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Abstract

This paper analyzes the demagnetization performance of the ferrite Permanent
Magnets in the dual rotor radial flux permanent magnet generator. Two different partial
demagnetization mechanisms in the DRRFPM generator are modeled and demonstrated.
The 2D finite element analysis (FEA) is employed to accurately analyze the distribution of
demagnetization. The 2D FEA results for the proposed DRRFPM generator verify the
validity of the partial demagnetization model. The performance degradation induced by
demagnetization is evaluated for the proposed generator based on the 2D FEA results.
This research reveals the most vulnerable region of the magnet to irreversible
demagnetization in the DRRFPM generator.

Keywords: partial irreversible demagnetization, ferrite permanent magnet, dual rotor
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1. Introduction

The permanent magnet (PM) machines have been widely used for their numerous
advantages such as small volume, light weight, simple structure, high torque density, low
loss, high efficiency, and no additional power supply due to the magnet field excitation.
Most up-to-date PM machines use rare earth magnetic materials, namely neodymium iron
boron (NdFeB) grades, because of their high remanence and coercivity values. However,
the use of NdFeB materials should be reduced, because the cost of NdFeB materials has
increased significantly over the last several years and there is an increasing concern about
the stable supply of the raw material supply for NdFeB. As a result, there is a high
demand for electrical machines using ferrite magnets. The design of a PM machine using
ferrite permanent magnet materials is actively studied [1-4].

Due to the structure of double rotors and dual air-gaps, the dual rotor radial flux
permanent magnet (DRRFPM) machine using NdFeB magnets can significantly improve
the torque density and efficiency [5]. When using ferrite magnets, it is demonstrated that
the DRRFPM machines can even reach the performance of the traditional PM machines
using NdFeB magnets [6-7]. The design and performance of the DRRFPM machine using
ferrite PMs is studied in [7]. But when the DRRFPM machine using ferrite magnets
operates in cold weather, the ferrite magnets in the rotors will be affected by a
demagnetizing field, resulting in a serious deterioration of machine performance, such as
a decrease in output torque and power. Meanwhile, it is highly possible for the ferrite
magnets to be demagnetized due to the external demagnetizing field generated by peak
winding currents. Therefore, it is necessary to consider the demagnetization effects in the
DRRFPM generator.

The reported results mainly focused on the demagnetization behaviors of the surface
and interior PM machines [8-9], particularly under faulty conditions [10-11]. The
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demagnetization analyses of some other types of PM machines were also reported, such
as tubular permanent magnet machine [12], ferrite-assisted synchronous reluctance
machine [13], and flux-switching permanent magnet machine [14-15]. However, the
irreversible demagnetization characteristics of the DRRFPM generator were rarely studied.
In these literatures, the demagnetization behavior under various operating conditions was
evaluated, but the partial demagnetization mechanism was not considered.

In order to understand the partial irreversible demagnetization characteristics of ferrite
magnets in the DRRFPM generators, this paper investigates the causes and influences of
partial irreversible demagnetization. The research clearly reveals the most vulnerable
region to irreversible demagnetization in the magnets of the DRRFPM machine. The
method developed in this paper provides an effective tool for assessing the partial
irreversible demagnetization risk of magnets in the DRRFPM machines.

2. Mechanism of Irreversible Demagnetization in the DRRFPM
Generator

The brief specifications of the proposed DRRFPM generator are shown in Table 1 and
the corresponding demagnetization analysis model is shown in Figure 1. The generator
consists of two concentric rotors and a cup stator sandwiched between the two rotors. The
ferrite permanent magnets are surface-mounted on the surface of the inner and outer
rotors, and are radially polarized in the opposite direction, namely north-north (N-N) type.
The materials of the stator and rotor cores are non-oriented steel sheets. The magnet
material used in the generator is Hitachi NMF-3B.

Demagnetization can be complete, or partial. Partial demagnetization can be symmetric
or asymmetric. Dependent on the fault severity, demagnetization can be reversible or
irreversible. It has been verified that the irreversible demagnetization happens in magnets
under transient states instead of steady states [16-17]. The irreversible demagnetization
occurs when the flux density of the magnet is lower than the knee point value of the
demagnetization curve. To evaluate demagnetization, the flux density of the magnet
should be calculated.

