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We have studied a few simple demagnetization models, which are quick and easy to implement in finite-element calculations, and com-
pared them with measured recoil behavior of Nd—Fe-B magnet material, also using a hysteresis model for comparison. The models are
used to estimate post-demagnetization performance of an overloaded surface magnet synchronous machine. Two of the simple models,
the sloped linear model and the exponent function model, give the most accurate results without significantly increasing the computation

time.

Index Terms—Demagnetization, finite-element analysis, magnetic field modeling, permanent magnets, synchronous machines.

I. INTRODUCTION

ERMANENT-MAGNET machines are designed to remain
Pundemagnetized in normal working conditions. In some
cases, like when the machine is overloaded or after a short cir-
cuit, the machine performance can be degraded due to partial
permanent-magnet demagnetization. A suitable model is needed
to evaluate the machine performance after the demagnetization.

In this paper, several simple demagnetization models are
studied. Some of these models can be used to help a designer
detect demagnetization risks. More accurate models can be used
to simulate real behavior during and after the demagnetization.
A hysteresis model is used for comparison.

The focus here is on modeling permanent magnets using
two-dimensional time-stepping finite-element analysis. A more
complete description of the methods used in the finite-element
solution of the magnetic field with circuit equations for the
whole machine is available in [1].

For simple demagnetization models, the system of equations
is solved using the Newton—Rahpson iteration method. For the
hysteresis model, the fixed-point method iteration must be used
to guarantee convergence. The fixed-point technique is stable
and thus will be used for solving the hysteretic problem.

The permanent magnet is characterized only for its two dis-
tinct directions, the easy axis and the hard axis. Since the focus
of this paper is on modeling permanent magnet, the nonlinearity
of the rotor and stator cores is modeled using a single-valued
magnetization curve.

Simple models have been earlier used by Kang et al. [2], [3],
Lee et al. [4] and Kim et al. [5]. They have described models
which are referred as linear models in this paper. The method
of their calculations is clearly described in the paper of Lee
et al. [4]. Farooq et al. [6] have used a permeance network
model to simulate the performance of demagnetized motor.
However, their model does not include demagnetization within
the calculations.

II. RECOIL BEHAVIOR OF Nd-Fe—B MAGNET MATERIAL

In this work, three different Nd—Fe—B magnet grades were
measured to get representing recoil curves. The measurements
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Fig. 1. Recoil curves of a high coercivity Nd-Fe-B magnet grade at 120 °C.
The measurement was performed using manually controlled hysteresis-
graph. The set of curves here is a result of a single measurement of a single
10 x 10 x 10 mm?® sample. A commercial magnet grade was used.

were performed in three different temperatures, which all were
close to the normal electric machine working temperatures.
Fig. 1 shows five recoil curves of a high coercivity magnet
grade at 120 °C.

The measurements lead to the following conclusions. For
Nd-Fe-B magnet, the recoil line is almost a straight line,
especially, with small demagnetization. With larger demag-
netization, the recoil line is slightly but clearly bent upwards
near B-axis. An important matter to be noticed is that the
recoil curve does not form a significant minor loop if B-axis
is not crossed. However, if B-axis is crossed during the recoil
operation, a clear minor loop is formed. In that case, the minor
loop is not symmetric (Fig. 2).

A. Temperature Dependence of Magnetic Properties

The temperature dependencies of remanence and intrinsic
coercivity are usually treated with temperature coefficients for
Nd-Fe-B magnets. This leads to first-order relations between
the mentioned properties and temperature. However, the rema-
nence of a ferromagnetic material as a function of temperature
does not form a straight line at least within the whole tem-
perature range below Curie temperature [7]. To cope with this
nonlinearity, some manufacturers give different temperature
coefficients for different temperature ranges.

In this work, the remanence of one Nd—Fe-B-sample was
measured at six different temperatures between the room tem-
perature and 120 °C (Fig. 3). Both first-order and second-order
polynomials were fitted to the data.
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Fig. 2. A recoil curve and a minor loop of a Nd-Fe-B-magnet sample. Note,
that a significant minor loop is formed only, when the B-axis is crossed during
recoil operation.
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Fig. 3. Remanence (crosses) and intrinsic coercivity (circles) of Nd-Fe—-B-
sample as a function of temperature.

