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Abstract: Permanent magnet synchronous generators (PMSGs) with high output density per unit
volume are becoming widespread in wind-power generation systems. Among them, spoke-type
PMSGs are more challenging to magnetize than other PMSGs, owing to their structural characteristics.
Magnetization performance is critical because it is directly related to the demagnetization and mass
productivity of permanent magnets, and load performance is reduced when non-magnetization
occurs due to the low magnetization performance. Additionally, the starting performance is crucial in
wind turbines and is influenced by the cogging torque of the PMSG. This is because starting a wind
turbine with a large cogging torque is more challenging. Therefore, this study proposes a spoke-type
PMSG rotor shape design for low capacity wind turbines that considers magnetization and cogging
torques. We analyzed the principle of magnetization and the factors influencing magnetization
performance, and designed a rotor shape with improved magnetization performance. Additionally,
we applied an asymmetric rotor barrier structure to reduce the cogging torque and analyze the
performance of the final model using finite element analysis. We analyzed the temperature saturation
during the operation of the final model using a thermal network method and validated the irreversible
demagnetization accordingly.

Keywords: generators; permanent magnet machines; electric machines; magnetization

1. Introduction

Wind power generation systems are environmentally friendly, economically feasible,
and widely used [1-6]. The performance of the generator in a wind power generation
system is critical because it is directly related to the efficiency and weight reduction in
the system. Widely used generator types include reluctance, induction, and permanent
magnet generators. Among them, the most commonly used is the permanent magnet
synchronous generator (PMSG), which has a high output density per unit volume and is
suitable for miniaturization [7-11]. It uses heavy rare earth magnets with high residual
magnetic flux density and coercive force. Therefore, it has high energy density, high
output, and a high level of efficiency. However, heavy rare earth magnets have limitations,
such as their high cost and unstable supply and demand [12,13]. Conversely, ferrite
magnets have a more stable supply—demand relationship and are cheaper than heavy rare
earth magnets; however, they generally have poor performance [14-18]. To overcome
this limitation, a spoke-type structure is developed in which a magnet can be inserted in
the radial direction. The output per unit volume can be improved by concentrating the
magnetic flux on the pole piece by inserting a magnet in the radial direction. However, this
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structure is unfavorable for magnetization. If the magnetization is imperfect, a certain area
might remain non-magnetized, and the target performance could not be satisfied during
the load operation, owing to a decrease in the residual flux density [19-22].

The starting performance is crucial in wind-power generation systems. Small wind
turbines must be able to start operation even at low wind speeds. Mechanical factors that
influence the starting of permanent magnet generators include turbine blade design and
shaft friction, whereas electromagnetic factors include the cogging torque. The starting
torque generated by the wind must overcome the cogging torque and mechanical friction;
therefore, reducing the cogging torque is crucial in the design of wind turbines. Moreover,
the cogging torque influences the vibration and noise of the wind turbine as well as the
torque ripple. The torque ripple increases with cogging torque; this distorts the waveform,
and a sine wave cannot be easily created, thereby reducing generator efficiency. Therefore,
a design that considers permanent magnetization and cogging torque is required to obtain
a waveform that is amenable to high generator efficiency.

This study proposes a spoke-type PMSG design for wind turbines that considers
magnetization. First, we described the types, advantages, and disadvantages of the magne-
tization method. Subsequently, we analyzed the factors to be considered during magneti-
zation after assembly. We utilized a 500 W class PMSG as a model to design and propose
a rotor shape with improved magnetization performance. Additionally, we decreased
the cogging torque via the asymmetric design of the barrier in the rotor to improve the
starting performance. Finally, we confirmed the validity of the PMSG performance using
the proposed shape using FEM. In addition, a prototype was manufactured and tested.

2. Spoke Type Rotor Magnetization Analysis
2.1. Principle of Magnetization

The magnetic flux in a permanent magnet (PM) is formed by the internal magnetization
density and external magnetic field strength, as shown in Equation (1) [23]:

B = uy(H+ M) @

where 11 is the vacuum permeability; M is the internal magnetization density; and H is the
external magnetic field strength. The characteristics of M are determined according to the
PM type, and H is the external magnetic field strength, which is determined by the number
of turns of the magnetizer and the magnitude of the magnetizing current. The hysteresis
curve of the PM is shown in Figure 1 [24]. The non-magnetized PM has a nonlinear initial
magnetization curve and an initial point with H = 0 and B = 0.
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Figure 1. Hysteresis curve and magnetization principle of a PM.

