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Abstract 1 Permanent Magnet Materials

This paper describes how an electrical engineer  pifferent permanent magnet materials used in

should take into account the possibility of present applications are described as followshat t
Permanent Magnet (PM) demagnetisation when  end of this chapter, the magnet materials are
designing a PM machine. Different modern PM  compared in Table 1.

materials and used magnet models both in )
parametric models and in Finite Element Method 1.1 AINiCo-magnets

(FEM)  models ~are  shortly  described.  A|NiCo-magnet material is the oldest permanent
Demagnetisation models and hazardous situations  magnet material still in use. The best featurethef

in PM machines are discussed. Finally, the a|NiCo-materials are low temperature coefficients
instructions how to check the design against the  4nd very high Curie temperature [2]. However, a

risk of demagnetisation are discussed. really low intrinsic coercivity 1) of AINiCo-
materials restricts the use of these materialsanym
Keywords applications. AINiCo-materials show highly non-

linear behaviour in the second quadranBHEplane,

Permanent magnet,  demagnetisation, - permanent which makes the modelling quite difficult.

magnet machine
1.2 Hard Ferrites

Introduction . :
Hard ferrite or ceramic magnets are the most

A permanent magnet is an essential part of modefiportant magnet materials commercially. The best
electrical machine, which means that the PMeatures of ferrite materials are low cost and very
material should be modelled properly. A good modeligh electrical resistivity [3]. However, becausk o

should describe accurately each possible workinglatively low B, these magnets are not normally
point in second and third quadrant of hysteresigsed in high tech applications. Anisotropic hard
plane. ferrite materials have linear behaviour in normal

temperatures.
In present models of a PM machine, the permanent

magnet material is usually modelled with twol-3 SmCo-magnets

parameters only: remanenceB)( and relative gmCo-magnets belong to Rare Earth magnets, like
permeability. In some cases, instead of remanenqggreB-magnets. SmCo magnets have high
the normal coercivitygH,) of m_aterlal is used [1]. remanence, high intrinsic  coercivity, low
These parameters lead to a linear model that doggnperature coefficients and high  corrosion
not take into account the possibility of egistance. The drawbacks of SmCo-materials
demagnetisation. Normally this is not a problemyciyde high price depending on Co-price and in
because PM machines should be designed so that tgne applications also the electric conductivity.

risk of demagnetisation is avoided even in some ) )

hazard situations like short circuits. However, iff here are two different SmCo materials: Sm@od
behaviour of machine after demagnetisation needs &1C0i7. These materials differ mostly in

be modelled a more sophisticated PM model ig1agnetization behaviour. SmCo magnets have linear
required. behaviour.

Modern PM materials include ferrites, Rare Earthl'4 NdFeB-magnets

material and different plastic bonded materialssiMo NdFeB-magnets belong to Rare Earth magnets.
of these materials except some plastic bonddddFeB-material is the most important PM material
materials show almost linear behaviour up to th@ large machine and generator applications. These
demagnetisation limit. Even with these presentdine magnets offer the highest possible remanence and
materials the risk of demagnetisation should beéepending on the grade, also very high intrinsic
studied in each design case separately. coercivity. However, the temperature coefficients
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are quite high and also the corrosion might be ariented to create anisotropic magnets with higher
problem for NdFeB-magnets. NdFeB-magnets deemanence. If the material is left unoriented, an
conduct electricity quite well, which might also &e isotropic material is created.

problem. NdFeB-magnets have linear behaviour. Bonded magnets do not conduct electricity and some

very special shapes are possible by using plastic
injection molding. Normally, the following
Magnet material can be mixed to plastic or rubbgrermanent magnet materials are used to create
material. With these methods, very speciabonded magnets: ferrite, SmCo, NdFeB and SmFeN.
combinations of mechanic and magnetic propertieSome bonded magnets show linear behaviour, but in
can be achieved. The magnet material can beost cases the behaviour is somewhat non-linear.