The average difference between all the measured data points
and fitted first-order polynomial was 0.4%. The average differ-
ence between the measured data and fitted second-order poly-
nomial was 0.2%.

From these results, it can be concluded that the first-order
approximation for temperature dependence of remanence can be
used for the whole measured temperature range. From previous
measurements, it is known that somewhat linear temperature
behavior can be also expected at higher temperatures, but below
200 °C.

The intrinsic coercivity of the same sample was also mea-
sured at the same temperatures (Fig. 3). The results clearly show
a linear temperature dependence of the intrinsic coercivity.

III. SIMPLE DEMAGNETIZATION MODELS

In this section, different simple demagnetization models and
the iteration scheme used are described. In all simple models,
the B—H -behavior is described along the easy axis only. The
hard axis is assumed to be linear.

A. Method of Calculation

All these simple models can be defined with only a few pa-
rameters: remanence, intrinsic coercivity, slope (recoil perme-
ability), and a curve shape parameter (for some models only).
The remanence and intrinsic coercivity are defined in two dif-
ferent temperatures. The actual values at working temperature
are calculated by linear interpolation.
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Fig. 4. B-H -behavior of linear sloped model compared to a measured curve.
In linear vertical model, the steeply falling part of B—H -curve would be exactly
vertical causing some difference to the measured data.

Crank—Nicholson time-stepping FEM analysis using
Newton—Raphson iteration [1] is used for these demagne-
tization calculations. The flux density at each time step is
first calculated using a linear model for the magnet material,
where only remanence and slope are defined. After the solution
has converged, a working point for each element with perma-
nent-magnet material is checked.

If the working point is too far on the negative H-axis when
compared to the curve given by the demagnetization model, the
remanence of that element is reduced to bring the working point
back to the B—H -curve. If there have been changes in the re-
manences during these checks, the flux density at the time step
will be recalculated using the updated remanence values and
checked again.

B. Limit Model

In this model, three parameters are needed: remanence, slope
and intrinsic coercivity. The intrinsic coercivity yH, is given
as a limiting value. If the working point in an element is below
7H., the magnetization in that element is changed to be zero.

C. Linear Models

There are two linear models, which are referred to as “linear
vertical” and “linear sloped” models.

In the linear vertical model, three parameters are needed: re-
manence, slope, and intrinsic coercivity. The intrinsic coercivity
s H. is given as a limiting value. If the working point in an ele-
ment is below y H., the magnetization in that element is changed
according to the working point and recoil permeability.

In the linear sloped model, four parameters are needed: rema-
nence, slope of recoil line, intrinsic coercivity, and slope of co-
ercivity limit. If the working point in an element is beyond the
almost vertical coercivity limit line, the magnetization in that
element is changed according to the working point and recoil
permeability (Fig. 4).

D. Exponent Function Model

In the exponent function model, the B—H-behavior is de-
scribed with four parameters: remanence, slope of recoil line,
intrinsic coercivity and an additional parameter K; describing
the sharpness of the knee in B—H -curve (Fig. 5). With larger
K;-values, the knee in B—H -curve is sharper and vice versa.
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Fig.5. Effectof parameter K on the curvature of the exponent function model.
With value I{; = —6 - 10~? calculated curve follows accurately the measured
curve.

By adjusting this parameter, a good agreement with measured
data can be achieved.
The B—H-curve is described with the following function:

B =B+ pop - H-E- - (K, + H) (1)

where E is a constant needed for unit conversion. E = 1 T.
Parameter K is calculated with the following equation:

o In [(Br‘i'(l/*r_l)'.ufo ] Hc)%]
2 = Kl

—1H.. (2

With this model, a good agreement with the measured hysteresis
curves and calculated B—H -curves can be achieved if K has a
value around —6 - 107° m/A.

IV. HYSTERESIS MODEL

The magnetization behavior of permanent magnets is gener-
ally similar to soft magnetic materials but yet permanent mag-
nets exhibit wide hysteresis loops the modeling of which by
conventional (history-independent) hysteresis models [8]-[10]
requires extra treatment. Although the Preisach model has been
commonly used for modeling magnetic materials including per-
manent magnets [11], [12], the model can considerably suffer
from the congruency problem [13]. The inverted Preisach model
[14] is usually a better choice; however, the model can also be
vulnerable to the specific B congruency in some regions of the
loop.