When a magnetic field is applied externally, the magnetic flux density increases along
the initial magnetization curve of the PM. If the intensity of the external magnetic field is
insufficient, the magnetic flux density cannot attain saturation. When the saturation point
is attained by applying a sufficiently strong, external magnetic flux, the residual magnetic
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flux density reaches the maximum point, and the PM is magnetized according to the
aforementioned principles. Conversely, irreversible demagnetization occurs when a reverse
magnetic field exceeding H, passes through a permanent magnetic flux. Ferrite magnets
are generally used in the spoke-type setup, and a comparison of the B-H characteristics of
ferrite and other PMs is shown in Figure 2 [24].
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Figure 2. Comparison of B—H curves among different PM materials.

As shown in Figure 2, ferrite has a lower coercive force than rare earth PMs. Therefore,
ferrites can be magnetized using a magnetic flux that is lower than that of rare earth magnets.
However, ferrite magnetization is challenging because the PM is inserted vertically.

2.2. PM Magnetization Method

Generally, a PM can be magnetized using one of three methods, as shown in Figure 3.

(b)

Figure 3. PMSG magnetization methods: (a) single component, (b) yoke, (c) stator.

In the single-component method, the magnet is magnetized as a single unit, as shown
in Figure 3a. This is well suited for complete magnetization; however, inserting a magnet
into the rotor creates an attractive force between the rotor core and PM. Alternatively,
an attractive or repulsive force may occur with the already inserted magnet. This makes the
system challenging to manufacture because the insertion requires a large force, or the PM
may break if it collides with the core. In the yoke method, a magnetizing yoke is used after
a magnet that has not yet been magnetized is placed in the rotor, as shown in Figure 3b.
This material ensures the absence of magnetic attraction during the insertion. Therefore,
post-assembly becomes easy, and mass production is excellent. The stator method refers
to magnetization by applying a current to the stator, as shown in Figure 3c. As in the
yoke method, the material is magnetized after being placed in the rotor; however, it does
not require a yoke, and its manufacturing process is considerably easier. However, the
magnetizing current is limited by the specifications of the stator winding, and unlike in the
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yoke magnetization method, the magnetization rate is lowered because of the mismatch
in the arrangement of the magnetizing flux and PM. Additionally, an air gap of high
reluctance between the rotor and stator reduces the magnitude of the magnetized magnetic
flux. Therefore, this study adopts the yoke magnetization method, which favors mass
production and has a good magnetization performance. Design factors are to be considered
during magnetization.

A major consideration in the design of a spoke-type PMSG that considers magneti-
zation is the PM length. A 10 pole spoke-type rotor and magnetizing yoke are shown in
Figure 4. The magnetizing yoke in Figure 4 is segmented and magnetizes 10 PMs in the
rotor three times. As shown in the enlarged picture, the magnetizing flux is generated by
the yoke current, passed through the PM via the rotor core, and magnetizes the PM.

Figure 4. A 10 pole spoke-type rotor and three-time magnetizer.

Longer PMs can be inserted deeper into the rotor. The magnetic flux path is generated
in the magnetizing yoke, as shown in Figure 4. The path of the magnetic flux passing
through the inside of the PM is longer than that through the outside. The magnetic
reluctance is the same as that in Equation (2); therefore, as the length of the PM increases,
the path length of the magnetizing flux generated in the yoke increases, thereby increasing

magnetic reluctance [24].

I
=5 @

Ni = Ry 3)

R

where Ry, is the reluctance; l is the length; y is the permeability; S is the area; N is the number
of turns; i is the current; and ¢ is the magnetic flux. Additionally, the saturation of the rotor
core and of the magnetizing yoke are high, owing to the application of a large current during
magnetization. The magnetic flux passes through the magnetically saturated region and
inner side. Due to magnetic saturation, the magnetic permeability of the core in Equation
(2) is equal to that of air. Because of this increase in magnetic reluctance, the magnitude of
the flux passing through the inner side decreases according to Equation (3) and prevents the
smooth magnetization of the inner side, as shown in Figure 5a. Additionally, the distance
between the back yoke of the rotor and the PM influences the magnetization performance.
Although it has an insignificant effect on the performance of the load operation, as shown
in Figure 5a,b, the leakage of the magnetic flux to the back yoke with high magnetic
permeability is closer to the PM.
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Figure 5. Factors that decrease magnetization performance. (a) Reduced flux inside the rotor and
leakage flux to back yoke, (b) Position locking of projection in the rotor.