1.5 Bonded-magnets

Table 1 Comparation of Permanent Magnet Materials [49}[B]

Material

Remanence
B: (T)

Intrinsic
coercivity
JHe (KA/m)

Curie
temperature
(°C)

[4, p 69][5]

Temperature
coefficient of
Br (%/°C) [5]

Temperature
coefficient of
sHc (%/°C)
[5]

“Pros and cons” of magnet
material

AINiCo

05...1.35

40...150

700...850

-0.01-0.02

-0.02..-0.04

+ Low temperature coefficients
- Very low intrinsic coercivity

- non-linear behaviour

+ Low cost material

+ High electrical resistivity
+ Linear

- Quite low B

Hard

Ferrites 0.15...0.43

150...350 450 -0.2 +0.3...40.5

+ High magnetic properties
+ Linear
- High cost

SmCo 0.9...1.1

700...2400 500...850 -0.04 -0.20.3

+ Highest magnetic properties
+ Linear

- High temperature coefficients
- Prone to corrosion

NdFeB 10..14

900...3200 310 -0.4:0.8

+ Complex shapes possible
+ Non-conductive

- In many cases non-linear
- Low magnetic properties

Bonded

Note 1)
magnets

Note 1) Note 1) Note 1) Note 1)

Note 1): Wide range based on the mixed magnet Estipmaterial

of that, a product oB, divided byuu, and magnet

. ) thicknessl,, should be used to avoid the possibility

2.1 Linear parametric models of confusions in case if the magnet has non-linear
When making a magnetic circuit analysis byPehaviour in second quadrantiHi-plane.

parametric model the magnet material is modellefly; example if material NEOREM 453a would be

simply by using a straight line iBH-plane. The yseq in temperature 150°C, the use of normal
straight line is normally defined by remanengg),( coercivity gH, in a parametric model source term

which is the intersection point of vertical B-axasd  \yould lead to an incorrect result because that
with permeability i, which is the slope of the material shows non-linear behaviour in 150°C

2 PM Models in Electrical machines

straight line. (Figure 2).
In parametric models, the magnet is modelled with  \NEOREM 453a / NEOREM 553a
series connected flux source and reluctanc -sus 075 1.00 150 200 400 B
(Figure 1). osoﬁL | = n
o Temperature 20°C
0.30 |~
B 0.20 |~
l,-H . =>I, — ]
/Lll’ ILIO 010~ ::0_2
Figure 1. A reluctance model of PM posl 2 5 I
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In these parametric models, the strength of flu.
source is usually defined as a product of normdligure 2. A set of hysteresis curvesin second
coercivity gH. and the magnet thicknegs Instead quadrant [6]
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2.2 Magnet Models in FEM Rosu, Saitz and Arkkio [10] to model the
demagnetisation of magnets in large synchronous
Motors. Stoner-Wohlfarth-model is used by
Enokionzo, Takahashi and Kiyohara to model the
magnetization and demagnetisation of radially
oriented magnet rings [11]. Kang et.al. [12] have
Used an iterative approach to model demagnetisation

In a finite element method, the magnet can b
described with two possible methods:
e The element containing magnetic material
can be a source of magnetic field itself
causing an additional term to equation to b

solved [7] : :
(Second term in equation 1) EL:\?ér:}veithnlsv%nlei};se.sThey had approximated e
1 = 15 '
Vx—VxA-Vx—B =0 (1) . . . .
u 7 4 Hazardous Situations Causing Risk of

e The magnet can be described by a linear Demagnetisation
material of having constaptand having a
current sheet circulating, along the
magnet edges

4.1 Basic reasons of irreversible demagnetisation

If the working point of permanent magnet material
goes below the “knee”-point iBH-curve (Figure 4),
the magnet will experience irreversible
Some magnet materials like AINiCos and someéemagnetisation. This can be caused in electrical
bonded magnet materials show highly non-lineamnachines by the field caused by anchor reaction. As
behaviour. The instructions how to treat thes¢he BH-curve is a function of temperature, a
materials can be found in literature:temperature increase only can cause irreversible

2.3 Linearisation of non-linear behaviour

[8] [4, pages: 85-97] demagnetisation (Figure 5).
The basic idea is to find the worst working point

v_vith !owest field Qensity insjde the. magnet gr_1d Working line B A
linearise the behaviour by using recoil permeapilit of machin

as a slope according to Figure 3. Knee point

BH-curve of Linearised
non-linear magnet A B BH-curve

s Working point
— >

N

Figure 4: Working point below the knee of BH-curve

Worst working point

H will cause irreversible demagnetisation
i >
Figure 3: Linearisation of non-linear BH-curve Low temp
BH-curve
2.4 Use of linear models Working line B L/
of machin
Linear models of permanent magnet material can be
used in electric motor analysis. However, special /
care has to be taken to make sure that the working Working point
point of the magnet never leaves the linear or below knee High temp
linearised area of th&H-curve. This check can pointin high BH-curve
normally be done at the end of the analysis. The temperature H
basics of this demagnetisation check will be l \ >
described later in this paper. /
L . Figure5:
3 Demagnet|sat|0n MOdelS Used N H|gh ten]perature Causing den‘]agnetisation

