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A dovetail machine is a novel design developed to solve the strength problems of traditional buried magnet machines. A mixed-grade
construction can be easily applied to a dovetail machine, because a dovetail machine has several magnets in a single pole in different
positions. The basic idea of the mixed-grade construction is to use high intrinsic coercivity material in the positions of the high demagnetization risk and high remanence material in the positions of low demagnetization risk. We have developed a demagnetization
model that takes into account the temperature dependence of the properties of the permanent-magnet materials to model a dovetail
permanent-magnet motor with mixed-grade construction. We compared the model with a real motor. By comparing the testing and
the calculations, we show that our demagnetization model can predict the demagnetization of the permanent magnets with reasonable
accuracy. We discuss the benefits of the mixed-grade construction in a dovetail machine.
Index Terms—Demagnetization, dovetail machine, finite-element analysis, permanent magnets, synchronous machines.

I. INTRODUCTION

N a conventional buried-magnet machine, the magnets are
assembled in poles in a V-shaped manner, where between
the two inclined magnets there is an iron pole. In this construction, there are iron bridges supporting the pole between
the magnets. These bridges act as a way for the leakage flux,
and thus these bridges are usually kept thin. In a medium- or
high-speed machine, the centrifugal forces acting on the poles
cause strength problems [1] because of the thin iron bridges
(Fig. 1). To solve these problems, a new pole type, named dovetail shaped pole, was developed by Kolehmainen [2]. A dovetail
machine and a tradition buried-magnet machine have been compared both electrically and mechanically by Kolehmainen et al.
[1].
In a dovetail machine, the iron bridges can be kept very thin or
the machine can even be built without the iron bridges [3]. This
is because the magnets carry the mechanical stresses caused by
the centrifugal forces instead of the iron bridges. When compared to conventional designs, dovetail machines with high pole
number are mechanically stronger, and with low pole number
they are electrically better [4].
The two most important physical properties of a permanentmagnet material are remanence
and intrinsic coercivity
. Remanence is related to the ability of the magnet material to produce a magnetic flux. Intrinsic coercivity is related
to the ability of the permanent-magnet material to resist irreversible demagnetization, which means losing the ability of flux
production. Irreversible demagnetization can be caused by too
high temperature or too high magnetic field antiparallel to the
magnetization direction or by both. Higher intrinsic coercivity
means higher demagnetization resistance of the material.
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Fig. 1. A conventional buried magnet machine. The iron pole between the magnets is supported by thin iron bridges, which are kept thin because of the leakage
flux. The centrifugal forces acting on poles in higher speeds are causing stress
on the iron bridges (circled in one pole).

Normally, a machine is built using only one magnet material grade, which is selected as a compromise of a flux production and a demagnetization resistance. When a machine is
loaded, different parts of the magnets in a pole can be in different
working points and, thus, the same demagnetization resistance
is not needed in all magnets. This means that a magnet grade
with less intrinsic coercivity and thus higher remanence can
be used in the positions, where the high demagnetization resistance is not needed. In a case of Nd–Fe–B magnets, this kind of
“mixed-grade pole” construction can produce higher flux while
being less expensive than the conventional “single-grade” construction [5]. A dovetail machine is ideal for mixed-grade construction, because in one pole there are three individual magnets
circumferentially (Fig. 2).
If a machine is overheated or loaded too heavily, the magnets
might get permanently demagnetized. Machines are usually designed so that they are not demagnetized in any realistic fault
condition. An irreversible demagnetization of different kind of
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TABLE I
MAIN PARAMETERS OF THE MOTOR

TABLE II
PROPERTIES OF MAGNET MATERIALS
Fig. 2. A cut of the six-pole motor used in these calculations. The rotor is built
according to the patented dovetail construction, where the magnets (drawn in
dark grey) are utilized to carry the stresses caused by centrifugal forces.

