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Abstract: To prevent fossil resources from being depleted and protect the natural balance, renewable
resources come to the forefront as an alternative to fossil resources. Wind energy resources,
among the renewable energy resources, are important in terms of ensuring the reliability of energy
and the use of their resources. Generators are the most important components for the conversion
of wind power. Permanent magnet synchronous generators (PMSGs) are preferred in wind
turbines since they have high efficiency and high volume/torque densities, thereby optimization
of the PMSGs is an important topic for the wind energy community. On the one hand, these
machines can cause problems due to overheating and mechanical friction during their long-time
operation. To identify the performance lack of the machines due to the de-magnetization faults,
systematic work has been performed. When a magnet of a PMSG is de-magnetized at different
rates (i.e. 33%, 50%, and 100%), we have explored the artifacts in the electric generation. Besides,
the torque performances of the generator at rated load are examined and the flux density
distributions are revealed. The rated torque decreased substantially when the demagnetization rate
of the magnet increased.
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1. INTRODUCTION

Ensuring the security of electrical energy supply is of critical importance. The destruction caused in
fossil fuels and the decrease in known-reserves turn this situation into an even more difficult problem.
Furthermore, increasing population and energy demand adversely affect the security of supply.
Nowadays, the most important approach for the energy security is the diversification of the resources
even for renewables. In this respect, renewable resources may be an important alternative both to meet
the increasing energy demand and reduce the damages to nature due to conventional fuels. Renewable
energy is known as the energy that renews itself over time although it may include a Carbon foot-print
in some extend in the production scheme of its components. Renewable energy is al-so a local solution
and is an environmentally friendly and fuel-free energy compared to the conventional methods. With
the use of renewable resources, it is possible to reduce emissions caused by fossil fuels and ensure the
effective use of countries' own resources. Solar, wind, hydroelectric, biomass, and geothermal resources
can be indicated as the main renewable energy sources [1,2].

Wind energy among the other renewable resources plays a significant role in ensuring supply security
and reducing external dependency, particularly for countries with windy regions. Wind energy is an
environmentally friendly and rapidly growing type of energy that does not cause greenhouse gas
emissions [3,4]. Especially with advancements in turbine control and production technologies, this rapid
growth continues. This growth is also effective in enabling wind energy to produce electricity at a cost
competitive with sources like coal or nuclear [5]. Electricity generation from wind energy can be
performed a wide power scale from micro-Watts to giga Watts. Generators are among the most
important components of wind turbines. Generators are used in many different structures in electricity
generation from wind energy. Permanent Magnet Synchronous Generators (PMSGs) are widely used in
parallel with the developing material technology [6]. The rotor magnetic field of PMSGs is formed by
permanent magnets. Permanent magnets can be grouped as Alnico, ceramic (or ferrite), and rare-earth
magnets. Advancements in materials and production technologies have increased the use of rare-earth
magnets. Different shapes of magnets can be constructed for individual machines. They are especially
preferred in applications where high-power density is required [7,8]. In any machine, operating
environments, climatic conditions and mechanical frictions can yield to some problems in the machines.
Especially their continuous long operating periods in harsh environmental conditions can cause various
faults in machines. In general, these faults can be classified as magnetic, mechanical, and electrical
faults. Brush-collector assembly fault, short-circuit ring fault, rotor bar fault, and magnet breakage fault
may occur in the rotor part, depending on the type of machine [9]. Faults will of course affect the
machine’s performance and reliability during the energy conversion.

In the literature, there are various fault detection and solution proposals for electrical machines. For
instance, in the studies of Faiz and Nejadi-Koti, demagnetization errors occurring in Permanent Magnet
Synchronous Motors (PMSMSs) and diagnosis methods of these errors have been discussed [10]. The
advantages, disadvantages, uncertainties of the techniques, and solutions to these uncertainties have
been presented. In the study demagnetization faults have been indexed as current-based, voltage-based,
torque-based, and magnetic flux-based [10]. Demagnetization faults of the PMSM under nonstationary
conditions have been detected using time-frequency wavelet-based methods. Current harmonics have
been detected in the analyses to identify the harmonics caused by demagnetization [11]. In another study
focusing on the analysis of current harmonics, harmonics have been analyzed using Fast Fourier
Transform (FFT) for the PMSM at nominal torque. Detection of demagnetization faults for any speed
range has been achieved through analyses at different speeds [12].