Literature

Most demagnetisation models or hysteresis modeAI's',2 Temperature

are describing the non-linear multi-value behavioulg|igh temperatures  increase  the  risk  of
of magnetic material in macroscopic level in allifo emagnetisation by shifting the whoRH-curve
quadrants oBH-pIane._ These models can be app“e?ﬁjﬁgh temperatures in machines can be caused by
bath to ha_rd magnetic m"?‘te”a's and soft magneti, e hazard situation, by loss of cooling or by som
materials simply by changing parameters. Most us

del Preisach del introduced I n-usual loading. In fast rotating machines with
models are rreisach model Introduced as early ga .y air gaps, the eddy currents can cause afrise

1935 [9] and Stoner-Wolhfarth Model. temperature in permanent magnets because most PM
In literature, there are only several cases, wieerematerials are conducting materials. There are aéver
demagnetisation model has been applied to electrioaethods to eliminate these eddy currents is
machines. Preisach-model is used for example tgjectrically conductive magnetic materials:
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e By introducing a conductive material layerneeded at the end of analysis. The check is made
above the magnets [13, p 126]. In this caseccordingly:

the eddy current loss occurs in this o Find the highest possible temperature inside
conductive layer. a magnet.

* By constructing the magnet from smaller Find the lowest possible field value inside a

| pieces [133tp_128]| ible t magnet given by FEM model. The lowest
N some cases, It IS aiso possibie 1o use non- values of parametric model should be

conductive magnet materials like ferrites or bonded treated as average values inside a magnet.

magnets. )

e Using the BH-curve of the used magnet
material, check that the point of the lowest
field value is above the knee point.

When line starting a permanent magnet machingxample:

Wlth surface mOU.ntEd magnets, the minimum flelq’_et the h|ghest temperature inside a magnet be
inside a magnetic material can be around -1 J500C, and the lowest field value in a magnet aorne
before synchronisation. If the magnet materialtis &e —0.54 T. If the same magnet material as in Eigur
the same time in a higher temperature, a sevegeis used, it can be seen that the working point

demagnetisation can happen. For example, thgould be above the knee point. Thus, no irreveesibl
magnet material used in Figure 6 could survive sucfemagnetisation is expected.

line starting in 100°C without suffering irrevergb ] ] o
demagnetisation. However, in 150°C somdf this check shows a risk of demagnetisation, eher
ireversible demagnetisation in such line stariimg a'e several things to do:

expected. e The magnet grade can be changed to a
grade with higher intrinsic coercivity. At

4.3 Line Starting

NEOREM 499a / NEOREM 599a

040

0.50

0.75

1.00

1.50

B.J the same time the remanence normally

Temperature 2000

decreases. This means that the magnet has
to be thicker to produce the same flux with
less remanence. This increase in magnet

thickness raises the working point, which
also helps against demagnetisation.

e The thermal design of the machine can be
changed to reduce the maximum
temperature.

e The air gap can be increased to reduce the
anchor reaction. Of course, this reduced the
machine performance.

When doing this check, it should be remembered

that the magnetic values of permanent magnets have
10 also a tolerances. The knee point is in the highest
position when the magnet material has the highest
remanence but the lowest intrinsic coercivity withi
the tolerance range. It should be kept in mind that
the BH-curves for the magnet materials given by the
manufacturers normally show typical values.

0.30 |-80° T
1000 150°|‘
|

[k 20 1
-H T 1 T T
2000 | 1800 1600 1400

—n

T T
1200

1000

Figure 6: High performance magnet material in
high opposite field in an elevated temperature [ 6]

4.4 Short Circuits
This simple check only reveals the risk of
In different short circuits situations, similar agite  demagnetisation. If the machine performance after a
fields can be found inside a magnetic material tha#emagnetisation is to be studied, a more
in line starting case. Rosu, Saitz and Arkkio [10Bophisticated model allowing demagnetisation inside
have simulated a two-phase short circuit and faunda magnet as a function of position should be used.
field of —1 T in corners of a permanent magnet. )
According to their publication, two-phase shor6 Conclusions
circuits are more common and more dangerous frofhis paper gives an electrical engineer a reference
the demagnetisation point of view than one-phase @bw to check the electrical machine design against
three-phase short circuits. demagnetisation. Every electrical machine design
should be checked against demagnetisation using the
worst possible temperature and working point
scenario.  Normally, only a simple check is
necessary to ensure the design.

5 Checking the Risk of Demagnetisation
in PM Machine Analysis

Each electrical machine design having permaneflio model the properties of the demagnetised
magnets should be checked for possiblenachine in more detail, some sophisticated
demagnetisation. Normally, only a simple check islemagnetisation model should be used.
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