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This paper investigates the problem of calculating and analyzing the effect of the permanent magnet eddy current loss fault due to
magnet segmentation. Taking an interior permanent magnet synchronous motor with inverter supplied as an example, the rated
power of motor was 2.2 kW.Three-dimensional finite-element model was firstly established based on finite-element software.Then,
the model mesh and boundary conditions were handled specially; permanent magnet eddy current loss fault was calculated and
analyzed theoretically with magnet segmentation from space harmonic and time harmonic, respectively. Finally, calculation results
were compared and explained. A useful conclusion for permanent magnet synchronous motor design has been obtained.

1. Introduction

With the development of power electronic devices and the
improvement of the motor control technology, the perma-
nent magnet synchronous motor has attracted more and
more attention for its advantages of high efficiency, wide
speed regulation, and high power density. But with the
increase of the power density, it is worthy of considering
how to make the motor temperature rise in the range of
allowable limit value. Reducing the temperature rise of the
motor should start from two aspects: how to improve the
cooling capacity ofmotor andhow to reduce the loss ofmotor.
Because of the high speed and large carrier frequency of the
permanent magnet synchronousmotor, the eddy current loss
of the permanent magnet is large.

In order to reduce the eddy current loss of permanent
magnet, researchers have conducted a lot of research [1–5].
Among the studies, the axial section method of permanent
magnet is widely accepted. Based on the previous research,
the eddy current loss of interior permanent magnet syn-
chronous motor is studied in this paper. Taking an interior
permanent magnet synchronous motor with a rated power
2.2 kW as an example, a three-dimensional (3D) finite-
element model is established. Permanent magnet eddy cur-
rent loss fault was calculated and analyzed theoretically

with magnet segmentation from space harmonic and time
harmonic, respectively; at the same time, the finite-element
method is verified by analytic method.

One of the main problems of NdFeB permanent magnet
synchronous motor is thermal demagnetization, which is
caused by the permanent magnet eddy current loss. In par-
ticular, the permanent magnet AC servomotor is mostly used
in the fractional slot concentrated winding whose magnetic
motive force (MMF) harmonic content is very rich [6]. Thus,
reducing the eddy current loss of permanent magnet has
attracted more andmore attention, in which the axial section
of the pole is used to reduce the eddy current loss of
the permanent magnet [7–9]. It is widely adopted by the
designers of the motor.

There are two reasons for permanent magnet to generate
eddy current losses [10–12].One is the slotted stator and stator
winding distribution caused by uneven distribution of MMF
and the space harmonic.The second is the nonsinusoidal time
harmonic of the stator current caused by inverter power sup-
ply. Permanent magnet eddy current losses can be expressed
as

𝑃mag = ∑
𝑘

𝐽
2

𝑘

𝜎
𝑑V. (1)
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Figure 1: Surface potential difference of permanent magnet.

2. Analysis and Calculation of Eddy
Current Loss of Permanent Magnet of
Interior Permanent Magnet Motor

Suppose there is an infinite neodymium iron boron perma-
nent magnet; the external magnetic field is parallel to the
surface in the direction of the 𝑧-axis; the vortex at a certain
point in the permanent magnet can be decomposed into
two mutually perpendicular eddy current densities; it can be
determined by

𝐽𝑒 =
𝜎𝑈

𝐿
, (2)

where 𝐽𝑒 is eddy current density, 𝜎 is electrical conductivity
of permanent magnet materials, 𝑈 is the voltage between
the nodes in the calculation unit, and 𝐿 is distance between
nodes in a computing unit. As shown in Figure 1, suppose the
potential difference between two points on the two sides of
the permanentmagnet block is𝑈1,𝑈2. For easy calculation, it
can be set as𝑈1 = 𝑈2 = 𝑈.The potential difference of the per-
manent magnet in the thickness direction is ignored again.

The total voltage of the 4 points on the surface of the
permanent magnet which is composed of the two ends of the
loop is

2𝑈 (𝑡) =
𝑑𝜙 (𝑡)

𝑑𝑡
=
𝐴𝑑𝐵 (𝑡)

𝑑𝑡
, (3)

where 𝐴 is loop area and 𝐵(𝑡) is magnetic density in the
circuit; it can be expressed as

𝐵 (𝑡) = 𝐵0 + 𝐵𝑎, (4)

where 𝐵0 is static magnetic density and 𝐵𝑎 is dynamic mag-
netic flux induced by stator armature current. 𝐵𝑎 is regarded
as a nonsinusoidal periodic function; the trigonometric series
of 𝐵𝑎 is decomposed into Fourier series:

𝐵𝑎 =

∞

∑

𝑛=1

(𝑎𝑛 cos 𝑛𝜔𝑡 + 𝑏𝑛 sin 𝑛𝜔𝑡) , (5)

where 𝑎𝑛 and 𝑏𝑛 are the amplitude of the dynamic magnetic
flux generated by the harmonic component of the armature
current in the permanent magnet.