Table 1. Specifications of the DRRFPM Generator

Specifications Values Unit
Rated Power 1.5 kw
Rated Frequency 50 Hz
Rated Speed 375 rpm
Rated Voltage 150 \Y
Stator Outer Diameter 200 mm
Stator Inner Diameter 86 mm
Stack Length 200 mm
Air Gap Length 0.5 mm
Winding type back-to-back toroidally wound
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Figure 1. Configuration of the Proposed DRRFPM Generator

The flux density components in the magnet of the DRRFPM generators are time-
dependent. Because the polarized direction in the DRRFPM generator is radial, the
circumferential flux density does not influence the demagnetization property. So the
lowest flux density along the radial direction should be kept above the knee point in order
to keep the magnet away from irreversible demagnetization, as shown in expression (1).
Using this criterion, it can be determined whether the magnet has been demagnetized,

Brmin1,2 (r1 0) = min[Brl,z (r’ 9)] (1)

Brminl,z(rl 9) > Bknee (2)

where B, 5(r,0) is the radial flux density component in the inner/outer magnet, Bypee IS flux
density at the knee point of the magnet.

The mechanism of partial demagnetization in the DRRFPM generator can be divided
into two categories, that is, the self-demagnetization of the magnets and the influence of
the armature reaction field. It should be noted that all the analysis in this section is under
the assumption that the rotors are rotating in the counterclockwise direction.

2.1. Air-Gap Permeance

When the interval between two adjacent magnets aligns with the stator slot, the flux
path between the stator and inner/outer rotor is shown in Figure 2 (because of the
symmetry, only half of the fluxes of two adjacent magnets are given).

Inner Air gap

Stator
it Tooth

Stator Core

Figure 2. The Air-Gap Permeances of the DRRFPM Generator

To investigate the partial demagnetization of the ferrite magnets, the permeance of
each flux path should be calculated. Flux paths P, Py, P2, and Py go through the
magnet and can result in demagnetization. Flux paths Pa;, Psy, P41, Ps2, Ps1, and Ps, do not
go through the magnet, and thus will not cause demagnetization. The magnet material has
a relative permeability near to 1, so it can be treated as air. In Figure 2, ry4, Iy, 21, and rp;
are radiuses of the flux paths P4, P1s, P21, P22, Wi,» is the width of the inner/outer magnet,
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tso IS the width of inner/outer stator tooth, wg ., is the interval width between the
inner/outer magnets, g;, is the length of inner/outer air-gap, by, is the length of
inner/outer slot opening and I, is the effective length of the generator.

The permeances of any small section of thickness dry; and dry, in the flux path P,; and
P31, can be expressed by

p11 — /uoledrll ’ dpl2 — ﬂoledrlz (3)
g, +0.57r, g, +0.57r,
Hence, the permeances of flux path Py, P15, P21, and Py, can be calculated by
woi/2 ol q 24l | A9+ W,
—p. = e (r In 4
pll p21 IO g + 057Z'r 1 — T 4gl ( )
_J~ /2 ol _ Al g 214, In 49, + W, (5)
° g,+057r, T 49,
The permeances of flux path Pz, Pss, P41, and P4, can be expressed by
L (w, 2
Dy = Py = Hy e( f1 01)/ (6)
0,
IL(w,-b,)/2
p41 — p42 — :uO e( f2 02)/ (7)
9,
The permeances of flux path Ps; and Ps, will be
lLl Iebo /Ll Iebo
Psy = . Y P = 0, 2 ®)

Using the air-gap permeance expressions, the mechanism of self-demagnetization and
demagnetization to armature reaction can be evaluated.

2.2. Self-Demagnetization

To investigate the self-demagnetization, the DRRFPM generator is studied under no
load operation. Figure 3 shows the magnetic equivalent circuit of one pole pair under no
load operation when the interval between two adjacent magnets aligns with the stator slot
(because of the similarity, only the inner part is drawn). The magnets are divided into
several parts. Fomi1, Fpmo1, Fpma1, and Fymay are the magneto motive forces (MMFs) of each
part of the magnets, and Rpmi1, Rpma1, Rpma1, @nd Rpma1 are the magnetic reluctances of each
part of the magnets. Rq1; and Ry, are the reluctances of the air gap between magnets and
stator tooth, Ry and Rgs; are the reluctances of the air gap between the rotor core and
stator tooth, and Rgs; is the air gap reluctance between the rotor core and slot. Rg1, Rstz1
Rqs1, and R4y are the reluctances inside the stator teeth. R, is the reluctance of the inner
rotor core.

At the rotor position shown in Figure 3, a large amount of flux &;; and @,; will
flow through the loop shown in dotted line, which will lead to negative @;; and @y;.
The flux densities in the part 3 and 4 will be opposite to their magnetization
direction. Therefore, these parts may be partially irreversibly demagnetized.

