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Abstract - The flux density distribution of a rotor-surface-magnet
two-pole 4 MW permanent-magnet synchronous machine with a
solid rotor core is studied in three different operating modes:
rated operation, two- and three-phase short circuits.
Demagnetizing field strength by the armature reaction at the
rated operation of multimegawatt two-pole machines can be
significant, and it should be ensured that coercivity in the magnets
is not decreased due to irreversible demagnetization. Significant
demagnetization field can take place during the transient of two-
or three-phase short circuit. In this work, the capability of the
magnets to withstand short-circuits in multi-megawatt two-pole
machines regarding the risk of irreversible demagnetization is
investigated. To evaluate the role of the solid rotor core in short-
circuit tolerance of the machine, short-circuit tests were
performed in transient 2D Finite Element Method (FEM) model
and the results were compared with similar tests when the rotor
yoke is replaced with a traditional lamination stack.

INTRODUCTION

At higher speeds, the motors are typically either induction
motors (IMs) or permanent magnet synchronous motors
(PMSMs). Typically, a solid rotor core can be used in both
cases. To reach good properties, IMs are advantageously built
as two-pole machines while in the case of PMSMs, a four-pole
solution is often preferred. In this study, the feasibility of the
two-pole structure for a high-speed high-power PMSM is
studied. The challenge of the two-pole construction is that the
magnetizing inductance and therefore the armature reaction are
high. This may lead to problems with the well-being of the
magnets. However, if a two-pole approach for rotor surface
magnet PMSM is feasible, similar stator in both cases can
bring benefits in production.

Permanent magnet machines have a significant share in
applications where high-power density and high-efficiency
level are required. In industrial drives with a rated power of
several megawatts, permanent magnet machines show the best
performance within certain mass and size classes [1], [2]. In
permanent magnet synchronous motors (PMSMs), the magnets
are either mounted on the rotor surface or embedded in the
rotor. Depending on the machine size and rated power,
different types of permanent magnets can be employed. The
most common permanent magnets are ferrite, samarium-
cobalt, and neodymium ones [3]. Because of the highest
coercivity and typically lower price compared to samarium-
cobalt magnets, neodymium magnets are widely used in

industrial drives. However, neodymium magnets are more
prone to irreversible demagnetization than samarium-cobalt
magnets, especially if the magnet needs to operate at high
temperature values.

Permanent magnets produce about constant magnetic field
strength. However, they can deteriorate their magnetic
properties if they are overheated or exposed to a strong enough
external magnetic field opposite the magnet magnetization
direction. The problem of magnet overheating can be solved
by sufficient cooling and by limiting the rotor and stator losses.
Moreover, there are special versions of magnets with an
enhanced ability to maintain their magnetic properties at high
temperatures [4]. However, typically these special magnet
grades have a higher cost and are therefore not applicable in a
wide range.

When an external field (it's component normal to the magnet
surface) has opposite polarity with the magnet, the magnet
domains can start changing their orientation, which results in a
reduction of the polarization. At certain strength of the external
field, when the flux density in the magnet drops below the
point when irreversible demagnetization of the magnet occurs
(at a certain temperature), the permanent magnet can lose its
initial polarization (and consequently the remanence).

Permanent magnets are a vital part of the motor as they
provide the excitation required for torque production.
Reduction of magnet polarization results in a significant
deterioration of PMSM performance or total failure. Because
of that, it should be verified that no irreversible
demagnetization of the magnets occurs in any possible mode
of electric motor operation, including normal and emergency
regimes. Another option is to accept that the magnet is
irreversibly demagnetized, e.g., in the case of a terminal short
circuit. In such a case the magnet can be made of significantly
cheaper materials but with accepting a risk of losing
polarization in case of a short circuit. In the case of MW-range
machines, such a risk is usually not acceptable. Some grades
of modern permanent magnets can survive under relatively
strong external magnetic fields. For example, neodymium
magnet N42 with a remanence of 1.3 T at room temperature
can keep its properties when placed in an external
demagnetizing field of the same strength as the magnet can
provide itself. At 100 °C the resulting magnetic field density
on N42 can be as small as 0.6 T without irreversible
demagnetization [4].