In recent years, Neural Networks (NN) have been employed in motor fault detection [13-14]. Permanent
magnet faults have been detected based on time-frequency domain analysis using short-time Fourier
analysis of the stator current signal. Machine learning-based fault classification has been performed in
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the study [15]. Similarly, a convolutional NN model has been proposed for detecting permanent magnet
faults using the current signal. Experimental studies conducted on a designed PMSM have determined
that convolutional NN yield successful results in fault diagnosis [16]. In another study employing the
same method, the network was trained using the transfer learning technique, and the current signal
obtained from FEA was utilized [17]. However, in studies utilizing artificial intelligence techniques,
effective training of the network is crucial to achieve accurate results. Therefore, a large dataset is
required for training. In a voltage-based study, an online method has been proposed for the detection of
demagnetization faults. The proposed methodology is based on monitoring the zero-sequence voltage
component of the stator phase voltage [18].

The Finite Element Method (FEM) is an effective technique used for possible fault detections. This
method allows for various combinations of analyses. The impact of single magnet demagnetization in
PMSMs has been investigated in series and parallel connected stator winding configurations. In the
analyses, it was found that the induced emf value for the demagnetization of a single magnet decreases
in series-connected winding generators [19]. In another application of FEM, local demagnetization fault
of the PMSM has been studied using the magnetic equivalent circuit model. The magnetic leakage signal
on the motor surface has been used as a fault signal in these analyses [20]. The signal analysis of faulty
and healthy motor currents of an external rotor permanent magnet synchronous machine has been used
for demagnetization fault detection. In the proposed method for the detection, a developed magnetic
equivalent circuit is adopted and the results are com-pared with FEM analyses. The proposed method
has been noted to have a shorter processing time compared to FEM [21]. FEM analysis has been
employed to examine uniform and non-uniform irreversible demagnetization faults of a permanent
magnet generator at different rates. Correlations have been established between faults defined by current
harmonics and the analysis results [22]. Vibration analysis can also be used for demagnetization fault
detections. In a study, for this purpose, a portion of the magnet has been transformed into a non-magnetic
material for analysis. It is determined that the amplitudes of certain vibration components are
proportional to the demagnetization level of the permanent magnets [23].

In the present study, we have considered a different machine with a 14-pole internal rotor, surface-
mounted permanent magnet synchronous generator with a rated power of 2.5 kW. The fault analyses of
the machine designed for wind turbines are conducted in different partial demagnetization status. In the
analyzes, the induced torque and voltage waveforms are determined by demagnetizing a magnet selected
in the rotor at different rates. The paper is organized as follows: In Section 2, the generators used in
wind turbines and their characteristics have been examined. Subsequently, the dimensions and cross-
sectional view of the designed PMSG have been provided. In the next section, faults and
demagnetization faults in electrical machines are examined. In Section 4, comparative FEM results are
presented in detail. Finally, the concluding remarks are reported in the last section.

2. GENERATORS FOR WIND TURBINES

Generators are electrical machines converting mechanical energy into electrical energy with minimum
loss. Generators are among the most important components of wind turbine systems. Many generator
models are used in different structures in wind turbines. Factors such as the presence of a gearbox,
economic constraints, location selection, and power level affect the generator selection for different
applications. Since direct-current (DC) generators have a brush-collector assembly, there is a
disadvantage of difficulty in maintenance and frequent maintenance. DC generators are especially
preferred in low power and grid-free applications. However, in asynchronous generators, this
disadvantageous situation is not in question. But their low torque density and relatively low efficiency
are their negative aspects, especially when compared to machines with magnets. Furthermore, the
reactive power requirement of asynchronous generators and the need for a capacitor bank for this are
important requirements. Asynchronous generators can be produced in two different types as wound rotor
generators and squirrel cage rotor generators. The synchronous generators consist of a three-phase stator
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and a magnet or wound rotor [24,25,26,27]. In synchronous generators, salient pole synchronous
generators can be preferred especially in high pole applications, while permanent magnet synchronous
generators can be preferred for high efficiency and power density requirements [28,29]. Fig. 1 shows
the detailed structure of turbine systems.
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Figure 1. Generator systems used in wind turbines.

The comparison of wind turbines in terms of excitation, torque density and efficiency are summarized
in Table 1 [30].

