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The demagnetization of permanent magnets in permanent-magnet machines has been under discussion in many publications lately.
Demagnetization models have been used, for example, to optimize the machine structures but there have been no studies on how the
demagnetization is coupled with the loading and temperature-rise of the machine and how this coupling should be modeled. In this
paper, we model the dynamics of the demagnetization of a dovetail machine under a constant load torque. We show that the thermal
model should be included in the demagnetization calculations. The demagnetization will cause an increase of the copper losses, which
will increase the temperatures of the machine. This will cause more demagnetization and might lead even to a stall in a situation in which
a model neglecting the thermal effects predicts stable operation without additional demagnetization.

Index Terms—Demagnetization, dovetail machine, finite-element analysis, permanent magnets, synchronous machines.

1. INTRODUCTION

HE demagnetization of the permanent magnets in perma-
T nent-magnet machines has been discussed in many publi-
cations recently. The demagnetization has been modeled either
by linear models [1], [2], hysteresis models [3], [4] or by models
based on single valued non-linear demagnetisation curves [5].
Both parametric [6] and finite-element models [3], [7] have been
used to study the machine operation under the risk of demagneti-
zation. The effect of the partial demagnetization on the shape of
EMF has been studied [1], [8]. Some authors have studied, how
the demagnetization has been divided inside a single magnet [9],
[10]. Different motor types have been compared [10] and opti-
mized [7] against demagnetization. Even motors using several
magnet grades have been developed using these models [11],
[12]. Diagnostics has also been studied to detect demagnetiza-
tion [13]. The demagnetization phenomenon itself has mostly
been ignored. No comprehensive study has been made of the
interdependence of demagnetization, loading and temperature-
rise in a PM machine and how these effects should be modeled
to get relevant results.

When a machine loaded with a constant torque is demagne-
tized partially, it will start to draw more current to produce the
required torque. The increased current may cause more demag-
netization, which will again increase the current (Fig. 1). The in-
creased current will cause more copper losses, which will cause
temperatures to rise, dropping the intrinsic coercivity of the per-
manent magnets and making them more prone to demagnetiza-
tion. It is important to study, if this process keeps on going until
the machine stalls. It is also important to study, how the point
where the demagnetization stops could be most easily estimated.

In this paper, the dynamics of the demagnetization in perma-
nent magnets of a synchronous machine is studied. The same
demagnetization situation is modeled in different ways and the
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Fig. 1. A diagram representing the dynamics of demagnetization of the perma-
nent magnets in an electrical machine loaded with a constant torque.

results are compared. The effects of the loading and thermal be-
havior of the machine on the demagnetization are studied. The
effect of the shape of the hysteresis curve on the demagnetiza-
tion is also modeled.

II. MACHINE

A dovetail machine [14] is a special type of buried magnet
machine where the mechanical loads caused by the rotation are
carried by the magnets [15]. The mechanical properties of the
dovetail machines are extensively studied by Kolehmainen et
al. in [16] and [17]. The performance of the dovetail machine is
compared to the performance of the other types of buried magnet
machines in [18].

The machine modeled in this study is a 6-pole dovetail ma-
chine of 45 kW. The machine has sintered NdFeB magnets in
three poles (Fig. 2), while the other poles without magnets act
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Fig. 2. A cut of a six-pole motor [12] used in the present study.

TABLE I
MAIN PARAMETERS OF THE MODELED MACHINE [12]

Parameter: Value
Number of poles 6
Outer diameter of the stator 310 mm
Air gap diameter 165 mm
Core length 165 mm
Number of stator slots 36
Connection Delta
Input frequency 300 Hz
Rated speed 6000 rpm
Rated voltage (phase-to-phase) 370V
Rated power 45 kW
Maximum power 67 kW
Magnet material Sintered NdFeB
B, of PM material at 20 °C 1.15T
jH. of PM material at 20 °C -2100 kA/m
B, of PM material at 190 °C 090T
jH. of PM material at 190 °C -280 kA/m

B, denotes the remanence, ;H, the intrinsic coercivity of the magnet material

as a return path for the flux. The parameters of the machine are
presented in Table L.