A. History-Dependent Hysteresis Model

Obtaining accurate and general physical modeling of hys-
teresis requires the development of models that take the H con-
gruency along with the B congruency into account. The search
of the curve to be modeled has to be carried out over the whole
B-H -plane, not only in the horizontal direction (or in the ver-
tical direction). A non-Preisach (equation-free) model of such
competence is proposed by Zirka et al. [13]. The model is based
on constructing the particular segment to be modeled from first-
order reversal curves, and the model stores previous reversals
and is hence called a history-dependent (HD) hysteresis model.
The modeled curve is constructed by interpolating between the
first-order reversal curves, and thus it is assumed that an infinite
number of first-order reversal curves can be generated by inter-
polation. The search of the desired curve is needed only at the
reversals and it is done using an efficient technique.

The HD hysteresis model is exceptionally accurate and also
convenient to be used for the finite-element analysis because it
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Fig. 6. A set of first-order reversal curves calculated with the used model.
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Fig.7. Comparison of calculated (dashed) and measured (solid) B—H -reversal
curves. It can be seen that the curves are almost the same.

does not need inversion and it can be naturally applied in two
fashions as H(B) or B(H).

In Fig. 6, a family of first-order reversal curves is created from
the major loop using a transplantation method similar, in prin-
ciple, to Zirka’s approach [15]. The method is based on splitting
the major loop into three parts where each part uses a specific
weighting function that can be identified from measurement, if
available. In our case, because a few first-order reversal curves
in addition to the major loop were experimentally obtained, the
weighting functions have been identified from measurement.
The constructed first-order reversal curves have been tabulated
for the HD hysteresis model. The accuracy of the model has
been evaluated by comparing the measured and modeled data
as shown in Fig. 7. Because the HD hysteresis model is capable
of reproducing the first-order reversal curves exactly [13], accu-
rate curves will be achieved for the entire set of Fig. 6.

B. Method of Analysis

The fixed-point method formulates the nonlinear magnetic
problem in the following manner:

R =H — l/FpB (3)

where R is a magnetization-like quantity to be computed itera-
tively. The fixed-point coefficient vpp is a reluctivity-like quan-
tity, which must be constant during iteration and should be prop-
erly chosen to ensure contraction.

The hysteresis model is used in the easy axis, m, while the
hard axis, d, is assumed to have linear characteristics. Thus, only
the relation H,, = F(B,,) is handled by the HD hysteresis
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Fig. 8. Example machine used in these simulations.

model and the linear relation H; = vy By is applied in the hard
axis. The flux density components of the easy and hard axes are
computed as

B, = B, cos ay, + By sin ay,

Bg = B, cos ay,, — By sin oy, “4)

and subsequently the magnetic field strength in the = and y di-
rections are

H, = H,, cosa,, + Hygsin a,,

H, = Hp, sin oy, — Hg cos oy, ®))

where «,, is the angle of magnetization.

The fastest convergence of the fixed-point method according
to [16] occurs when the fixed-point coefficient vpp is chosen at
time-step n as

m _ C|oH, "™
=% |98,

(9Hy (n—1)
0By

vpp = 5 , forC>1 (6)

C is a constant and must be conveniently chosen to ensure fast
convergence.

Employing the magnetic vector potential A as an unknown
variable, and considering eddy currents in the permanent
magnet with conductivity o, we obtain

0A
VXZ/FP(VXA)—E—O'E:—VXR. 7

This equation is discretized using finite-element method and
solved by the Crank—Nicholson time-stepping scheme.

V. CALCULATIONS WITH AN EXAMPLE MACHINE

There are two purposes for these calculations: To see how the
modeling of demagnetization affects the computation time, and
to compare different demagnetization models.

A. Example Machine

A virtual surface magnet machine was used in these simula-
tions. The machine is shown in Fig. 8. The main properties of
the machine are given in Table 1.