Table 1. Comparison of generators according to Ref. [30]. (NR: Not Required, L: Low, M: Middle, H: High).

Type Excitation Torque density  Efficiency
DC DC L M
Asynchronous NR L M
Synchronous DC M M
PM synchronous NR H H

In terms of cost, when evaluated, DC machines are high in both maintenance and production costs due
to the brush-commutator arrangement. Asynchronous generators are cost-effective both in production
and operation. On the other hand, PM synchronous generators have a high production cost depending
on the magnet material used, while maintenance costs are moderate.

2.1. Designed PMSG

The widespread use of Neodymium-lron-Boron magnets and improvements in drive technology have
enabled permanent magnet machines to be frequently preferred, especially for low-speed and variable-
speed applications. In these machines, different magnet materials and geometrical structures affect the
machine's performance. PMSGs are machines with easy manufacturing, low torque ripple, and high-
power density. The absence of windings on the rotor and, therefore, no rotor copper loss results in high
efficiency. Permanent magnet generators can be directly connected to wind turbines without the need
for a gear system and can be designed with either axial or radial flux [31,32]. Magnets can be mounted
on the surface or have an interior structure. While the interior type is preferred especially at high speeds,
the surface-mounted structure can be preferred for an effective air gap. The design of electrical machines
begins with the equation given in Eq. 1, referred to as the sizing equation [33,34].
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In the above equation, S is the power in VA, k,, is the winding factor, B is the specific magnetic loading,
ac is the specific electrical loading. B and ac values are determined by the machine designer. In the
equation, D is the generator's diameter and L is the axial length are determined in meters. The
performance of the generator can be improved by the correct selection of the speed of the machine and
the electrical and magnetic loading. The volume of the generator is related to D2L and is inversely
proportional to the speed. Practically, the synchronous speed is determined by the number of poles and
the frequency. The specific electrical loading value is defined as the ampere-conductor value per unit
circumference in the air gap of the stator. When selecting this value, operating voltage, synchronous
reactance, short circuit current, copper loss and temperature rise should be taken into account. In a 3-
phase generator, the specific electrical load is determined by Eq. 2 [33, 34] chosen.

6IN
= 2
ac=—b @

In the equation, I is the phase current and N is expressed as turns/phase. In determining the specific
magnetic loading, iron losses, temperature rise, short circuit current and parallel connection of the
generator should be taken into account. Table 2 contains the specifications of the generator subject to
the study.

Table 2. Specifications of the designed generator.

Parameter Value Parameter Value
Stator / Rotor OD (mm) 280/198.4 Skew 0
Stator / Rotor Inner Diameter (mm) 202/ 164 Embrace 0.75
Axial Length (mm) 54 Offset (mm) 0
Magnet Thickness (mm) 5.4 Stator / Rotor material M470
Number of Poles / slots 14 /84 Magnet Material N35

Fig. 2 shows the 3D model and mesh structure of the designed generator.

Figure 2. PMSG model with mesh structure.

3. DEMAGNETIZATION FAULT

The use of electrical machines in the industry is increasing day by day. The production of high-efficiency
electric machines has been achieved through the advancement of material and electronic technology.
However, the operating environment conditions and frequency of operation of these machines can affect
their performance and lead to faults during operation. Particularly, disruptions in critical tasks such as
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healthcare, defense, etc., can result in loss of life and property. Mechanical, thermal, electronic and
material-based faults can be encountered in electrical machines. Although there are different error
classifications in permanent magnet machines, they can be summarized as in Fig. 3 [35,36].

Electrical Fault
- Grounding
- Short circuit
- Open circuit
- Winding
- Inverter

Mechanical Fault

- Magnet
- Shafi
- Bolt
- Bearing
- Eccentricity

Magnetic Fault

- Demagnetization

Figure 3. Main faults encountered in permanent magnet machines.

The permanent magnets provide the magnetic energy that they store to the circuit continuously. Ideally,
permanent magnets have a high demagnetizing force and permanent magnetism. Furthermore,
permanent magnets are rigid magnetic materials with large hysteresis loops. Many different magnet
materials are used in practice. Alnico, Samarium-Cobalt (SmCo), Neodymium-Iron-Boron (NdFeB),
and ferrite alloys are currently commercially used world-widely [37]. Permanent magnet machines are
frequently preferred in industrial applications due to their high efficiency, high power/weight ratio, and
high flux density advantages [38]. For a comparison of magnets, BHmax, the product of permanent
magnetism and coercive force, is often used. The magnetic field provided by the magnet becomes
stronger with the increase in this value. Table 3 contains the magnetic and thermal properties of some
commercially used magnets [37,39,40].

