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The paper discusses problems concerning the influence of permanent
magnet material characteristics on the low-speed permanent magnet generator
losses and output characteristics. The variability of the magnet material and its
effect on the output parameters of the machine has been quantified. The cha-
racteristics of six different grades of neodymium permanent magnets have been
measured and compared to the supplier specification data. The simulations of the
generator have been carried out using transient finite element analysis. The re-
sults show that magnet materials from different suppliers have different charac-
teristics, which have a significant influence on the generator output parameters,
such as efficiency and power factor.
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1. INTRODUCTION

There are several types of generators that can be used for small wind tur-
bines [1]. One of them is the low-speed permanent magnet synchronous genera-
tor (PMSG), which is gaining more popularity due to its several advantages. It can
be used in wind turbine without gearbox resulting in higher reliability and lower
maintenance requirements. The PMSG also offers high efficiency and good power
density.

There are several types of permanent magnets (PM) that can be used in ge-
nerator: Alnico, SmCo, NdFeB, ferrites [2]. In this study, neodymium magnets are
investigated, as they offer relatively high-energy product and have high coercivity.

The SPMG electrical output parameters are strongly influenced by the PM
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characteristics. The variability in PM characteristics can be the result of different as-
pects, such as wrong usage, demagnetization, wrong manufacturing process, wrong
assembly process, etc. In this study, the PM remanence and coercivity variation
influence on the generator output parameters are investigated. The investigation is
based on the finite element analysis.

The literature that concerns the analysis of fault detection in PM machines is
mostly focused on the problems related to demagnetisation [2]-[5]. No importance
has been given to variability in the PM characteristics and their effect on the output
quantities of the machine.

2. GENERATOR CHARACTERISTICS

For this study, a 5 kVA outer rotor PMSG is designed with surface magnets
(Fig. 1). The surface magnet design has been chosen because of the simplified as-
sembly process. The main parameters of the machine are given in Table 1. The ge-
nerator has 32 poles with grade N42H magnets with the dimensions of 30x10x100
mm.
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Fig. 1. Cross-section of the designed PM generator with an outer rotor.

Table 1
Generator Parameters

Parameter Value Unit
Rated power 5 kVA
Rotational speed 200 rpm
Electromotive force 255 v
Core length 100 mm
Air gap diameter 448.8 mm
Current density 2.56 A/mm?
Efficiency 89.2 %
Number of pole pairs 16 -

3. MEASUREMENT PROCESS AND RESULTS

To study the PM influence on the generator output variables, six different
grades of neodymium magnets were selected. For the first five grades three different
suppliers of magnets were selected and for the sixth grade two suppliers of magnets
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were selected. Selected magnets were measured with Vibrating Sample Magneto-
meter (VSM), where the PM hysteresis loop was recorded. Results of the measured
magnets are given in Fig. 2 and Fig. 3.
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Fig. 2. Comparison graph of permanent magnet characteristics by different suppliers . Type 1A means
A grade magnet from the first supplier, type 2A means A grade magnet from the second supplier. The
left column indicates the remanence value, middle — the coercivity value and right — the max power
product value.
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Fig. 3. The curve demonstrates an example of the measuring results made by VSM software for one
grade of magnet (Grade A). Different magnet suppliers of the same magnet grade are shown using
different hysteresis loops.

For comparison, magnet deviation from its rated value was found. Figure 4
gives the maximum and minimum deviation values of remanence, coercivity and
maximum energy product compared to the rated value. The variation of remanence
and that of coercivity are approximately 10 %; the maximum variation of maximum
energy product is 22.96 %.
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Fig. 4. Measured permanent magnet parameters compared to rated values.

4. CALCULATION RESULTS

The machine is designed according to the reference values given in Table 1.
To find the PM characteristic influence on the machine output characteristic, the ma-
chine design is kept constant and the magnet remanence and coercivity are changed
in £10 % range from the nominal value. The calculations are carried out so that the

machine torque and the output voltage are at the rated value. The calculation has
been performed using in-house 2D FEM software.

Performing the calculation, the variation of generator losses was found (Fig.
5). It can be seen that the iron losses have almost a linear response to the magnetic
characteristic change and a small nonlinearity comes due to the minor saturation of
the core. The copper losses increase when the remanence has a different value from
the rated one because of the increase of reactive current in the stator winding.
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Fig. 5. Calculated variation of iron losses (left) and copper losses (right) as a function of the percen-
tage variation of the remanence and coercivity of the permanent magnet at the rated torque operation
of the generator.

The variation of the efficiency and power factor is given in Fig. 6. It can be
seen that the efficiency and the power factor decrease when remanence is shifted
from the rated value. The reason for such a drop is that the efficiency and power fac-
tor are optimal, when remanence is equal to the rated value (100 %).

The reason of the power factor variation is the air gap flux density variation,
which is influenced by the remanence of the magnet, and influences the machine
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electromotive force (EMF). When remanence is smaller than the rated value, the
production of EMF will also be smaller. Similarly, when remanence is larger than the
rated value, the production of EMF will be greater. The efficiency and the copper
losses both depend on the power factor. For that reason, the power factor and the ef-
ficiency curves have similar shapes and the copper loss opposite shape.
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Fig. 6. Calculated variation of efficiency (left) and power factor (right) as a function of the percentage
variation of the remanence and coercivity of the permanent magnet at the rated torque operation of the
generator.