Then,

𝑑𝐵 (𝑡)

𝑑𝑡
=
𝑑 (𝐵0 + 𝐵𝑎)

𝑑𝑡

=

∞

∑

𝑛=1

𝑛𝜔 (𝑏𝑛 cos 𝑛𝜔𝑡 − 𝑎𝑛 sin 𝑛𝜔𝑡) ,
(6)

2𝑈 (𝑡) =
𝐴𝑑𝐵 (𝑡)

𝑑𝑡
= 𝐴

∞

∑

𝑛=1

𝑛𝜔 (𝑏𝑛 cos 𝑛𝜔𝑡 − 𝑎𝑛 sin 𝑛𝜔𝑡) . (7)

The effective value of 𝑈(𝑡) is

𝑈 =
𝜔𝐴

2
⋅ √

∞

∑

𝑛=1

𝑛
2
(𝑎
2
+ 𝑏
2
)

2

= 𝐴𝜋𝑓 ⋅ √

∞

∑
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𝑛
2
(𝑎
2
+ 𝑏
2
)

2
.

(8)

According to formula (7), the eddy current density in the
permanent magnet is obtained:

𝐽𝑒 =
𝜔𝑓𝜎𝐴

𝐿
⋅ √

∞

∑

𝑛=1

𝑛
2
(𝑎
2
+ 𝑏
2
)

2

= 𝜋𝑓𝜎ℎ𝑚 ⋅
√

∞

∑

𝑛=1

𝑛
2
(𝑎
2
+ 𝑏
2
)

2
,

(9)

where ℎ𝑚 is permanent magnet magnetization direction
length, so the eddy current loss power density of the perma-
nent magnet can be obtained:

𝑃𝑒 =
𝐽
2

𝑒

𝜎
= 𝜋
2
𝑓
2
𝜎ℎ
2

𝑚
⋅

∞

∑

𝑛=1

𝑛
2
(𝑎
2
+ 𝑏
2
)

2
. (10)

Eddy current loss density is

𝑊𝑒 = 𝜋
2
𝑓𝜎ℎ
2

𝑚
⋅

∞

∑

𝑛=1

𝑛
2
(𝑎
2
+ 𝑏
2
)

2
. (11)

Eddy current loss density of permanentmagnet is integral
and then it can get eddy current loss in permanent magnet.

3. Effect of Pole Axial Section on the Eddy
Current Loss Fault of Permanent Magnet
Produced by Space Harmonic Generation

The basic parameters of an interior permanent magnet
synchronous motor with a rated power 2.2 kW in this paper
are shown in Table 1. The 3D model of motor is constructed
by using the finite-element analysis software. In order to
save the computing resources, coupled with cycle magnetic
distribution, a unit of the motor is modeled and calculated.
Figure 2 shows 3D finite-element mesh model of a 2.2 kW
permanent magnet synchronous motor.
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Table 1: Parameters of 2.2 kWmotor and permanent magnet.

Rated power/kW 2.2
Phase number 3
Poles number 8
Stator outer diameter/mm and inter diameter/mm 155, 98
Stator slot number 36
Permanent magnet material and electrical
conductivity/s⋅m−1

Nd-Fe-B,
6.9 × 10

5

Residual magnetic flux density/T 𝐵
𝑟
= 1.18

Permanent magnet size/mm 60 × 33 × 3

1

2

3

4

Figure 2: 3D sectional drawing of 2.2 kW permanent magnet
synchronous motor (1 is the stator, 2 is the windings, 3 is the
permanent magnet, and 4 is the rotor).

In order to keep the consistency for carrying on mesh
each time, the 3D model is set up by the insulation boundary
condition and the zero excitation. The eddy current loss
of the permanent magnets which are divided into different
segments is calculated under the condition of no load. The
results are shown in Figure 3 and Table 2.

FromFigure 3, the vortex line is cut off by the axial section
of the permanent magnet, and it is formed locally in the
section of the magnetic pole. In comparison with Table 2,
the mean of eddy current loss increases with the number of
magnetic poles.

4. Effect of Pole Axial Section on the Eddy
Current Loss of Permanent Magnet
Produced by Time Harmonic Generation

Permanent magnet eddy current loss mainly is generated
by the time harmonic generation. Literature [13] shows that
eddy current loss is the biggest when the axial length of
the permanent magnet is equal to 2.3 times the penetration
depth. Permanent magnet of the penetration depth can be

Table 2: Eddy current losses in different segments of a magnet.

Segment Maximum eddy
density/A⋅m−2

Minimum eddy
density/A⋅m−2

Mean value of
eddy current

loss/W
1 2.01 1.83 × 10

−9 0.29
2 0.49 2.0 × 10

−9 0.13
3 0.35 0.23 × 10

−9 0.067
4 0.68 0.78 × 10

−9 0.041
5 0.24 0.46 × 10

−9 0.021
6 0.16 0.68 × 10

−9 0.013

defined as the depth of magnetic field act on the inside of
the permanent magnet. Magnetic field intensity decreases
exponentially with the increase in depth. The penetration
depth can be calculated as [14–17]

𝛿 =
1

√𝜋𝑓𝜇𝜎
, (12)

where 𝛿 is the permanent magnet penetration depth, 𝑓 is
sinusoidal frequency, 𝜇 is absolute permeability, and 𝜎 is
conductivity.