Table 3. Magnetic properties of magnets.

Material B(T)  He(kA/m)  BHmax(kJ/m®) Max. operating temperature (°C) Curie temperature (°C)
Ferrit 0.4 240 27-35 300 450

Alnico 1.1 130 75-80 500 830

SmCo 0.97 750 130-190 250 720

NdFeB 1.20 870 200-290 140 310

SmCo and NdFeB magnets possess a linear demagnetization curve, high remanence, and high energy
production capability. These features have led to an increase in the usage of these types of magnets in
high-power density applications. In addition to the materials in the table, the process of producing
different components and magnets and improving their performance continues with the help of
developing magnet production technology. As is known, losses emerge in electric machinery during
operation, and these losses occur in the form of heat. As stated in Table 3, there are certain thermal limits
for the operation of magnets. This heat adversely affects the performance of permanent magnets.
Additionally, magnets are very hard and brittle. Considering the operating conditions and these dis-
advantageous conditions of magnets, demagnetization may occur in magnets. Demagnetization faults
that occur in permanent magnet machines take an important place in these machines. Demagnetization
can occur, especially in cases where a high torque requirement is necessary. In these situations, the
magnetic field generated by the stator current is an opposing magnetic field to the magnetic field
produced by the magnet, which can cause the magnet to demagnetize. Additionally, an increase in
temperature during operation or incorrect heat distribution can also lead to the formation of
demagnetization [11]. When demagnetization occurs, the value of the stator rated current increases to
achieve the same output torque. Therefore, demagnetization leads to an increase in copper loss and a
rise in the temperature of the permanent magnet machine [18]. Demagnetization can occur in all or part
of the magnet [41]. In the examination of the demagnetization effect, analyses can be performed using
parameters such as back EMF, torque, current, volt-age signal, and cogging torque. Additionally,
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temperature analysis, vibration analysis, acoustic noise analysis, electromagnetic analysis, and infrared
diagnostics can also be utilized in diagnosing this fault [12,42,43]. Demagnetization faults can be
determined by many different methods [44]. They can be determined directly by a Hall sensor [45] or
artificial intelligence techniques [46].

4. FEM ANALYSIS OF PMSG

In order to provide the desired performance, mechanical, thermal, and material problems need to be
evaluated together. Under the determined constraints, many different explorations are needed to reach a
design with the desired cost and efficiency values. All these designs and analyses involve time-
consuming processes. Mathematically based methods are used to solve such problems. The use of
methods like finite differences and finite elements, along with computer software, is effective in
reaching a solution [47]. Among these methods, the FEM is used in a wide range of applications,
including electric machinery [48], the healthcare sector [49], and the automotive industry [50]. FEM is
used in the solution of quantities that can be expressed by partial differential equations in a certain
region. The determined region is divided into a finite number of small regions. The contributions of the
elements surrounding the region are chained together. The desired sizes are obtained by solving this
chain equation set. By applying FEM to the generator, the performance parameters of the generator,
such as flux distribution, losses, efficiency, and induced voltage waveform, can be obtained [47]. In the
study, different rates of breakage of the determined magnet are considered as magnet fault. Fig. 4
displays the structures created. In the first model, there is no fault in the magnet (Fig. 4(a)). In the model
in Fig. 4(b), 1/3 of the magnet is broken, while 1/2 is broken in the structure in Fig. 4(c). In the structure
in Fig. 4(d), the magnet was completely removed since it was assumed that the magnet was completely
broken.

il (a) Ii i’ (b) 'i
’ (c) . ’ (d) ‘

Figure 4. Magnet structures: a) healthy model, b) 1/3 broken structure, c) 1/2 broken structure, and d) all broken.

Obtaining the magnetic field distribution is important in extracting the operational performance of
generator. Magnetic flux densities were acquired by applying FEA to these four different structures
created. In the model designs, the magnetic field can be expressed using one of Maxwell's Equations
[47].