There are several means of reducing the risk of irreversible
demagnetization. Proper permanent-magnet material selection
is, of course, a key asset but there are also means of reducing
the motor armature reaction. A high pole-pair number results
in a lower magnetizing inductance and therefore in a lower
armature reaction within the magnet area [5].

However, in high-power high-speed applications, a two-pole
design is a favorable choice to keep the motor frequency at a
moderate level, which is a typical case for high-speed
motors [6]. Another arrangement to reduce the risk of
irreversible demagnetization is adding a damper winding in the
rotor, which should help to reduce the rapid change of the
magnetic flux during the transient period of the short circuit.
However, the effect of the damper winding depends on many
factors such as synchronous inductance, rotor/stator structure,
geometry, and parameters of the damper winding. Therefore,
the effect of the damper winding should be also investigated in
detail.

In the given work, a 4 MW PMSM with one pole pair is
studied using 2D finite element analysis (FEA). The rated
steady-state operation, and two- and three-phase short circuits
were simulated (at the rated speed), and magnetic flux density
distribution in the machine region was analyzed. Based on the
findings, some summary related to the possible irreversible
demagnetization of rotor-surface-mounted permanent magnets
is done. Since the general magnet grade of NdFeB magnets
(e.g., N42SH or N45SH) can tolerate at the nominal load at a
temperature up to 100 °C, then the cooling arrangement can be
designed to ensure the maximum temperature in the magnet up
to 100°C. Thus, an operating temperature of 100 °C can be
taken as a rated thermal working condition for the magnets
considered in this work. If the rotor temperature is higher
higher-grade magnets must, naturally, be selected accordingly.

METHODS

A.  Machine studied

In the paper, the effects of magnet demagnetization are
studied with the example of a 4 MW solid rotor yoke rotor-
surface-magnet PMSM. The machine geometry is shown in
Fig. 1, and its parameters are listed in Tables I and II. The BH-
curve of the material chosen for slot wedges is shown in Fig. 2.

The machine considered in the work is a 2-pole 4 MW low-
voltage PMSM. The winding arrangement of the machine is
done according to the principles presented in [7]. One pole pair
is selected because it allows to minimize the frequency of the
converter and correspondingly the dynamic losses in the
switches [8]. The winding connection is delta, which allows
the operation of the motor with a frequency converter with a
rated voltage below 1000 V RMS (considering the motor
dimensions, loss minimization, and winding constraints).

The stator has a distributed winding with short pitching of
5/6, which is common in a machine with distributed winding
where winding harmonics are desired to be minimized to
reduce rotor eddy current losses. The yoke was optimized to
achieve the compromise between the size and stator iron
losses. Such a relatively large yoke is a common practice in

TABLEI
GEOMETRICAL PARAMETERS OF THE 4 MW MACHINE

Stator external diameter, Dy, (mm) 700
Stator inner diameter, D; (mm) 280
Airgap, J'(mm) 12

Rotor diameter, D, (mm) 256

Rotor yoke diameter, D;, (mm) 209.6
Number of stator slots, Qs 36
Number of the pole pairs, p 1

Stator steel M270-35A
Material of the rotor S355, solid
Stator stack length, / (mm) 563

Depth of rotor cooling channels, (mm) | 30

Width of rotor cooling channels, (mm) | 2

Number of rotor cooling channels 14

Magnet height, /py (mm) 23.2

Relative permeability of magnets, zpm | 1.03

Material of the magnets Neodymium N42SH (or its
modifications); remanence at

20°C=1.315T
TABLE II

ELECTROMAGNETIC PARAMETERS AND PERFORMANCE DATA
Rated power factor 0.95
Efficiency 99.3%
Rated speed (rpm) 12000
Rated voltage (rms) (V) 690
Rated torque (Nm) 3183
Rated current, delta connection (rms) (A) 2059
Rated i4 (peak) (A) -1159.7
Rated iy (rms) (A) 2672.9
Max. flux density in stator teeth (T) 2
Max. flux density in the yoke (T) 1.3
Rated current density in the stator winding (A/mm?) 11
Stator Joule losses (kW) 9.79
Stator iron losses (kW) 2.67
Losses in magnets (kW) 2.74
Losses in solid rotor core (kW) 0.26

high-speed machines with a low number of poles. One might
consider increasing the number of poles to reduce the yoke.