This analysis illustrates that the magnets near the air gap are vulnerable to self-
demagnetization in the condition shown in Figure 3. When the rotor rotates, the self-
demagnetization effect will change because flux &;; or @,; will be less dominant.
The self-demagnetization only happens to a small fraction of the magnets.
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Figure 3. Magnetic Equivalent Circuit of One Pole Pair under No Load
Operation When Two Magnets Interval Aligns With the Stator Slot

2.3. Demagnetization Due To Armature Reaction

To study the demagnetization in the permanent magnet due to armature reaction,
the DRRFPM generator is studied under the condition that the magnets are not
magnetized. The armature current tends to create a magnetic field with its axis 90°
away from the axis of the magnet flux. Figure 4 shows the magnetic equivalent
circuit of one pole pair, where F,; and R,; are the MMF and reluctance of the
winding respectively. Similar to the self-demagnetization, the flux produced by Fa;
will lead to negative @, @,1, P31 and Dy4;1. The flux densities in the magnets will be
opposite to their magnetization direction. Therefore, these parts may be partially
irreversibly demagnetized.

Figure 4. Magnetic Equivalent Circuit of One Pole Pair with Armature
Winding Energized and Magnet Not Magnetized When Two Magnets Interval
Aligns With the Stator Slot

2.4. Overall Demagnetization

Under the normal operation of the DRRFPM generator, the self-demagnetization
and armature reaction demagnetization are superimposed on each other. The effect
of this armature reaction field is to shift the location of the magnetic field away
from the magnetic axis, which results in the total field at one edge of the field pole
being increased and decreased at the other edge. The flux distribution is altered but
the total flux is unchanged since the increased flux density will be balanced by the
correspondingly decreased value in the linear material. To achieve better accuracy,
irreversible partial demagnetization characteristics of DRRFPM generator will be
analyzed using 2D FEA.
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2.5. Validation by Finite-Element Analysis

The 2D FEA is used to validate the mechanism of partial irreversible
demagnetization. The demagnetization BH curves of NMF-3B at different
temperatures are shown in Figure 5. At 20 °C, the flux density of knee point is Bynee
= 0.16 T, the coercive force and the remanent magnetic flux density of ferrite
magnets are 190 kA/m and 0.41 T, respectively. In Figure 5, it can also be seen that
it is more difficult for the ferrite magnet to be demagnetized as the temperature
increases.

——-20C —20°C —60C —100TC
,,,,,, Knee 04E
m
,,,,,,,, | / 0.2 %
e
y= E
/i? [

0

-300 -200 -100 0

Magnetic Field Indensity H [kA/m]

Figure 5. Demagnetization Curve of Ferrite Magnet (NMF-3B)

The FEA simulation results are shown in Figure 6 and Figure 7 respectively.
Figure 6 shows the flux distribution under no load operation, where the arrows
represent the corresponding flux direction. It can be seen that the flux in the ovals
are not completely in radial direction, which is the result of the self-demagnetization.
Figure 7 shows the flux distribution when the armature winding is excited and the
magnets are not magnetized. The direction of flux lines is opposite to the
magnetization.

Figure 6. Flux Distribution under No Load Operation
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Figure 7. Flux Distribution When Armature Winding Is Energized and
Magnets Are Not Magnetized

3. Evaluation of PM Demagnetization

To illustrate and validate the mechanism of partial demagnetization in the ferrite
magnets of the DRRFPM generator, the machine is simulated using JMAG-Designer
under worst case at an ambient temperature of -20 C.

3.1. Demagnetization Characteristics

To analyze the irreversible demagnetization characteristics, the magnets shown in
Figure 8 are selected. All the other magnets have the same demagnetization characteristics
as the selected ones. Five different locations in the inner and outer magnets are
respectively chosen. Four of these selected locations are at each corner of the ferrite
magnet, and the fifth location is in the middle. Points C, , and D, , are near to the air gap.

B g |

7\-7-,.,_,_7_7_62_\ \-\_‘_JL

Figure 8. Ferrite Magnets and Different Locations for Partial Irreversible
Demagnetization Analysis in the DRRFPM Generator

The resulting flux densities under no load operation at -20 ‘C during one electrical
cycle in the radial direction, which is the magnetization direction of the inner/outer ferrite
magnet, are shown in Figure 9.