- 0B

__9 3
VxE = (3)

In the equation, E, represents the electric field intensity, §, denotes the magnetic flux density. The
magnetic vector potential A in terms of magnetic flux density:

B=VxA (4)
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Due to the nonlinearity of the BH characteristic of the ferromagnetic core material used, the variable
e oB . .
permeability is denoted as v = Py where the magnetic vector potential:

Vx (v xA) =] ®)
In Fig. 4, the magnetic flux density distributions and the state of the magnetic flux lines are given at

rated load in the cross-sectional area. The magnetic flux density distribution provided in Fig. 5 can be
determined using the equations given by Egs. 6 and 7, as shown below.

8<6A>+6(6A> +6(0A)_ﬁ 6
x\Vax) X T oy \Vay )Y T \Vaz) 2= ©)

B= |BZ+B2+B2 @)

In the equation, By, B,, and B,are the respective components of the magnetic flux density in the x, v,
and z directions, respectively.

(d)

Figure 5. Magnetic flux density distribution: a) healthy model, b) 1/3 broken structure, c) 1/2 broken structure,
and d) all broken.

Considering the magnetic flux densities and flux paths, as expected, the fluxes in the stator teeth
decreased in the regions where the magnet was broken. Since there was no flux source in the regions
where the magnet was broken and reluctance increased, the flux was directed toward the other parts, and
an operation close to partial saturation was observed. The torque values of the generator were obtained
at rated load and are given in Table 4.

Table 4. Rated torque of design

Model Torque (Nm)
Healthy 63.4167
1/3 demagnetization 59.7818
1/2 demagnetization 57.9554
1 pole demagnetization  53.2662

In permanent magnet machines, torque is formed by the interaction of the stator windings and magnets
in the rotor. The magnet area and material affect the magnitude of this torque. When the amount of
magnet used decreases, the torque value also decreases [44]. While the torque obtained in the healthy
state was 62.5841 N m, it was obtained as 53.2662 N m when one magnet was completely demagnetized.
The average torque decreased as the amount of breakage of the magnet increased. There is a 14.88%
torgue variation between the demagnetized state of a complete magnet and the healthy state. The average
torque decreased as the magnetic flux weakened and the distance between the magnets increased.
Demagnetization fault also disrupts the distribution of the air gap magnetic flux density. The air gap
flux waveform obtained on the contour drawn in the air gap is given in Fig. 6. Fig. 6 clearly shows the
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healthy state of a magnet and its effect in the demagnetized state at different rates. The width of the flux
waveform of the healthy magnet is equal at all poles in the contour covering the three poles. There is a
narrower flux waveform in the structure with 33% breakage and an even narrower flux waveform in the
structure with 50% breakage. As expected, the incomplete magnet also has low flux, supporting Fig. 5.

1000

900 |
800 |
700 |
600 |
500 ]

400 |

Mag B (mT)

200 |

Healthy
50%

33%
100%

0 10 20 30

‘/\,J\fj !f
T T T T T T T T T T T T T T T T T T T T T
70 80 90 100 110 120 130 140 150 160
Distance (mm)

40 50 60

Figure 6. Airgap magnetic flux density waveform.

The induced voltage in generator windings is a function of the magnetic flux within the air gap.
Therefore, the air gap's waveform and value affect the magnitude of the induced voltage. Voltage
waveforms for Phase A in rated load, conducted in transient analyses, are provided in Fig. 7.
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Figure 7. Variation of induced voltage of phase A.
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The RMS voltage values of the Phase A given in Fig. 7 are provided in Table 5. As expected, due to the
decreasing flux, both the peak and effective values of the induced voltage have decreased. Also, the
reduction in the total amount of used magnet has led to a decrease in both voltage and torque values.

Table 5. Induced voltage of design.

Model

Induced voltage (V)

Healthy

1/3 demagnetization
1/2 demagnetization

1 pole demagnetization

132.1508
129.4170
127.3109
121.8815
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5. CONCLUSION

Different types of generators are used in wind turbines. Among these, permanent magnet generators
offer the advantage of high torque density and high efficiency. In permanent magnet machines, the
material and geometry of the magnet impact the machine’s performance. The study explored the
performances of a magnet belonging to one pole of the PMSG for different demagnetization rates. Flux
waveforms were acquired on the contour drawn in the air gap. When the amount of demagnetization
increased, it was observed that the flux became narrower both on the contour and the stator teeth. When
the demagnetization amount of the magnet increased, the rated torque and induced voltage value
decreased.
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