III. MODEL
A. FEM Model

The calculations in this paper have been done using a special
FEM software developed by Helsinki University of Technology.
The program solves both the field equations and circuit equa-
tions simultaneously. The mathematics of the software is more
thoroughly described in [19]. The calculations were done using
the time-stepping method. The rotor was rotating at the same
constant speed as the stator field in most calculations. In some
calculations, a mechanical model was used, where the rotation
speed was dependent on the torque developed by the machine
and the moment of inertia. The mechanical model allowed the
modeling of the oscillation of the power angle.
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One third of the machine cross section was modeled with
FEM. The second-order mesh contained 3234 elements and
7377 nodes. The magnets were modeled with 103 elements.

B. Demagnetization Model

A demagnetization model developed before [5] was imple-
mented in the FEM software described above. The demagneti-
zation model is thoroughly described in [5], [11], and [9]. The
model takes into account the temperature dependence of the
magnetic properties, the squareness of the hysteresis curve, and
the direction of the demagnetizing field. The demagnetization
model checks the demagnetization of each element inside per-
manent magnets after each time-step. If any demagnetization is
detected, the magnetization of that element is adjusted and the
time-step is recalculated.

Very often, the demagnetization models consider only the
field component antiparallel to the magnetization direction, be-
cause it is assumed that the perpendicular component does not
have any effect on demagnetization [20]. It is shown in [21] and
[9] that the field component perpendicular to the magnetization
direction must also be taken into account.

C. Temperature Model

The magnetic properties of sintered NdFeB magnets are
highly dependent on temperature. Both the remanence and
intrinsic coercivity decrease with the rising temperature [5].
The decreasing remanence will make the machine to draw more
current, if it is loaded with a constant torque. The decreasing
intrinsic coercivity makes the magnets more vulnerable on
demagnetization. The copper losses are also temperature
dependent, since the resistivity of copper changes a lot as a
function of temperature. For these reasons, it is important to
have a thermal model, which will give the temperatures of
permanent magnets and windings in a machine as a function of
the losses.

It is not important to involve the thermal calculations directly
in the electromechanical calculations. The electric phenomena
in an electric machine take place in a matter of several electric
cycles. The time needed to change the temperatures in a large
electric machine is a lot longer, because of the large heat ca-
pacity of the machine. This is why electric modeling and thermal
modeling can be done using different models, which communi-
cate by exchanging information using some simple parameters
(Fig. 3). The losses of the machine are fed from the FEM model
to the thermal model, which returns the temperatures of the ma-
chine to the FEM model. The remanence and the intrinsic co-
ercivity of the magnets and the resistivity of the magnets and
copper are temperature dependent.

The thermal model used in these calculations is a very
simple network of thermal resistances (Fig. 4). The model
is based on an assumption, that all losses generated by the
machine ( Pre, Protor, Pcu) are dissipated to the ambient (point
of T'Ambient) Via stator iron (point of TF.) through the thermal
resistance Rps. The rotor losses (Protor) are transferred to
stator over the air-gap thermal resistance (Rgr). The copper
losses (Pcy) are transferred to stator iron over the thermal
resistance Rcp. Because the capacitances are missing, this
simple model suits only for steady-state modeling.

The temperatures and the losses of the machine were mea-
sured and calculated in the past testing [12]. The thermal resis-
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Fig.3. The interface between the FEM model and the thermal model is handled
by exchanging information of losses and temperatures. The temperatures will
have an effect on remanence ( B..), intrinsic coercivity ( 7 H.) and resistivity of
magnet material (Pmagn ) and copper (pcu).
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Fig.4. Simple thermal model used in this study. The losses (Protor, Pres Pou)
calculated by FEM software are inputs of the thermal model. The values of the
rotor temperature 7.4, and winding temperature 7, are inserted to FEM soft-
ware. The thermal resistances (Rry, Ror, Rra ) are adjusted to model the real
thermal behavior of the motor. The ambient temperature T'ampbient 1 increased
to cause demagnetization in this study.

tances (Rgrr, Rcr, Rra) of the model (Fig. 4) were estimated
based on these results.

IV. SIMULATIONS

The purpose of this paper is to study how the demagnetiza-
tion of a machine should be calculated to get accurate results.
A machine loaded with a constant torque is modeled in several
ways, which are described in the following subsections.

The calculation scenarios are selected to create a demagneti-
zation of approximately —5%. This level of demagnetization is
still acceptable in many applications, because it is close to the
manufacturing tolerance of the remanence of the magnets.