machines is still considered an important research subject, because the phenomenon is studied in several papers. Some authors have used permeance networks [6], while other authors
have incorporated their linear demagnetization model in finiteelement-method (FEM) analysis tools [7]–[10]. Some authors
have used hysteresis models in FEM analysis [11], [12]. In some
papers, the demagnetized regions are treated as air assuming
total demagnetization [13]. Different demagnetization models
have been compared by Ruoho et al. [14].
In this paper, a demagnetization resistance of a dovetail machine is studied. The purpose is to compare the results given
by calculations with the demagnetization model and the results
of the demagnetization testing with the real machine, and to
study the suitability of the mixed-grade construction in a dovetail machine.
At first, the demagnetization of the machine is modeled in
a locked-rotor situation using a simple demagnetization model
taking into account also an inclined field [15]. After that, the
machine is tested in an overheated locked-rotor situation while a
frequency-converter is feeding an almost sinusoidal current. The
demagnetization of the magnets in poles is measured and compared to the results in calculations. Both a single-grade construction and a mixed-grade construction are tested and compared.
II. MOTOR UNDER STUDY
A frequency-converter driven six-pole motor is tested in this
research. The basic construction of the rotor is the patented [2]
dovetail construction (Fig. 2). The main parameters of the machine can be found in Table I.
Two Nd–Fe–B permanent-magnet material grades are used
in a rotor. The second quadrant hysteresis curves of the magnet
grades were measured by a hysteresisgraph in 100 C to define the intrinsic coercivity. The remanence was measured in a
room temperature by a Helmholtz coil and an integrator. The
demagnetization model [15] needs the values of remanence and
intrinsic coercivity in 20 C and in 150 C. These values were

calculated from the measurements using the temperature coefficients known for the tested materials. The properties of the used
magnet grades in 20 C and in 150 C can be found in Table II.
Two constructions were tested. In a single-grade construction, all magnets are made of magnet grade A. In a mixed-grade
construction, the magnet in the middle of the poles is made of
magnet grade B, but the sides of the poles are made of grade A.
With this mixed-grade construction, a higher remanence magnet
is located in the middle to increase the machine electromotive
force (EMF).
During the short-circuit situations, the side magnets are
stressed more heavily by a demagnetizing field from the stator
than the middle magnets. This is why the middle magnets
can be made of a magnet grade with less intrinsic coercivity.
Simultaneously, the middle magnets are producing more flux
because of higher remanence. The assumption is that the
mixed-grade pole made of grades A and B has about the same
demagnetization resistance as a single-grade pole made entirely
of grade A, while the mixed-grade pole produces more flux.
Also, a mixed-grade pole is slightly cheaper, because the grade
B has 1 weight-% more neodymium and 1% less dysprosium.
In late 2008, the price of Dy was about seven times the price of
Nd [16], [17].
III. CALCULATIONS
A locked-rotor situation of the dovetail machine is modeled
using a demagnetization model [14], [15] installed in a FEM
model developed by Helsinki University of Technology [18].
The hysteresis curves of the magnetic materials are modeled
with an exponential model described in [14]. The demagnetization model is adjusted according to the hysteresisgraph measurements to model accurately the magnet grades present. The
and
temperature dependence of the magnetic properties
is taken into account by a linear interpolation using the values
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Fig. 3. Calculated demagnetization (drop of EMF) of the motor after a lockedrotor situation with a sinusoidal 100 Hz, 165 A input current as a function of
temperature in the locked-rotor situation. Two single-grade constructions (thick
black: magnet grade A, thin black: magnet grade B) and one mixed-grade construction (gray) were modeled.

in Table II. In the demagnetization modeling, the inclined demagnetizing field [19] is also considered according to the paper
by Ruoho et al. [15]. The FEM model used had 3234 quadratic
triangular elements and 7377 nodes.
In the calculations, a locked-rotor situation is modeled with
a 2-D FEM model. While the rotor is locked, an input current of 165 A and 100 Hz is fed into the stator winding. The
calculations have been performed separately for each temperature. The demagnetization of the magnets is calculated both for
the single-grade and mixed-grade constructions as a function
of temperature. The demagnetization of a whole rotor is modeled by calculating EMF before and after the simulated situation
using the 2-D FEM model. The EMF is calculated by setting the
input current to 0 A and calculating the voltage.
The calculated demagnetizations as a function of temperature after the locked-rotor situation can be seen in Fig. 3. It can
be seen that after the demagnetization is more than 5%, even a
small increase of temperature will cause a large increase in demagnetization. Thus, it is important to measure the temperature
accurately in testing.
The calculated demagnetization of different magnets in a pole
at 175 C can be seen in Fig. 4. In the single-grade constructions, the side-magnets have the biggest risk of demagnetization.
In the mixed-grade construction calculated, the middle-magnet
demagnetizes first.
The demagnetization of a single-grade construction made entirely of grade B was modeled in a locked-rotor situation with
different currents. The results are presented in Fig. 5. A 10 A
change in current will have a change of less than 1% in demagnetization. Thus, the change of current will not have such a
drastic impact on the demagnetization as the change of temperature.
For the testing, it was also important to know, if the locking
position of the rotor has an effect on the demagnetization of
single magnets. For this purpose, a single-grade construction
made entirely of grade A was modeled in different locked-rotor

IEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 9, SEPTEMBER 2009

Fig. 4. Calculated demagnetization (drop of magnetization) of the magnets
caused by a locked-rotor situation. Two single-grade and one mixed-grade constructions are simulated. Temperature during the situation was 175 C, a sinusoidal input current of 165 A, 100 Hz was used. The mass of the middle magnet
is twice the mass of the side magnet.