In Figure 9, the flux densities of the points Al, B1, E1 A2, B2, C2, D2, and E2 can be
kept above the demagnetization limit, while the flux densities of points C1 and D1 go
below the limit. That is to say, the inner ferrite magnets are much easier to be
demagnetized than the outer ones. It can also be seen that in the inner magnet, the flux
densities of points C1, D1 are much lower than those of point Al, B1, and in the outer
magnet, the flux densities of points C2, D2 are much lower than that of point A2, B2. This
proves that the part near the air gap suffers the most severe irreversible demagnetization
threat, due to the superposition of the self-demagnetization.
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Figure 9. Flux Densities (Radial Direction) In Different Locations of the
Magnets

Figure 10 shows the partial irreversible demagnetization of the inner and outer
magnets. The regions in the ovals in Figure 10 (a) and (c) show the demagnetized
region of the inner and outer magnets. Figure 10 (b) and (d) clearly show that the
flux density direction of the ferrite magnets in the demagnetization region is
different to its magnetization, but it is still at the normal direction in the other parts
of the magnet. In Figure 10, it can be found that the demagnetization region in the
inner magnet is larger than that in the outer magnet, and the inner magnet is easier
to be demagnetized than the outer one. This is because the radius of the outer
magnet is larger than that of the inner one, and the volume of the outer magnet is
correspondingly larger.
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Figure 10. Partial Demagnetization of the Magnets. (A) Demagnetization
Region in the Inner Magnet (Shown In Blue). (B) Flux Density Vector of the
Inner Magnet. (C) Demagnetization Region in the Outer Magnet. (D) Flux
Density Vector of the Outer Magnet

Figure 11 shows the demagnetization ration distribution of the magnets in the
DRRFPM generator under rated operation at -20 ‘C. The demagnetization shown
here is the irreversible demagnetization from going over the knee point, and
indicates that the magnets properties have worsened.
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Figure 11. Demagnetization Ratio of the Magnets in the DRRFPM Generator
under Rated Operations At -20 C. (A) Inner PM. (B) Outer PM
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3.2. Performance Degradation Due To Partial Irreversible Demagnetization

The partial irreversible demagnetization of magnets results in a reduction of the
air-gap flux density, the stator winding flux linkage, and hence the output torque
and power. To investigate the performance degradation due to partial irreversible
demagnetization, it is assumed that the demagnetized region shown in Figure 10 has
been totally demagnetized (i.e., it is treated as air space).

The performance degradation after partial irreversible demagnetization is shown
in Figure 12-13. Figure 12 shows the phase voltage waveforms under rated
operation. Figure 13 shows the flux-linkage waveforms, and Figure 14 shows the
instantaneous torque of the inner and outer part. It can be seen that phase voltage,
magnetic flux linkage and average output torque have all been reduced due to the
partial irreversible demagnetization.
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Figure 12. Phase Voltage Waveforms under Rated Operation without
Demagnetization and After Demagnetization
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Figure 13. Magnetic Flux-Linkage Waveforms under Rated Operation
without Magnetization and After Demagnetization
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Figure 14. Torque Waveforms of the Inner and Outer Part under Rated
Operation without Demagnetization and After Demagnetization

It is worth noting that the performance degradation shown in Figure 12-14
represents the worst case condition -20 C, because the demagnetized portion of the
magnets has been treated as air. In reality, the magnet temperature will be higher
than -20 C for the sake of the winding heat, and the demagnetized magnet will
work on minor recoil lines instead of being totally demagnetized. Under this
circumstance, the performance degradation will be slightly better compared with the
worst case condition.

4. Discussion

The partial irreversible demagnetization of DRRFPM generator has been verified
via FEA. The FEA approach is capable and very convenient to help verify the
mechanism of partial demagnetization, and it can be used for the initial design. The
accuracy of FEA approach for demagnetization analysis was confirmed by
experimental results in [18-19].

Even though the DRRFPM generator has a strong tendency of partial
demagnetization near to the air gap, the majority part of the permanent magnets in
DRRFPM generator is not subjected to any significant demagnetizing MMFs during
normal operation.

Optimization considering multiple machine parameters can be used in the design
of DRRFPM generator to minimize the partial reversible demagnetization and to
maximize the output performance.
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5. Conclusion

This paper investigates the partial irreversible demagnetization characteristics of
the ferrite magnets in the DRRFPM generators. Two different partial
demagnetization mechanisms in the DRRFPM generators have been modeled and
demonstrated. The 2-D FEA results have verified the validity of the proposed partial
demagnetization model. The performance degradation of the ferrite DRRFPM
generator after partial irreversible demagnetization has been investigated.

The research clearly reveals that the most vulnerable region in the ferrite magnets
of the DRRFPM generator to irreversible demagnetization. The method developed in
this paper provides an effective tool for assessing the partial irreversible
demagnetization risk of magnets in the DRRFPM generator.
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