Therefore, the inner side of the PM and the back yoke should be separated by a certain
distance when considering magnetization. However, if the distance is too large, stiffness
may be a problem. Finally, the support structure of the magnet influences magnetization.
A position-locking projection, as shown in Figure 5b, is designed to fix the position of the
PM in the general spoke-type rotor. However, because the structure also acts as a leakage
path for the magnetic flux, it reduces magnetization performance. Factors influencing
magnetization are shown as a magnetic equivalent circuit in Figure 6.

Figure 6. Magnetic equivalent circuit of the magnetizing yoke and spoke-type rotor.

F is the magnetomotive force of the magnetizing yoke, Ry;core is the reluctance of the
magnetizing yoke core, Rk, is the reluctance of the magnetizing back yoke, R, is the
reluctance of the coil, Rggp is the reluctance of the air gap, R;; 123 are the rotor cores, and
¢ is the leakage flux on the inner bridge side.

During the magnetization of the PM, the flux generated in the yoke passes through the
air gap, rotor core, and PM. The magnetizing flux passing through the inside of the rotor
must pass through R,;, R;», and R,3; thus, the magnitude of the magnetizing flux decreases.
Moreover, magnetizing the lower part of the rotor is challenging because the leakage flux
¢; is generated by the back yoke of the rotor.
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3. Spoke-Type PMSG Design Considering Magnetization

The spoke-type PMSG was designed by considering the factors that influence magneti-
zation, and the design was based on three divided magnetizations. The 500 W class 10-pole,
24 slot PMSG model, and the shape of the yoke are shown in Figure 4. The specifications of
the rotor and the magnetizing yoke are listed in Table 1.

Table 1. Generator target specifications.

Parameter Value Unit
Power 500 '

Cogging Torque 410 mNm

Voltage 50 Vims

Current 6 Aims

Speed 350 rpm
Efficiency 90 %
Voltage reduction rate 15 %
THD 5 %

To facilitate the magnetization of the inner side, the magnetic reluctance should be
decreased and the leakage flux minimized when the magnetic flux passes through the inner
side of the rotor and magnet. The magnetic reluctance and leakage flux can be reduced
by decreasing the thickness and length of the inner PM. However, performance decreases
because of the reduction in PM usage when the size of the PM is minimized using this
method. Therefore, the volume of the PM remains unchanged; however, the thickness at the
top of the PM has been increased to improve magnetization performance. The rotor shape
is shown in Figure 7, and the PM used is trapezoidal. Trapezoidal PMs are advantageous
because the projection used to lock the position can also be eliminated, which is a potential
path for flux leakage owing to inclination.

NN
. 4 - ‘\

Figure 7. Rotor shape to improve magnetization performance.

The magnetic resistance increases in line with the thickness of the top of the PM.
However, the magnetic flux passing through the top has a shorter path to traverse than the
flux in the inner region and passes through the saturated core for the minimum distance.
Therefore, the inner side of the rotor can be more easily magnetized. We have validated
this claim by simulating the magnetization in the conventional and proposed models using
FEA, and the results are shown in Figure 8.
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Figure 8. Comparison of magnetization analysis results. (a) conventional model, (b) proposed model.

Four of the ten magnets are magnetized based on a three-time divided magnetization.
The specimens to be magnetized are indicated by dotted black lines. The color bar on
the left side of Figure 8 indicates the magnitude of the magnetic field, and divides it into
magnetized, non-magnetized, and demagnetized regions based on the initial magnetization
curve at room temperature and the B—H curve characteristics of the ferrite magnet used
in the model. In the conventional model, an inner non-magnetized area is observed, as
shown in Figure 8a, and irreversible demagnetization occurs, which is undesirable. Based
on this observation, a design that does not consider magnetization or an excessively large
magnetizing flux may influence the previously magnetized PM and cause performance
degradation. The magnetization analysis results of the proposed model are shown in
Figure 8b. Unlike Figure 8a, which shows the magnetization result of the conventional
model, the PM—which is the magnetization target—is completely magnetized. Addition-
ally, the irreversible demagnetization area is very small for other PMs. This is because
the inner magnetic resistance is reduced by decreasing the thickness of the bottom of
the PM and removing the position locking projection, which is the cause of leakage flux.
The performances of the conventional and proposed models are compared under no-load
conditions using FEA. The no-load back electromotive force (EMF) of the two models is
shown in Figure 9.

