagnetization of the magnets so
it is very important to analyze the losses on them to adopt
solutions to reduce eddy current losses. The most common
technique is the magnet circumferential segmentation. The
segmentation of the magnetic poles usually is the same for each
magnet segment. In this paper a new concept named non-
uniform magnet segmentation is presented, where the length of
each segment of a pole is chosen to minimize the losses. This
method is tested in three different machines with particular
characteristics and the results confirm that fewer losses can be
achieved with this segmentation technique.

Index Terms—AC machines, Demagnetization, Eddy
currents, Finite element methods, Magnetic losses, Permanent
magnet machines, Permanent magnets, Rotating machines,
Temperature

L INTRODUCTION

ERMANENT magnet (PM) machines have been

increasingly used in a wide variety of applications such

as train traction, elevation, electric and hybrid vehicle or
power generation [1-3]. Until now, in such applications
where a high power is desired, induction machines (IM)
have been preferred due to their great robustness. But with
the latest trends in energy efficiency, a technological leap
towards permanent magnet synchronous motors (PMSM)
has been stimulated, due to their high power density and
efficiency. However, the use of magnets involves taking into
account the thermal behavior of the rotor, because a high
temperature in the magnet reduces its performance and
increases the risk of magnet demagnetization. There are two
main heating sources as far as the magnets are concerned.
The magnets are heated due to the hot components of the
machine (stator core, stator winding). In addition, the
magnets are exposed to a time varying magnetic field which
induces eddy current (EC) losses on them due to the
magnetic field of the stator currents. Even though these rotor
losses are not in general an efficiency problem, they can lead
to magnet overheating. A high temperature reduces the
magnet performance and increases the risk of magnet
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demagnetization. Therefore, it is important to understand the
causes of EC losses in the magnets.

The EC losses in surface mounted permanent magnet
synchronous machines (SPMSM) can be resistance limited
[4-10], or not-resistance limited [11], [12]. The resistance
limited ECs are characterized by low frequency components
which lead to typically a uniform distribution of the losses
across the radial axe of the magnet. In other words, the
losses are not induced in a skin depth due to the low
frequency of the harmonics which induce the losses. The
opposite case is the non resistance limited EC losses. In this
case the losses are induced in a narrow area of the magnets
(skin depth) due to the high frequency harmonics involved in
the ECs induction.

In this study, only resistance limited losses will be
considered. In the literature, the resistance limited EC losses
are studied either analytically [10], [5;6;8], [13], which may
lead to some inaccuracies because they do not take into
account the non-linearity effects of the BH curve of the
stator and rotor core, or by finite element analysis (FEM)
[14-17]. In this case, the results are more accurate, but
computation may be quite time-consuming. Moreover, the
FEM analysis time increases even more when loss reduction
mechanisms such as segmentation are analyzed. A fast
design tool for the correct segment number selection is
desirable for a rapid machine design.

The method developed in [18] combines FEM model with
existing analytical tools achieving a PM losses calculation
method that considers the non linear BH curve of the
magnetic steel and makes possible to analyze the effect of
different magnet segmentations [7], [10] in a fast and precise
way.

Using this mixed technique, this paper analyzes a new
segmentation technique with different magnet length for
each segment. All the magnetic poles have the same number
of segments and the distribution of the segments is equal too.

The reduction of permanent magnet losses is analyzed
comparing it to the uniform magnet segmentation to study
the goodness of this segmentation technique.



II. ANALYZED MACHINES

Three different machines have been analyzed so as to
study effect of non-uniform segmentation in the reduction of
losses. All of them are SPMSM. Their main features are

shown in the following table:
TABLE I
CHARACTERISTICS OF THE STUDIED MACHINES

Phases 3 phases 3 phases 3 phases
Nominal . . . .
Power 157,3KW 143,6KW 143,6KW Fig. 3 Capture of the 7 pole pair 18 slot fractional machine

Poles (2 6 poles 14poles 14poles .

Numbérrc)))f P P P As for the magnets, all three machines employ the same
slots (Q) 36 42 18 type of permanent magnets. Their characteristics are shown
Turns per in the table below.

ohase 30 42 42
Frequency 89,4Hz 200Hz 200Hz TABLEII
Rated ATTRIBUTES OF THE EMPLOYED PERMANENT MAGNETS
245 Aeff 175Aeff 175Aeff
Current
Slots per Type Ne-Fe-B
pole per 2 1 0.4286 B, 11T
phase 1N 1.09
P 1,47.10° Q.m

As it can be seen, two of the machines are integer slot
machines (integer number of slots per phase per pole), the
first one having 3 pole pairs and the second one 7 pole pairs.
The second machine under study, has greater frequency and
lower current than the first one. Both of them have
distributed windings. The last machine is almost identical to
the second one in every aspect, but in this case, it is a
fractional-slot concentrated winding machine.

This way, the influence of factors such as frequency,
current level, number of pole pairs and winding type, can be
taken into account. An ideal sinusoidal current has been used
in all three cases.