Figure 4 is the current waveform which is measured by
inverter power supply test at rated frequency 𝑓 = 100HZ.
Figure 5 shows the harmonic amplitude after Fourier decom-
position. From Figure 4, the harmonic amplitude of the
current waveform is smaller at rated speed of the motor.

According to the conclusion of literature [13], this paper
selects the 37th harmonic of current waveformwhose perma-
nent magnet penetration depth is about 11.2mm correspond-
ing to the 37th harmonic [17–21]. When permanent magnet
eddy current loss was calculated by using the ANSOFT
software, in order to ensure the synchronous motor work,
the eddy current losses in the permanent magnets under
the fundamental current and 37th times harmonic current
were calculated firstly, and then permanent magnet eddy
current loss generated by the fundamental was calculated.
The difference between the two results is the permanent
magnet eddy current loss by 37th harmonic.

The eddy current losses of permanent magnets which are
segmented into two and three are calculated, and the eddy
current losses produced by the thirty-seventh time harmonic
current source are shown in Table 3. From Figure 6, the eddy
current losses in the different segments of the permanent
magnet under the interaction of the fundamental wave and
the 37th harmonic can be seen, only the fundamental wave
and only the 37th harmonic. It can be seen that permanent
magnet eddy current loss had not been reduced with seg-
ments numbers of the permanent magnet increasing from
Table 3. When segments numbers of the permanent magnet
are three, at this time the ratio of pole axial length and
depth of penetration is 1.8; the eddy current loss generated
by 37th times harmonic in permanent magnet not only failed
to reduce but also increased.
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Figure 3: (a) Eddy current density of a permanent magnet. (b) Eddy current density of two-segment permanent magnet. (c) Eddy current
density of three-segment permanent magnet. (d) Eddy current density of four-segment permanent magnet. (e) Eddy current density of five-
segment permanent magnet. (f) Eddy current density of six-segment permanent magnet.
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Table 3: Eddy current losses of permanent magnet under 37th harmonic currents at different stages.

Number of
permanent
magnet segments

The ratio of magnetic
length and depth of

penetration

Eddy current losses under
the first and 37th harmonic

excitation/W

Eddy current losses under
the first harmonic
excitation/W

Eddy current losses under
the 37th harmonic
excitation/mW

1 5.4 0.8233 0.8024 20.9
2 2.7 0.5187 0.5152 3.5
3 1.8 0.3607 0.3325 28.2

0 0.002 0.004 0.006 0.008 0.01
−15

−10

−5

0

5

10

15

Figure 4: Measured current waveform of frequency converter.
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Figure 5: Frequency converter output current harmonic analysis.

5. Calculation and Result Analysis of the Fault

For the 2.2 kW permanent magnet synchronous motor, the
permanentmagnet eddy current loss caused by the space har-
monics increased while the number of segments decreased,
and the permanent magnet eddy current loss caused by
the time harmonics did not increase with the number of
segments decreasing. The reason for why the permanent
magnet eddy current loss generated by fundamental and
37th times harmonic increased with the number of segments
decreased is that the 37th harmonic current amplitude is
smaller and the permanent magnet eddy current loss is
mostly generated by fundamental waveform current.

Why did the permanent magnet eddy current loss caused
by the space harmonics increasewith the number of segments
decreasing? The first reason is that the axial split magnetic
pole is equivalent to the oblique pole, and the air gap
flux density waveform is improved; the other reason is that
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Figure 6: Eddy current loss of permanentmagnet at different stages.

the sectional pole blocked the formation of eddy current loop,
so the permanent magnetic eddy current loss decreased with
the increased of number of segments.The source of excitation
provided by the inverter contains a large number of harmonic
components and higher harmonic amplitude. The depth of
penetration of low order harmonic is larger and more than
magnetic direction length, so it is not considered. However,
the depth of penetration of high order harmonic is smaller
and the skin effect is very strong, so permanent magnet
eddy current loss produced by time harmonic will have a
maximum value.

6. Conclusions

The permanent magnet eddy current loss caused by the
space harmonics increased with the number of segments
decreasing, and the permanent magnet eddy current loss
caused by the time harmonics did not increase with the
number of segments decreasing. So, when the motor is
designed, especially designing the high speedmotor, by using
the magnet segmentation to reduce the eddy current loss in
the magnets, first of all, consider output current waveform of
the inverter and pay attention to the ratio between the pole
axial length and the penetration depth of high harmonics
waveform of current. Lastly, the compromise between cost of
segmental magnetic pole and the magnitude of reducing the
eddy current loss also needs to be considered; generally the
numbers of segments do not exceed 4.
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