100

e Proprosed Model : 56.8[ V]
===uur Conventional Model : 54.1[V ]

80
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Rotating Angle (DegE)

Figure 9. Comparison of no—load line voltages of the conventional and proposed models.
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The counter EMF of the conventional model, shown in Figure 9, is lower than that of
the proposed model. Both models have the same magnetizing yoke, magnetizing current,
and permanent magnet usage. Hence, this result may be attributed to the formation of
undeveloped and demagnetized areas in the conventional model, as shown in Figure 8.
However, the proposed model is completely magnetized, and its magnetization perfor-
mance is improved compared with that of the conventional model.

4. Spoke-Type PMSG Design to Reduce Cogging Torque

The cogging torque performance of a PMSG for wind power generation is crucial
because it is directly related to the starting performance. Low capacity wind turbines
that can start even at low wind speeds to ensure power generation efficiency are urgently
required. Mechanical factors that influence start-up include turbine blade design and shaft
friction, whereas electromagnetic factors include the cogging torque of PM generators.
Because the starting torque generated by the wind must overcome the cogging torque
and mechanical friction, reducing the cogging torque is crucial in the design of wind
turbines. Additionally, the cogging torque influences the torque ripple, as well as the
vibration and noise of the wind turbines. The torque ripple also increases with an increase
in cogging torque, distorting the waveform and rendering the generation of a sine wave
challenging, thereby reducing generator efficiency. Generally, a multistage skew is applied
to the rotor to reduce the cogging torque; however, it is characterized by poor performance
and difficulty in mass production. If the outside of the rotor core is blocked without skew,
the productivity increases and the cogging torque decreases. However, the performance
considerably degrades owing to magnetic flux leakage.

Therefore, as shown in Figure 10, the barrier has been designed asymmetrically, and
the bridge has been minimized to propose a cross-stacked rotor shape.

Figure 10. Rotor barrier asymmetric design and cross-laminated shape.

Unlike the skewed model, the proposed shape improves the productivity compared
with the conventional skewed model because the PM and rotor need not be twisted.
Moreover, the peak points of the cogging torque offset each other and are reduced when
the barrier is designed asymmetrically and the cogging torque is analyzed using FEA, as
shown in Figure 11. The conventional spoke-type model uses only a support structure with
no outer bridge to prevent output reduction, owing to magnetic flux leakage to the outside
of the rotor, as shown in Figure 5b. Therefore, Table 2 compares the performances of the
model with the outer bridge removed and the proposed model without load. Therefore,
a comparison of the no-load performances of the existing model with no outer bridge and
the proposed model to reduce the cogging torque is shown in Table 2. The magnetization
in the PM of the conventional model is assumed to be perfect.
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Airgap Flux Density (T)
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Table 2. Comparison of no—load performance of the conventional spoke—type model and the

proposed model.

Parameter Conventional Model Proposed Model Unit
Cogging Torque 456.7 91.4 mNm
Line Voltage 56 56.9 Vims
THD 2.57 1.12 %
Left Model - Right Model — Full Model

Cogging Torque (mNm)

Rotating Angle (DegE)

Figure 11. Cogging torque according to the asymmetric shape of the rotor barrier.

It can be observed that the proposed model has almost the same line voltage as
the conventional model. However, the cogging torque has decreased by approximately
80.4% compared with the conventional model, and the total harmonic distortion (THD) has
also decreased by 1.45%. As shown in Figure 12a, the cogging torque decreases because the
air-gap flux density of the proposed model is more sinusoidal. As shown in Figure 12b, the
harmonics of the conventional and proposed models are similar; however, the fundamental
wave of the proposed model is larger. It can be observed that the THD is also improved.

80
——— Proprosed Model — mmmm Proprosed Model THD : 1.12[%)]
..... o wesnst Conventional Model > 29 ez Conventional Model : 2.57[%]
—
S0
78
2]
~—
o
360 § 2
|
R=
- DJ 0 —_— gl Bl __ __ __ _a __
1 2 3 4 5 6 7 8 9 10 11 12
Rotating Angle (DegE) Harmonics
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Figure 12. Comparison of the conventional and proposed models (a) air—gap magnetic flux density,
(b) line voltage THD.

Next, the spoke-type generator performance was analyzed for 12, 24, and 36 slots
to compare the performance according to the number of stator slots in the proposed
rotor shape. The thickness of the stator back yoke was the same, and the tooth thickness
was designed by considering the number of slots and saturation. Table 3 compares the
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performance during the load operation according to the number of stator slots. The
efficiency was the best in the 12-slot model; however, the THD failed to satisfy the target
specification, and the cogging torque significantly increased compared with the other
models. In the case of 36 slots and 24 slots, the main performance did not demonstrate
significant differences. Because no significant difference in performance was observed, the
24 slot model was selected for its simpler manufacturability.