The three machines are depicted in Fig. 1, Fig. 2 and Fig.
3 respectively.

Fig. 2 Capture of the 7 pole pair 42 slot integer machine

III. MAGNET LOSSES CALCULATION METHOD

The goal is to study different segmentations for each
machine, and for each segmentation, multiple magnet length
configurations.

If multiple segmentation possibilities are going to be
analyzed with FEM precision, the time consumption may be
too elevated. Each configuration requires:

e Geometrical definition
e FEM simulation
e Acquisition of results

With the purpose of reducing the calculation time
drastically, the method explained on [18] has been employed
to calculate the losses generated in the permanent magnets
due to the induced currents caused by the armature field.

This method only requires one FEM simulation for each
machine that is going to be analyzed. From that simulation,
the flux density at a certain radius of the magnet as a
function of time is obtained. From there, the losses are
calculated analytically with a high precision and short time
consumption.

The method assumes that the magnet depth is small
enough to consider the flux density constant in the radial
direction of the magnet. Moreover, the method does not
consider the EC end effects in the magnets.

With this consideration, first the induced eddy-current
density in the permanent magnet arc segments is obtained.
This is done by solving the following equation:

P ot

Where p is the electrical resistivity of the PMs, 0 is the
magnet arc, 1 is the radius and C is an integration constant
which ensures zero net total current flow in each magnet
segment at any instant:

ij-rdH:O (2)

Jm(t,0) =



Finally, the power losses per segment are obtained from
the following equation:
L T R,
P=={{[[p-Jm*rdragat (3)
r 0o Ry

Where L is the machine axial length and T is the time
period, a; and o, are the magnet segment arc limits and R,
and R, are the inner and outer radius of the magnet.

In this way, with only one 2D FEM simulation, we can
calculate the permanent magnet losses for any magnet
circumferential segmentation with a considerably good
accuracy. Repeating the computation for a large amount of
segmentation possibilities the best solution can be obtained.

IV. RESULTS

Once the machines are designed, the finite element
software Flux2D has been employed to carry out the
simulations for obtaining the magnetic field in the magnets.

After that, by applying the equations showed above,
several segmentations have been tested, starting with
uniform circumferential segmentation and then, trying every
segment length combination, so that an optimum segment
length is obtained for certain segment numbers.

A.  Uniform circumferential segmentation

In the following, the magnet Eddy-Current losses of the
three machines for different segmentation levels are shown.

In the case of the 3 pole pair integer machine, the magnets
are segmented from 1 to 16 segments per pole.

In the other two cases, instead, they have only been
divided from 1 to 10 segments, as the poles are smaller, due
to the high pole number of the machine.

The limit of segments is related to the length of the
segments, being too narrow if the number is increased. This
would make the machine mechanically difficult to construct.

The circumferential segmentation is known to reduce the
EC losses induced in the magnets, but its effects can be
different depending on the characteristics of the machines.
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Fig. 4 Magnet EC losses for different segmentation levels on the 3 pole
pair 36 slot integer machine
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Fig. 5 Magnet EC losses for different segmentation levels on the 7 pole
pair 42 slot integer machine

5000

4000

3000

P[w]

2000

1000

Segments
Fig. 6 Magnet EC losses for different segmentation levels on the 7 pole
pair 18 slot fractional machine

The first thing that can be noticed in the previous figures
is that the losses are relatively higher in the case of the
fractional slot machines. This is due to its higher content of
spatial harmonics. In this case, there are sub-harmonics as
the component of the winding factor that generates the
fuhndamental component of the electromagnetic torque is the
7™

Other than that, the losses reduction is a lot more
significant in this machine, being the losses when two
segments are employed less than the half of those with only
one segment.

However, in the integer machines, the losses are reduced
almost linearly as the segment number increases, whilst in
the fractional one, once the number of 5 segments is reached,
the loss reduction is not so important if compared to the
reduction achieved using up to 4 segments.

B.  Non-uniform circumferential segmentation

In this study, an algorithm has been employed, so that the
segment length is varied and an optimum segmentation is
found for any number of segments. In this case,
segmentations of 2, 3, 4 and 5 segments have been studied.
As the segment number increases, the number of possible
combinations raises almost exponentially and so does the
computation time.

Starting with the 2-segment configuration, the length of
the first segment of has been varied, from being very narrow
to filling almost the whole pole. The losses have been
computed and they are shown in the following three figures,



being the abscissa axis the length of this segment in per-unit
system with respect to the total length of the magnetic pole
with one segment. Thus, a length of 0,5 pu, would mean that
the poles are segmented evenly.
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Fig. 7 Magnet EC losses for different segment length in a 2-segment
configuration on the 3 pole pair 36 slot integer machine
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Fig. 8 Magnet EC losses for different segment length in a 2-segment
configuration on the 7 pole pair 42 slot integer machine
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Fig. 9 Magnet EC losses for different segment length in a 2-segment
configuration on the 7 pole pair 18 slot fractional machine

As it can be seen, in the integer slot machines, the
optimum is achieved when the first segment is considerably
smaller than the second one, while in the third machine, the
losses reach their minimum when both segments are almost
equal. In the case of the integer machines, a segment length
of 0.5 pu gives a high value of losses, almost reaching the
maximum value for that segment number.