Fig. 5. Calculated demagnetization (drop of EMF) of the motor caused by a
locked-rotor situation as a function of the input current amplitude. Temperature
was 170 C. The sinusoidal input current frequency is 100 Hz. It can be seen
that the change of the input current by 5 A will cause a change of only 1% in
the demagnetization around the point of interest.

positions. The results are presented in Fig. 6. It can be seen that
the demagnetization of the right magnet has the strongest dependence on the locking position. This can be a minor problem
in testing, because the locking position is not known exactly.
In these calculations, both the drop of EMF and the drop of
magnetization are used to measure the demagnetization. The
drop of EMF is a very convenient method to model the demagnetization of the whole rotor. The drop of magnetic polarization is practical, when showing a demagnetization of a single
magnet.
EMF is modeled in a no-load situation. Only the very thin
iron bridges above the magnets are saturated in this situation.
Because these bridges are fully saturated, they have a linear behavior, as long as they are kept saturated. Other parts of the
motor are not saturated, and thus, practically linear behavior of
the magnetic circuit can be expected. This means that the demagnetization calculated from the drop of EMF and from the
drop of magnetic polarization are the same.
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Fig. 6. Calculated demagnetization (drop of EMF) of the side magnets and the
middle magnet as a function of the locking rotor position in electrical degrees
after 100 Hz, 165 A input current. The rotor is a single-grade construction with
grade A only. It can be seen that the demagnetization of the right magnet has
the strongest dependence on the locking position.

Fig. 7. The test setup. The rotor was locked by the bar on the left during the
demagnetization test.
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Fig. 8. A measured demagnetization (drop of magnetic polarization) of the
poles after the locked-rotor situation with a 100 Hz, 165 A input compared to
the calculated demagnetization. This machine had a single-grade construction
with grade A only. The mass of the middle magnet is twice the mass of the side
magnet.

that the change of working point has a negligible effect on the
magnetization.
The remaining total magnetic moment was measured using a
Helmholtz coil. After that, the magnets were magnetized to full
saturation in a magnetizer. Then, the total magnetic moment was
measured again. The ratio of the magnetic moments before and
after the saturation was used as a demagnetization of a single
magnet.
A single-grade construction using only grade A and a mixedgrade construction using grade B at the middle and grade A on
the sides were selected to be tested. The testing scenarios were
selected so that the expected total demagnetization would be between 5% and 10%. Because the testing current was around
165 A, the temperature was adjusted according to the results in
Fig. 3. The purpose was to test the single-grade construction at
180 C and the mixed-grade construction at 175 C to create the
demagnetization of 6.3% and 7.8%, respectively.
V. RESULTS AND DISCUSSION

IV. DEMAGNETIZATION TESTING
The results of the calculations were ensured by testing the
motor in a real situation. First, the motor was heated up by
driving it with one third of the nominal speed while a frequencyconverter was feeding a low voltage. The heating of the motor
was monitored with seven sensors: three on end-windings and
four in the rotor. When the highest temperature reading from
the rotor side reached the selected test temperature, the rotor
was locked using a steel bar (Fig. 7). After that, a current was
fed by a frequency-converter for a couple of seconds.
After the locked-rotor test, the machine was cooled down and
the magnets were removed from the rotor. After the removal,
the working point of the magnets decreases, because the magnetic circuit has a different permeance when the magnet is in air
than when the magnet is inside the rotor. Because the magnets
are linear high-coercivity rare-earth magnets, it can be assumed

The tested rotor constructions and the demagnetization test
results for the whole rotor are presented in Table III. The demagnetizations are shown magnet by magnet for the single-grade
construction in Fig. 8 and for the mixed-grade construction in
Fig. 9.
The calculated values and test results show a difference of
some 2%–3% in Table III. This must be because of the measuring accuracy of the temperature. The temperature of the rotor
was measured with a sensors glued in the slots where the magnets were assembled. The sensors were not actually touching
the magnets. It can be that the temperature of the magnets was a
bit different from the temperature of the sensors. Another reason
for the difference can be, that the different sensors were showing
different temperature readings during the testing. The difference
between the maximum and the minimum reading was around 5
C. The testing was started when the highest reading reached the
decided temperature, because it was assumed that the magnets
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TABLE IV
COMPARISON OF DIFFERENT ROTOR CONSTRUCTIONS

Fig. 9. A measured demagnetization (drop of magnetic polarization) of the
poles after the locked-rotor situation with 100 Hz, 165 A input compared to
the calculated demagnetization. This machine had a mixed-grade construction
with grade A on the side magnets and grade B on the middle magnet. The mass
of the middle magnet is twice the mass of the side magnet.

