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Abstract – In particular with surface mounted permanent magnets, eddy current losses within the magnets are one of

the most significant portion of losses in permanent magnet exited synchronous machines. These losses are generated

by asynchronous components of the air-gap field caused by either higher harmonic waves or higher time harmonics.

On one hand, there is no interaction of the various harmonics with regard to these losses. On the other hand, the

pole coverage shows a significant impact on these losses. Thus, detailed numerical analyses with various higher order

formulations are carried out in order to show aspects of the accuracy of these eddy current losses, too.

Index Terms – Eddy current losses, Permanent magnet synchronous machine, High order finite element analysis.

I. Introduction

THE precalculation of eddy current losses arising in sur-
face mounted permanent magnets caused by sub- and

superharmonics harmonics of the air-gap field is a matter
of particular interest with the design process of permanent
magnet excited electrical machines. On one hand by us-
ing very fast evaluation methods for the standard design
procedures, on the other hand by using highly accurate
calculation methods for reference purposes [1]–[3]. These
eddy current losses may always lead to an excessive partial
heating [4]–[7] and subsequently can cause the magnets to
get partially or even fully demagnetised [8]–[11].

As shown in Fig. 1 and Fig. 2, both planar and cylindri-
cal arrangements are described with only few parameters,
such as air-gap δ, ratio of pole pitch and air-gap τp/δ, ra-
tio of magnet height and air-gap hM/δ as well as the pole
coverage as ratio of magnet width and pole pitch bM/τp. A
surface current sheet in axial direction Kz(x, t) at the inner
stator boundary perpendicular to the cross section of the
conducting region as

Kz(x, t) = K̂z Re
(
e jωt e −jνπx/τp

)
(1)

can cover for any harmonics generated from either the sta-
tor currents, the slotting as well as the saturation. Therein,
ω = 2πf denotes the exciting circular frequency with re-
spect to the moving region, ν the harmonic order and
−1 ≤ x/τp ≤ 1 being the region of two pole pitches along
the circumferential direction, respectively.

Referring to the total eddy current losses, there is no
interaction between waves with different harmonic orders
as well as different frequencies. Therefore, each harmonic
wave can be treated separately in particular in terms of its
eddy current losses. The total eddy current losses generated
from the spectrum of the harmonics are finally obtained by
the sum of the losses of each harmonic wave.

In order to compare the various approximation orders of
the finite element analyses and their influence on the ac-
curacy of the numerically obtained results, an analytical
calculation will be used for the reference results [12]. Ad-
ditionally, various pole coverages with their effects on the
eddy current losses of each harmonic wave are discussed by
these numerical analyses.
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Fig. 1: Simplified geometry of a pole pitch, planar arrangement.
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Fig. 2: Simplified geometry of a pole pitch, cylindrical arrangement.

II. General numerical results

The finite element analyses carried out with various
higher order approximation functions utilise an identical
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discretisation with the minimum skin depth as approxi-
mately the half of the mesh size in radial direction and
the minimum wave length as approximately 7.5 times the
mesh size in circumferential direction.

For the direct comparison of the analytical results with
those from the numerical analyses, the finite element anal-
yses are carried out with a pole coverage of bM/τp = 1,
which occurs practically with Halbach arrays.

Fig. 3 depicts the power losses of one NdFeB magnet in
dependence on exciting frequency and ordinal number of
the harmonics for a constant current sheet excitation of
K̂z = 104 A/m as well as air-gap δ = 2 mm, ratio of pole
pitch and air-gap τp/δ = 60, ratio of magnet height and
air-gap hM/δ =3. Fig. 4 shows the respective ratio of the
power losses between cylindrical and planar arrangements.
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Fig. 3: Power losses of various harmonics versus frequency,
order p = 3, pole coverage 1, planar arrangement.
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Fig. 4: Ratio of power losses between cylindrical and planar
arrangement, order p = 3, pole coverage 1.

With a ratio of wave length to skin depth (2τp)/(ν d)�1,
the power losses versus frequency increase with a power of
2. On the other hand with a ratio of wave length to skin
depth (2τp)/(ν d) � 1, the power losses versus frequency
increase with a power of 0.5 only. However with very low
ordinal numbers, there is a transitional region where the
power losses are rather constant.

III. Accuracy of the numerical results

The relative error ε = PFEA/Pana−1 between the power
losses of finite element and analytical analyses with differ-
ent approximation orders are shown in Fig. 5, Fig. 6, Fig. 7
and Fig. 8. In addition, Fig. 9 and Fig. 10 depict this rela-
tive error for 1st and 2nd orders with the half mesh size in
both directions.
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Fig. 5: Relative error of power losses, planar arrangement,
pole coverage 1, order p = 1.
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Fig. 6: Relative error of power losses, planar arrangement,
pole coverage 1, order p = 2.