However, as it was mentioned before, the increase of the
number of poles would lead to an increase of the operating
frequency, which contributes almost proportionally to the
losses in the converter. Further, most of the high-power
converters are limited in achieving high synchronous
frequency up to 300...500 Hz, which is one of the main
constraints to increase the number of poles in high-speed
machines in the MW range. Using a two-pole approach results
in a high armature reaction.

In the presented study, the question of stator magnets’
segmentation is omitted, and magnets are modeled as a non-
segmented solid domain.

Studies are carried out with FEA in FLUX 2021.2 in the time
domain. End effect and effect of the end windings are omitted
to simplify the model and computation proceeding. This can
be justified by the relatively long active rotor core length,
which reduces the influence of end effects on the overall eddy-
current values induced in the rotor core. Therefore, with certain
approximation, it can be assumed that 2D analysis can be used
to preliminary investigate the solid rotor yoke effect on the risk
of irreversible demagnetization of the permanent magnets.
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Fig. 1. Machine geometry and main dimensions are in mm. Angular coordinate
o is used in Fig. 4, 6, and 7 to build flux density distribution along the rotor
surface as a function of mechanical angle (arc angle). The magnets and rotor
are modeled as non-segmented solid domains; radial lines seen in the rotor are
used for geometry-building purposes only.

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Magnetic flux density (T)

0 50000
Magnetic field strenght (A/m)

100000 150000 200000 250000 300000

Fig. 2. BH-curve of material Magnoval 2067 used for slot wedges.

To investigate the magnetic condition of the magnets, flux
density over the magnets’ surface (facing the air gap) as a
function of the arc angle was reviewed at a time instant where
the magnet flux density reached the minimum value. The red
line in Fig. 1 shows the curve, on which the flux density was
analyzed.

The electrical circuit behind the simulation is shown in
Fig. 3. Inductances Ly, Lv, Lw represent the stator windings,
and indices 1 and 2 show the parallel paths. The machine is
supplied with three current sources, whose instantaneous
values are functions of reference direct and quadrature
currents.

Fig. 3. Electrical circuit of the considered machine. Delta-connected three-
phase windings L have two parallel paths indicated by indices 1 and 2 supplied
from the three current sources / — one source is responsible for the
corresponding phase.

B. Operating modes under study

The machine was simulated under three operating modes.

First, the rated operating mode of the solid-rotor-yoke
PMSM (introduced previously) is studied. Under this case, no-
load and rated-load tests were simulated.

In the no-load case, the rotor was modeled as a domain with
an imposed synchronous speed, whereas current sources were
deactivated, and switches S1, S2, and S3 were set to position 0
(not closed to either position 1 or position 2). No-load
simulation was performed to see the magnetic flux produced
by the magnets only.

In the rated operating mode, when the motor is running
under the rated load, switches S1, S2, and S3 are in position 1,
which connect the current sources to the machine windings.
The flux density observed in that case is shown in Fig. 4.

Then, two- and three-phase short-circuit faults were
simulated. A two-phase short circuit was implemented during
the rated mode switches S2 and S3 are commutated to position
2, and switch S3 remains in position 1. Three-phase short
circuit is modeled when during operating mode all switches S1,
S2, and S3 are switched to position 2. Disconnected power
sources are disabled in the model. Flux density distributions
observed during the short-circuit tests are shown in Fig. 6.

To understand the role of the solid rotor in the flux
distribution picture, the listed simulations were repeated, when
the rotor conductivity was set to zero. Flux densities observed
in the machine with a non-conductive rotor are shown in Fig. 7.