TABLE III
RESULTS OF THE LOCKED-ROTOR DEMAGNETIZATION TESTING

might be a bit hotter than the sensors. It was assumed, that the
eddy currents in the magnets are causing heating in the rotor.
When comparing the demagnetization on a magnet-bymagnet basis (Figs. 8 and 9), it can be seen that the calculations
and the test results show quite a similar behavior. In Fig. 8,
the demagnetization of the middle magnet is less than the
demagnetization of the side magnet both in the calculations and
according to the testing. The situation in Fig. 9 is opposite both
in the test and calculations.
The calculation results presented in Fig. 8 show higher demagnetization than the test results. The reason for this must be
that the temperature in the rotor was not as high in the test.
The average measured rotor temperature in the test was 175 C,
while in the calculations the temperature of the magnet material was 180 C. Also, a slight error in the intrinsic coercivity
in calculations can have direct consequences in the results. The
calculation results in Fig. 9 are closer to the test results. The
average measured temperature in the test was 172 C, while the
temperature of the magnets used in the calculations was 175 C.
This testing shows that the demagnetization calculation
method used can predict the demagnetization of the magnet

material in a permanent magnet machine with a reasonable accuracy (Figs. 8 and 9). It was noticed that the temperature is the
most important factor affecting the accuracy of the calculations
(Fig. 3). The temperature deviation of the real rotor cannot be
modeled in the 2-D model used, which will cause inaccuracy
when modeling rotors with very high temperature deviation.
The mixed-grade construction tested was developed from a
tested single-grade construction by changing the middle magnet
from magnet grade A to magnet grade B, while keeping the
side magnets made of grade A. The assumed benefits were an
improved EMF, lower magnet cost and only a slightly inferior
demagnetization resistance. The EMF of the single-grade construction was 391.3 V, while the EMF of the mixed-grade construction was 394.7 V, showing some 1% increase.
The price of Nd and Dy were at the level of 87 EUR/kg and 13
EUR/kg respectively at late 2008 [16]. By changing from grade
A to grade B, 1% of Dy can be replaced by Nd in a magnet
chemistry causing a potential saving of 0.74 EUR/kg for the
magnet cost. This machine has 2.4 kg of magnet material. In the
mixed-grade construction, a half of this magnet material was replaced by grade B, making the cost saving in euros quite small.
In larger machines, however, the cost saving can be more significant.
According to Figs. 6 and 8, the side-magnets are first demagnetized in a locked-rotor situation in the single-grade construction. Thus, it can be expected that the middle magnet does not
need as much intrinsic coercivity as the side magnets. To improve the construction, the mixed-grade construction was created by replacing the middle magnet made of grade A with a
magnet made of grade B. Now, according to Fig. 9, the middle
magnet demagnetizes first, suggesting that the change of intrinsic coercivity in the middle magnet was too large.
When comparing the calculated demagnetization resistances
according to Fig. 3, it can be seen that the demagnetization
resistance of the mixed-grade construction is slightly inferior
to the demagnetization resistance of the single-grade construction based on grade A, as expected. The same applies to the
three-phase short circuit situation. At 170 C the demagnetizations of the single-grade construction and the mixed-grade
construction are 0.5% and 2.2%, respectively. However, because the EMF of these constructions is different, the difference
in remaining EMF after the demagnetization is only 0.8% at
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170 C. In Fig. 3 it can be seen that at 165 C the demagnetization resistance of the studied constructions is at the similar
level.
The two single-grade and one mixed-grade constructions are
compared in Table IV.
VI. CONCLUSION
A dovetail machine using a mixed-grade magnet construction
was introduced. The demagnetization in an overheated lockedrotor situation was calculated using a demagnetization model
introduced in earlier papers. The demagnetization in the same
situation was also tested with a real motor, and the results were
compared.
It was shown by comparing calculations and a real situation
testing, that the demagnetization model used can predict the demagnetization of the permanent magnets in an electric machine
with a reasonable accuracy, taking also into account the temperature dependence of the magnetic properties.
The potential improvement of the properties of a mixed-grade
construction was discussed. It was shown that by using a mixedgrade construction, the flux of the machine can be increased
while the demagnetization resistance becomes only slightly inferior. Simultaneously, the cost of the magnet material is slightly
decreased.
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