The demagnetizing situation is caused in these calculations
by a high temperature, which is achieved by increasing the am-
bient temperature (T o pypient in Fig. 4) of the motor loaded with
the rated torque heavily. However, it is not possible to separate
the contribution of loading and temperature rise to demagneti-
zation, since the demagnetization happens due to a loading and
the temperature rise together.

The demagnetization is defined in this paper as a relative drop
of open-circuit EMF.

A. Single Run Versus Iterating

The easiest way to study the demagnetization of the machine
is to model the demagnetizing situation when the rotor is ro-
tating at the constant synchronous speed. This kind of modeling
does not take into account the change of the power angle, i.e.,
the angle between the rotor magnetization and the stator field,
due to the demagnetization.

A demagnetization of the machine loaded with a constant
torque should be modeled with an iterative process, where after
each calculation with a constant rotor speed leading to demag-
netization, the power angle is adjusted to give the same torque.
After the adjustment, the calculation is repeated.

The purpose of the first test is to find out, how much differ-
ence there will be in the calculation results of a single run and
the iterative modeling. It is also important to notice, if the de-
magnetization stops at a certain level, or if it drifts forward until
the machine stalls.

B. Moment of Inertia

The demagnetization of a machine loaded with a constant
torque can be accurately defined using a mechanical model,
where the rotor speed is a function of the torque generated by the
machine, and where the moment of inertia of the rotor is known.
With the mechanical model, the rotor rotates in synchronization
with the sinusoidal stator field, but the power angle can change
according to the loading.

When this model is used, the demagnetization will lead to
a decaying oscillation of the power angle, in which the time
constant of the oscillation is many times longer than the cycle
time of the input voltage. This will cause a very long simulation
time.

The purpose of this second test was to find out, if the moment
of inertia has significance on the results, and to verify the accu-
racy of the first test with iterative approach. The second test was
simulated using four different moments of inertia for the rotor:
the real value, a value ten times the real value, a value a hundred
times the real value, and a value of one tenth of the real value.
The rated supply frequency was used in all cases.

C. Squareness of the Hysteresis Curve

Magnet material of good quality has a hysteresis curve with
a good squareness. The squareness is good, if the curve of mag-
netic polarization as a function of the applied field forms a tight
angle in the second quadrant.

The purpose of this test is to model the effect of the curve
squareness on the results of the demagnetization calculations.
Two materials with different curve squarenesses are modeled.
The high temperature curves of the materials are presented in
Fig. 5.

D. Heating by Demagnetization

The third test takes into account the rise of temperature
caused by the demagnetization like described in Fig. 1. This
simulation is done stepwise. First, the losses and the tempera-
tures are defined with the help of the thermal model but without
using the demagnetization model. Then the demagnetization
in that temperature is calculated. After that, the losses and
temperatures are calculated again. This is repeated time after
time, until the demagnetization stabilizes or the machine stalls.
The purpose of this test is to see, if the demagnetization process
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Fig. 5. The second quadrant hysteresis curves of the modeled sintered NdFeB
magnets in 190°C. The thick curves are for the material with good squareness.
The thin curves are for the material with bad squareness. The demagnetization
model uses the shape of these curves as described in [5] and [9].

TABLE II
RESULTS OF THE DEMAGNETIZATION CALCULATIONS AFTER EACH
CALCULATION STEP

Demagnetization

Demagnetization =~ Demagnetization
/ (ICJ?]?SEAV'V’%" / Load Angle / Load Angle
Modeling ood (Curve with bad (Curve with bad
Situation squireness) squareness) squareness)
Trotor = 190°C, Trotor = 19000(1v Trotor = 180(’5:,
Tsmmr = lgogc TSlal()l" - 180 C TSlill()f - 170 C
Single run -4.1 % / 35.6° -15.9 % / 35.9° -4.5 % / 35.2°
Iterated
Step 1 -4.1 % / 35.6° -15.9 % /35.9° -4.5 % / 35.2°
Step 2 -4.5 % [ 38.4° -18.4 % /1 47.3° -4.7 % 1 37.4°
Step 3 -4.6 % / 38.6° -18.9 % / 49.1° -4.7 % [ 37.6°
Step 4 -4.6 % / 38.6° -19.0 % / 49.7°
Step 5 -19.1 % / 49.8°
Step 6 -19.1 % / 49.9°

stops at a certain level or if it drifts forward until the machine
stalls.