As can be seen in Fig. 1, the rotor core is pierced with
cooling channels. Possible influence of these channels was
studied as well — the simulations were again performed when
cooling channels were removed from the model.

Time instants captured shown in Fig. 6 and Fig. 7 are chosen
to present the worst flux density distribution noticed over each
simulation case, i.e., at the rotor positions where the magnets
had their lowest flux densities.
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Fig. 4. (a) — Flux density along the magnets surface in 4 MW solid rotor PMSM in no-load and rated operation modes; (b) — the relative position of the magnets

and stator coil at the given time instant.

RESULTS
A. Rated operation mode

During the rated operation, the rotor with its own magnetic
field (produced by permanent magnets) is rotating together
with the stator magnetic field.

At no load, the armature reaction (stator-produced current
linkage) is close to zero (in case of the assumption that no
windage and friction exist). As a result of no-load simulation,
the flux density distribution created by the permanent magnets
only can be seen, as shown in Fig. 4 with a red dashed line.

When the load is applied, the armature reaction produces
the magnetic flux which can locally oppose the magnetization
of some magnets. In the case of the study, at the rated operating
point the total flux density of the magnet distribution along the
magnet surface is shown in Fig. 4. As the figure shows with a
solid blue line, the most significant flux density drop in the
permanent magnets (caused by the armature reaction) occurs
at the edge of the magnets, where the flux from the stator is
accumulated having opposite polarity to the magnet
magnetization.

As shown in Fig. 4, at the rated operating mode under the
full load the magnetic flux density in the airgap created by
magnets with a remanence of 1.3 T is notably affected by the
relatively large air gap and strong stator field. In the regions,
where the armature reaction accumulates the largest opposing
current linkage against the magnetization of the magnet, the
airgap flux density drops to 0.3 T.

The flux density map at the rated operation is shown
in Fig. 5.
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Fig. 5. Flux density map of the solid-rotor-core 4 MW PMSM at rated
operating mode.

B.  2-phase and 3-phase short-circuit modes

Two- and three-phase short circuit faults were modeled to
understand the endurance of the magnets during such events.
Since a short-circuit is commonly considered the hardest
regime, the ability of the permanent magnets to survive in this
condition is of particular importance.

Airgap flux densities observed during the three- and two-
phase short circuits are shown in Fig. 6. In both cases, the flux
densities take the shape of a parabola, with the highest risk of
demagnetization in the middle of the magnet. In the first case,
the lowest flux density observed is 0.2 T, and in the latter case,
the resulting flux density decreases to the minimum absolute
value of 0.45 T.
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Fig. 6. (a) — Flux density along the magnets surface in 4 MW conductive solid rotor PMSM in short-circuit mode; (b) — the relative position of the magnets and

stator coil at the given time instant.

C. Studying the machine with a non-conductive rotor

To understand the influence of the solid steel rotor on the
flux density under rated operation and during the short circuits,
three more tests were performed: rated operation, and 2- and
3-phase short circuits were analyzed in cases where the rotor
core was set as electrically non-conductive region. Flux
density curves on the surface of permanent magnets in the
4 MW machine with the non-conductive rotor under short-
circuit are shown in Fig. 7.

As seen in Fig. 7, during both three- and two-phase short
circuits the external demagnetizing field was capable of
strongly opposing the magnet field and even changing the
direction of the normal flux density component within the
magnet region. In that case, the magnetic field in the airgap
also changed its direction in local regions and reached the
values of —0.5 T and —0.3 T. Extremely strong magnets should
be selected to survive these conditions.

D. Studying the machine without rotor cooling channels

To understand the possible influence of the rotor cooling
channels on the flux density distribution and risk of irreversible
demagnetization, the channels were removed, and the machine
with a conductive rotor but without rotor cooling slits was
again simulated on rated and short-circuit modes. The spatial
flux density distribution was not changed, and the same curves
as shown in Fig. 4 and Fig. 6 were observed for rated and short-
circuit modes respectively.