In Fig. 10 the optimal segment lengths are graphically
shown for the three machines.
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Fig. 10 Optimal two-segment segmentation for the three analyzed
machines

The same thing has been done for the case of three-
segment poles.

In this case, the configuration for the minimum magnet
losses in each machine has been registered. The results are
graphically shown in Fig. 11.

Again, for the integer machines, the first two segments
are clearly shorter than the third one, while in the fractional
machine the length of each segment is virtually the same.
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Fig. 11 Optimal three-segment segmentation for the three analyzed
machines

In the case of four-segment poles, as it can be observed in
Fig. 12, the 7 pole pair machines need a configuration with
almost equal segments, while in the 3 pole pair machine the
first segment is visibly bigger than the rest of them.
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Fig. 12 Optimal four-segment segmentation for the three analyzed
machines

Finally, the best segment length combination for five-
segment poles has been analyzed. In this case, the results are
similar to those of the four-segment poles. The first segment
of the 3 pole machine has to be a lot bigger than the rest to
accomplish the optimum. In the other two machines though,
the optimum is achieved with the segments being almost
equal.
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Fig. 13 Optimal five-segment segmentation for the three analyzed
machines

The magnet EC losses in Watts for the four
configurations shown above for each machine are depicted
from Fig. 14 to Fig. 16, comparing them to the losses
obtained by uniform segmentation, which were obtained on
section A.

As it can be seen in the following figures, in all this three
machines a loss reduction is possible by employing the non-
uniform magnet segmentation on behalf of uniformly
segmented poles.

In the 3 pole pair integer machine there are fewer losses
with 2 non-uniform segments than with 3 uniform segments.
The same happens if 3 non-uniform segments are compared
to 4 uniform segments and so on. Thus, fewer losses can be
achieved with less segments wusing non-uniform
segmentation.
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Fig. 14 Magnet EC loss comparison between uniform and non-uniform
optimal segmentation in the 3 pole pair 36 slot integer machine
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Fig. 15 Magnet EC loss comparison between uniform and non-uniform
optimal segmentation in the 7 pole pair 42 slot integer machine
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Fig. 16 Magnet EC loss comparison between uniform and non-uniform
optimal segmentation in the 7 pole pair 18 slot fractional machine

As can be appreciated, the reduction is clearly more
evident in the integer slot machines than on the fractional
slot machines.

One of the cases has been verified by a full FEM
simulation, specifically the 3 segment optimal configuration
of the p3Q36 integer machine, in which the segments happen
to be very non-uniform. The table below, where the losses
obtained in FEM, analytically and the error are displayed,
shows the high accuracy of the method for this particular
case.

TABLE Il
COMPARISON BETWEEN FEM AND ANALYTICAL METHOD

Error
2.85%

PANALYT

306.5 W

PFEM

298 W

Finally, the lost reduction percentage when optimal non-
uniform segmentation is employed has been obtained from
the figures above. This is represented in Fig. 17.

In the case of the 3 pole-pair integer machine, a bigger
reduction can be obtained as the segment number increases,
reaching a value of almost 11% when 5 segments are
employed.

In the 7 pole-pair integer machine, a 10% loss reduction
is achieved with 2 non-uniform segments and a 9% with
three. With 4 and 5 segments there is not much of a
difference.

Finally, in the fractional machine, the improvement does
not exceed the 5% in the four studied segmentation levels.
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Fig. 17 Magnet EC loss reduction with non-uniform optimal

segmentation



V. CONCLUSIONS

To the purpose of reduction of magnet Eddy-current
losses in surface mounted permanent magnet machines, the
non-uniform magnet circumferential segmentation has been
investigated. Magnet poles have been segmented uniformly
and also a new concept so-called non-uniform magnet
segmentation has been introduced. From the comparison
between the classical uniform segmentation and the non-
uniform segmentation the goodness of this new technique
has been investigated

Three different machines have been used for these tests,
two integer machines with different characteristics and a
fractional concentrated winding machine, with similar
features to one of the integer machines.

The non-uniform magnet circumferential segmentation
has been proven to be effective in the reduction of losses in
all three machines and especially in the fractional machine.

For four segmentation levels, 2, 3, 4 and 5 segments
precisely, every magnet segment length combination has
been examined, finding the configuration that minimizes the
magnet losses. These non-uniform segment configurations
have been found to be more effective in the integer
machines, reaching an improvement of more than 10% as far
as losses in the magnets is concerned in some of the cases
when compared to uniform segmentation.

This enables a reduction in the number of segments
handled during assembly. Anyhow, the fabrication and
assembly are subjects that should be carefully studied and
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