V. RESULTS AND DISCUSSION

In the first test, the machine was modeled for two electric cy-
cles while the rotor was rotating at the constant speed. After the
demagnetization simulation, the power angle was adjusted so,
that the machine gave the torque required. Then the simulation
was continued for two more electric cycles. The modeling was
done for magnets with the two different hysteresis curve square-
nesses. The case with the worse curve squareness was modeled
at two temperatures. The results of the first test are presented in
Table II.

The second tests were done including the mechanical model,
where the rotor speed was dependent on the torque allowing the
change of the power angle during the simulation. The loading
torque was constant. The length of the test was 400 electric cy-
cles. The results were also checked after 200 cycles. The demag-
netization did not change between the 200 and 400 cycles. The
calculation was repeated four times using the different moments
of inertia, respectively. The results are presented in Table III.
The results in Table III correspond to the first case presented in
Table II. It can be assumed that the results in Table III are the
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TABLE III
RESULTS OF THE DEMAGNETIZATION CALCULATIONS WITH DIFFERENT
MOMENTS OF INERTIA

Demagnetization
(Curve with good squareness)
Trotor = 190°C, Tytaor = 180°C

Modeling Situation

Single run -4.12 %
Iterated -4.56 %
I=lom/ 10 -4.61 %
I'=Thorm -4.61 %
I=TInom x 10 -4.56 %
I = Ihorm x 100 -4.56 %

Liorm denotes the moment of inertia of the rotor, Tiowr and Tsuor denote the
temperatures of the rotor and the stator respectively.

TABLE IV
RESULTS OF THE DEMAGNETIZATION CALCULATIONS WITH THERMAL MODEL

Tstator Trotor Demagneti- P P

. o, N . Cu Total
Test / Step °C) (°C) zation W) W)
Test1/S0 180 190 0 % 911 3095
Test1/S1 180 190 -4.6 % 1517 3768
Test1/S2 194 200 -44.7 % - -

STALL

Test2/S0 175 185 0 % 881 3064
Test2/S 1 175 185 -0.84 % 901 3085
Test2/S2 176 186 -1.12 % 906 3089
Test2/S3 176 186 -1.12 % 911 3095

most accurate ones, because the model used in that test is phys-
ically the most accurate one.

The results in Table II show that if the demagnetization is
tested with a single run only, the result will be slightly too op-
timistic. However, after several iterations, the demagnetization
reaches the same values as presented in Table III. Thus, it makes
sense to make several iterations when predicting demagnetiza-
tion instead of making a single long run. It is also interesting to
notice that the demagnetization stabilizes to a certain level even
with the material having the bad curve squareness, if the thermal
effects are ignored.

In the last test, the same situation that was used to achieve
the results presented in the first case of Table II was repeated
including the results from the thermal model. The test led to
stalling of the machine. Then, the test was repeated at a slightly
smaller ambient temperature. In this case, the demagnetization
was stabilized after some iteration. The results of the last test
are presented in Table IV.

It is interesting to notice that the modeling without the
thermal model (the first case in Tables II and III) led to a stable
situation, while the modeling of the same situation with the
thermal model leads to stalling (The first case in Table IV). In
a real situation, the stalling would have happened after a while,
because it will take some time before the final rotor temperature
is reached.

When an overheated electric motor loaded with a constant
torque demagnetizes, the motor starts to draw more current to
keep the torque. This can be seen in Table II as an increase of
the load angle. The increased current will cause more copper
losses and thus, increased machine temperatures, as can be seen
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in Table IV. The properties of a permanent magnet material and
the resistivity of the windings are highly temperature dependent.
The increase of temperature will cause a decrease of the intrinsic
coercivity of the permanent magnet material, which will again
cause demagnetization. This cycle can easily go on and on until
the machine stalls. The last test clearly shows that a thermal
model must be included in demagnetization calculations to get
reliable results.

According to the simulations here, only a very small demag-
netization led to a stable operation. The result is of course highly
dependent on the thermal behavior of the machine. In most small
or middle power motors, the thermal connection between the
rotor and stator is quite strong, and the increase in stator winding
temperature will lead to an increase in the rotor temperature,
which will cause more demagnetization and will eventually lead
to stalling.

VI. CONCLUSION

The dynamics of the demagnetization of a permanent magnet
machine was discussed. A demagnetization model, a thermal
model and a special dovetail motor were presented. The demag-
netization was modeled in several situations. It was noted that a
thermal model of the machine must be used for accurate demag-
netization modeling, because the demagnetization will cause an
increase of the machine temperatures.
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