One quarter of the machine was modeled. First-order ele-
ments were used for the FEM analysis. The finite-element mesh
of the machine contained 1142 elements and 779 nodes. The
magnets were modeled using 245 elements and 159 nodes.
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TABLE 1
MAIN PARAMETERS OF THE MODELED MACHINE

Parameter: Value
Number of Poles 4
Outer diameter of the stator 310 mm
Air gap diameter 200 mm
Core length 246 mm
Number of stator slots 48
Connection Star
Input Frequency 50 Hz
Rated Voltage 400 V
Rated Power 40 kW
Remanence of PM material in 20°C 12T
Intrinsic coercivity of PM material in 20°C -1750 kA/m
Remanence of PM material in 150°C 10T
Intrinsic coercivity of PM material in 150°C -440 kA/m

TABLE II
CALCULATION RESULTS
Iteration Method Demal\%;::;ganon ChEnMg; in C:a[.‘lifséa(l;())n

Newton-Raphson ~ No demag. 0% 35
Newton-Raphson Limit model -34 % 35
Newton-Raphson Linear vertical -13 % 39
Newton-Raphson Linear sloped -15 % 38
Newton-Raphson Exponent -15 % 39
Fixed point No demag. 0% 40
Fixed point Hysteresis T% 41

B. Test Condition

The simulations were done assuming that the motor is over-
heated. The rotor temperature and thus the temperature in the
PM material were assumed to be 150 °C. The loading was
580 Nm, which is more than twice the rated torque.

First, the no-load voltage was calculated. Then, the machine
was run at a constant speed for two periods using a demagnetiza-
tion model or a hysteresis model. After that the no-load voltage
was calculated again. The simulation times were also recorded.

C. Results

The results of different calculations can be seen in Table II.
The first two columns show the iteration method and demagne-
tization model used. The no-load voltage at 150 °C was 355 V.
The column “Change in EMF” shows a relative drop in the
no-load voltage caused by partial demagnetization when over-
loading the overheated machine. The last column shows the time
needed to simulate the two periods. One period was divided into
400 time steps.

D. Discussions

It can be seen that there are no significant differences in the
calculation times between the used iteration methods or demag-
netization models. This is because only one-fifth of all the nodes
were within magnets, where the demagnetization models were
utilized. Thus, the demagnetization calculations can be included
in the normal FEM calculations without significant changes in
the calculation performance.
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Fig. 9. Working point changes in a point of permanent magnet in the example
machine during the simulation when using hysteresis model (note the minor
loop.)

The simple limit model gives a too large demagnetization.
However, because this model is easy to implement, it can be
used to give guidelines in machine design since machines are
designed to remain undemagnetized.

Linear vertical model is easy to implement but gave slightly
optimistic results on the demagnetization performance. How-
ever, because this model does not require any extra parame-
ters (only the basic material properties of permanent magnet
must be known), it is easy to use in machine design. The expo-
nent model and linear sloped model both give the same results.
This is because the B—H -curve shape parameter was fitted ac-
cording to the measured data. These models are assumed to give
most correct results of all the models tested here because they
model quite well the real measured recoil curves (Fig. 1). These
two models can be used to simulate the post-demagnetization
performance.

The B—H -curve could also be modeled with some other func-
tion than the exponent function. Within this research, a polyno-
mial based model and a rational polynomial based model were
also tested. With polynomial model, very high-order exponents
must be used to force the polynomial curve to follow the mea-
sured data. These high-order exponents can lead to numerical
problems. The singularities of rational polynomials may also
lead to numerical problems.

The hysteresis model used here gave optimistic performance
values after demagnetization. This is because the model creates
minor loops (Fig. 9), which does not happen in this extent in the
real recoil operation of Nd-Fe—B magnet (Fig. 1). A hysteresis
model would, however, be useful to estimate both the magneti-
zation and demagnetization performance of Nd-Fe-B magnets
in electrical machines. However, this model would need some
more development to describe the Nd—Fe—-B magnet behavior
accurately.

VI. CONCLUSION

A comparison of a set of different simple demagnetization
models and a hysteresis model used in 2-D FEM analysis of an
electrical machine was presented. The measured recoil behavior
of Nd-Fe-B magnet material was also described. The simple
models with constant slope recoil curve described better the real
behavior of Nd—Fe—B material than the hysteresis model used

IEEE TRANSACTIONS ON MAGNETICS, VOL. 43, NO. 11, NOVEMBER 2007

here, because the hysteresis model formed minor loops with sig-
nificant loop area. These kinds of loops were not observed in the
measurements. The use of demagnetization models increased
the computation times only slightly.
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