5. PERMANENT MAGNET DEMAGNETIZATION

One of the most critical parts of the PM generator is permanent magnets.
Considering the needs of this PMSG with an outer rotor, the NdFeB magnets were
designed to be used in this machine. The permanent magnet parameters are highly
dependent on the temperature. The magnet type N42H was chosen to have high ope-
rational maximum temperature of 180°C.

The maximum load of the generator corresponds to the short-circuit condi-
tions. Due to the armature reaction influence and significant decrease of flux density
in the magnets during the short-circuit situation, the risk of demagnetization occurs.

The working point of the magnet is defined by the length of the magnetic path,
which should be passed by the magnetic flux, and eventually the value of the current
producing opposing flux. In other words, it is defined by the construction of the ge-
nerator and the armature reaction magnetic flux density that emerges when the genera-
tor is loaded. The work or load point of the magnet can be found using Ampere’s law:

[ Hdl =nl,

where H describes the magnetic field strength, / — the length of the magnetic path,
1 is the current and n — a number of turns.

As the current is missing in no-load operation, we have to specify magnetic
field strength in the magnet, which is non-zero and opposite to the magnetic field
strength along the rest of the magnetic path [6].

Partial demagnetization of permanent magnet means that the demagnetization
curve drops comparing to its original position.
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The fact that the demagnetization curve depends on the temperature of the
magnet should be taken into account when using the magnet either in modelling or
in constructing the wind generator. Figure 7 demonstrates the test results of tempera-
ture rise of the generator. Three curves indicate the temperature of the stator wind-
ing. The temperature of the permanent magnet can be approximately estimated from
the stator winding temperature. The permanent magnet temperature will be about
20 °C lower than the stator winding temperature due to better cooling conditions.
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Fig. 7. Transient curves of temperature rise of the studied PM synchronous generator with an outer
rotor. Temperature of winding 1 and that of winding 3 were measured in the slot centre. The tempera-
ture of winding 2 was measured in the end-winding part.

The simulation of short-circuit condition was performed for the generator
with different magnet characteristics. The variation in permanent magnet characte-
ristics was considered according to measurements made in Section 3. The remanence
and coercivity varied withn the range of 90 %—110 % of the rated value. Figure 8
shows the calculated demagnetization curves for remanence and coercivity equal to
90 % of the rated values. The minimum remanence during the short-circuit is 0.24 T;
therefore, demagnetization is not present.
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Fig. 8. Operating parameters of N42H grade magnet when remanence and coercivity are reduced by
10 % of the rated value.
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Figure 9 shows the calculated demagnetization curves for remanence and co-
ercivity equal to 100 % of the rated values. The minimum remanence during the
short-circuit is 0.52 T; therefore, demagnetization is not present.
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Fig. 9. Operating parameters of N42H grade magnet when remanence and coercivity are equal to the
rated values.

Figure 10 shows the calculated demagnetization curves for remanence and
coercivity equal to 110 % of the rated values. The minimum remanence during the
short-circuit is 0.56 T; therefore, demagnetization is not present.
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Fig. 10. Operating parameters of N42H grade magnet when remanence and coercivity are increased

by 10 % of the

rated value.

When remanence and coercivity are relatively high, the minimum flux density
is getting higher, reducing the risk of demagnetization of permanent magnet.

The calculation for the studied PMSG with an outer rotor has shown that the
armature reaction is not too strong to demagnetize the magnets and the lowest flux
density in the magnet during the short circuit is about 0.7 T at 100 °C and at rated
values of remanence and coercivity.

To reduce the risk of demagnetization, the proper design of rotor should be
considered. The location of magnets should be chosen in the coolest region of the
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machine. In the conditions of PMSG with an outer rotor, the magnets are relatively
well cooled by the flow of air through the ribs on the outer surface of the rotor.

6. CONCLUSIONS

In the present research, the effect of PM characteristic variation on the gene-
rator output characteristic has been studied. For this purpose, various PM materials
have been measured. The measuring results have shown a significant variation in
magnet characteristics.

This PM variation has been taken into account during the generator calcula-
tions and its influence on the machine losses and efficiency has been quantified. The
presented calculations have demonstrated a significant influence of the permanent
magnet remanence on the machine power factor. As the power factor changes, it also
strongly affects the machine efficiency and copper losses.

The influence of permanent magnet characteristic variation on demagnetiza-
tion has been investigated. The demagnetization curves have been calculated and
analysed for remanence and coercivity variation of 90 %—110 %. The results have
shown that demagnetization does not appear in all cases. The calculations have de-
monstrated that the risk of demagnetization is getting higher when remanence and
coercivity decrease compared to the rated value.
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PASTAVIGO MAGNETU MATERIALA MAINIGUMA IETEKME UZ VEJA
GENERATORA DARBIBU

O. Kudrjavtsev, A. Kallaste, A. Kilk, T. Vaimann, S. Orlova

Kopsavilkums

Raksta tika apskatita pastaviga magnéta materiala ietekme uz I€ngaitas
generatora ar pastavigajiem magnétiem zudumiem un izejo$am raksturlikném. Tika
noteikts magnéta materiala mainigums un ta efekts uz elektriskas masinas izejas
parametriem. Sesas dazadas neodimu magné&tu pakapes tika izméritas un salidzinatas
ar piegadataja specifikacijas datiem. Rezultati paradija, ka magn&ta materialam no
dazadiem piegadatajiem ir dazadi raksturlielumi, kas ievérojami ictekmé generatora
izejas parametrus, tadus ka lietderibas koeficientu un ipatné&jo jaudu.
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