As expected, 1st order elements cannot encounter both
for small skin depths as well as short wave lengths. 2nd

order elements are better with an exception of short wave
lengths and very high frequencies. 3rd and 4th elements
give the same results with a relative error less than 0.5%
which means convergence with respect to the higher orders.

In comparison of the default mesh with the half size
mesh, of course the results of 1st and 2nd order elements
are better with the dense mesh. However, the results of 2nd

order elements with the dense mesh are still less accurate
than the results of in particular 3rd order elements with the
default mesh. Additionally, the latter have approximately
only the half number of unknowns.

Consequently, the usage of 3rd or even higher order el-
ements will be strongly suggested by evaluating eddy cur-
rent losses. In particular with 3D meshes, the possibility
of generating a relatively coarse mesh within the conduct-
ing regions shows explicit advantages against a dense mesh
with 2nd order elements.
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Fig. 7: Relative error of power losses, planar arrangement,
pole coverage 1, order p = 3.
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Fig. 8: Relative error of power losses, planar arrangement,
pole coverage 1, order p = 4.

IV. Influence of the pole coverage

The finite element calculations very easily allow to en-
counter for the influence of various pole coverages on the
eddy current losses, too. With regard to a practical point
of view, the pole coverages as of 5/6, 3/4 and 2/3 are con-
cerned for both arrangements in more detail.

Fig. 11, Fig. 12 and Fig. 13 depict the respective ratio
of the power losses between cylindrical and planar arrange-
ments. Fig. 14, Fig. 15 and Fig. 16 depict the ratio of the
power losses with the above mentioned pole coverages in
comparison to a full coverage.

Obviously, the pole coverage strongly affects the power
losses of the very low harmonics ν = 1 . . .7 with frequencies
above 100 Hz. On the other hand, the power losses of the
harmonics ν > 7 are rather proportional to the value of the
pole coverage with the entire range of frequencies.

V. Conclusion

The paper discusses the numerical evaluation of eddy
current losses in surface mounted permanent magnets of
electrical machines. Planar as well as cylindrical arrange-
ments are compared against their results by using identical
geometry parameters and various pole coverages. With all
harmonic orders along the entire frequency range, there is
a deviation only in the range ±5% between these two ar-
rangements.

100 101 102 103 104 105 106

-0.15

-0.10

-0.05

0.00

0.05

Frequency (Hz)

P
ow

er
lo

ss
es

,
re

la
ti

ve
er

ro
r

(1
)

— ν = 1 — ν = 11
— ν = 3 — ν = 13
— ν = 5 — ν = 17
— ν = 7 — ν = 19

Fig. 9: Relative error of power losses with half mesh size,
planar arrangement, pole coverage 1, order p = 1.
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Fig. 10: Relative error of power losses with half mesh size,
planar arrangement, pole coverage 1, order p = 2.

With both arrangements, it is shown that the pole cover-
age influences the power losses of the lower harmonic waves
very strongly while the higher harmonic waves generate
power losses directly proportional to the value of the pole
coverage.

Additionally, the finite element analyses utilise different
approximation orders with hierarchic shape functions in or-
der to validate the accuracy of the eddy current losses.
Thereby, lower order elements always yield significantly
lower total losses while higher order elements with p ≥ 3
can handle these parameters very well.
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Fig. 11: Ratio of power losses between cylindrical and planar
arrangement, order p = 3, pole coverage 5/6.
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Fig. 12: Ratio of power losses between cylindrical and planar
arrangement, order p = 3, pole coverage 3/4.

100 101 102 103 104 105 106

0.90

0.95

1.00

1.05

1.10

Frequency (Hz)

P
ow

er
lo

ss
es

,
ra

ti
o

(1
)

— ν = 1 — ν = 11
— ν = 3 — ν = 13
— ν = 5 — ν = 17
— ν = 7 — ν = 19

Fig. 13: Ratio of power losses between cylindrical and planar
arrangement, order p = 3, pole coverage 2/3.
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Fig. 14: Ratio of power losses between pole coverages 5/6 and 1,
planar arrangement, order p = 3.
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Fig. 15: Ratio of power losses between pole coverages 3/4 and 1,
planar arrangement, order p = 3.
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Fig. 16: Ratio of power losses between pole coverages 2/3 and 1,
planar arrangement, order p = 3.
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