DiscuUssION

As seen in Fig. 4, in megawatt-scale two-pole solid-rotor-
core PMSMs the magnets are affected by a strong
demagnetizing field produced by armature currents even
during the rated operating mode reducing airgap flux density
from 0.8 T (no-load the air gap flux density) to 0.3 T at one
edge of the permanent magnet pole.
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Fig. 7. Flux density along the magnets surface in 4 MW PMSM with non-conductive rotor in short circuit mode



There is often a requirement to avoid the risk of irreversible
demagnetization also in the event of a short-circuit. As can be
seen in the short-circuit test results, the three-phase short-
circuit is the worst emergency mode in the case under study.
There the flux density at certain regions of the magnet surface
dropped down to 0.2 T.

Thus, in the studied case of the 4 MW machine, the magnet
grade capable to keep its remanence below 0.2 T at the
operating temperature of 100 °C must be employed. A regular
N42 magnet or even more tolerant to high temperature magnet
grade N42SH is not suitable for such an application, and
heavy-duty magnets with a higher level of Dysprosium
material are needed. For example, a special heat-resistive
magnet N42UH, can be used in the proposed machine because
it can be demagnetized to 0 T (at a temperature of 100°C)
without the risk of irreversible demagnetization [4].

It is important to note that in the machine under study the
armature reaction during the rated operation was almost as
strong as what occurred during a three-phase short-circuit. In
both cases, the stator field significantly affected the overall
magnetic flux density in the air gap and in the magnet. It means
that in machines of the given class (high-speed multi-megawatt
PMSMs with solid rotor) the risk of magnet demagnetization
is nearly the same for the rated steady state and short-circuit
transient modes. This can be explained by the strong damping
behavior of the solid rotor core that reduces armature reaction
impact to the flux density variation in the permanent magnets
during the transient. Eddy currents are generated in the rotor
core and in the magnets during the transient condition. These
eddy currents oppose the rapid change of the magnetic field
protecting the magnets during the strong demagnetizing field
pulses.

Current density distributions over the rotor core and
permanent magnets in different operating modes are depicted
in Fig. 8.

There is no notable influence of the eddy currents in the solid
rotor on the machine in terms of demagnetization risk at the
rated steady-state operating point. Comparing the flux
densities at the rated mode with electrically conducting and
nonconducting rotors shown in Fig. 4 and Fig. 7, respectively,
it can be seen that the distribution along the surface of the
magnets is the same regardless of the rotor conductivity being
set. The current density in the solid rotor in the rated operation
also remains near zero, as shown in Fig. 8a.

Another important aspect is that in the machine under study,
a three-phase short circuit seems to be a more dangerous and
more undesirable emergency regime compared with a two-
phase short circuit. In the case of a three-phase short circuit, a
stronger demagnetizing effect is observed.

Solid rotor core, therefore, plays an important role in
demagnetization tolerance of the machine. As shown in Fig. 6,
when either a two- or three-phase short circuit happens in the
machine with a non-conductive rotor, the permanent magnets
experience much stronger demagnetization: the magnetic field
at the magnets’ surface even changes its sign. Thus, even
magnets N42UH can partially be demagnetized in the case of

short-circuit in 4 MW PMSM with the nonconductive rotor
operating at a temperature of 100°C.

Cooling channels passing through the rotor, on the contrary,
have no effect on the flux distribution over the magnets and do
not increase nor reduce the risk of magnets’ irreversible
demagnetization.
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Fig. 8. Current density maps in magnets and conductive solid rotor core of
the 4 MW PMSM in: (a) — rated, (b) - 2-phase short circuit, and (c) - 3-phase
short circuit modes.

CONCLUSION

In the paper, the risk of permanent magnet demagnetization
in different operating modes of the two-pole 4 MW solid-rotor-
core PMSM was considered. In the two-pole motor rated mode



the armature reaction is significant. The rotor-surface-mounted
permanent magnets experience a strong demagnetization,
comparable with a short-circuit mode. During transients, a
solid rotor plays an important role in protecting the magnets
from demagnetization. Thus, when there is a danger of
irreversible demagnetization, a solid rotor core should be
considered as a safer option, especially in high-power PMSMs.
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