Table 3. Performance comparison according to the number of stator slots.

Parameter 12 Slot 24 Slot 36 Slot Unit

Cogging Torque 502.9 91.4 77.6 mNm
Line Voltage THD 7.26 1.12 1.46 %
Voltage reduction rate 4,51 5.37 495 %
Efficiency 92.7 92.2 92.2 %

The shape of the final model and the magnetic flux density of the core during the load
operation are shown in Figure 13, and a comparison of the performances of the conventional
and final model is shown in Table 4. The cogging torque of the conventional model, the
final model, and line voltage waveform during the load operation are shown in Figure 14.

\\\ || II//
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Figure 13. Final model (a) stator and rotor, (b) core magnetic flux density plot.

Table 4. Comparison of FEA performance of the conventional and final models.

Conventional Proposed .
Parameter Model Ml(:,) del Unit
Line Voltage 53.8 53.7 Vims
Torque 14.3 14.1 Nm
Torque ripple 1.7 1.2 Nm
Current 5.6 5.6 Arms
Core loss 11 9.7 w
Copper loss 32.5 34.8 A
Output Power 526.8 523.1 W
Efficiency 92.4 92.2 %
Voltage reduction rate 3.8 5.4 %
Cogging Torque 465.7 91.4 mNm

THD 2.57 1.1 Y%
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Figure 14. Comparison of the conventional and proposed models (a) cogging torque, (b) line voltage.

Owing to performance analysis using FEA, the efficiency decreases by approximately
0.2% compared with that of the conventional model; however, the torque ripple and THD
are improved. In particular, the cogging torque, which did not satisfy the conventional
specifications, decreases significantly. Further, the performance of the basic model in Table 4
is based on the assumption of perfect magnetization, and because of the previous magneti-
zation analysis, the performance of the conventional model is expected to further decrease
owing to the occurrence of non-magnetized and demagnetized regions. Conversely, the
proposed model is fully magnetized and meets the target specifications in Table 1 for both
the no—load and load performances.

Finally, an irreversible demagnetization analysis was performed considering the char-
acteristics of ferrite PMs. In the case of spoke-type generator ferrite PMs, as shown in
Figure 2, they are vulnerable to demagnetization because of their low coercive force com-
pared with that of rare earth magnets, such as Nd and SmCo; therefore, irreversible
demagnetization must be reviewed. For an accurate demagnetization analysis, the satura-
tion temperature during the rated operation is validated using a thermal network method,
as shown in Figure 15.

88

72

60

== Winding :85°C

Temperature (°C)

== Stator surface :80°C

48 4= Stator backyoke :75°C

== Magnet :75°C

0 3600 7200 7200 14400 18000
Time (sec)

(b)

Figure 15. Thermal characteristics during generator operation (a) thermal network method,
(b) temperature saturation graph for each generator part.

This is because high temperatures reduce the residual magnetic flux density of the
PM, decreasing the performance of the generator and the coercive force, thus increasing
its susceptibility to demagnetization. Considering the saturation temperature, irreversible
demagnetization was observed when the magnet temperature was 80 °C and three times
the rated current (approximately 23.6 A) was applied. As shown in Figure 16, irreversible
demagnetization does not occur even under extreme conditions.
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Figure 16. Final model irreversible demagnetization FEA analysis result.

Because the rotor shape was changed to reduce the demagnetization and cogging
torque, the mechanical stiffness characteristics at the load driving speed were compared.
The stiffness characteristic compares the maximum values of the equivalent stress and
the safety factor. The maximum value of the equivalent stress is the maximum stress
that can occur in the model, and the safety factor is an index that guarantees structural
stability. A comparison of the equivalent stress between the conventional and proposed
models is shown in Figure 17. The maximum value of the equivalent stress of the proposed
model was approximately 0.3 MPa, which was slightly improved compared with that of
the conventional model; however, the maximum value of the equivalent stress of both
models was low. This is because the operating speed of this model was low at 350 rpm,
and the safety factor of both models was 15, confirming that there is no problem with the
mechanical stiffness.

(b)

Figure 17. Comparison of maximum equivalent stress values during load operation (a) conventional

model, (b) proposed model.
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5. Performance Test and Results

Prototypes were manufactured, and performance tests were conducted to validate the
proposed design. The prototype is shown in Figure 18, a comparison of the test environment
and measurement waveform is shown in Figure 19, and a comparison of the FEA and test
results is shown in Table 5.

namometer

i
FNE

\ g Generator

——

A —

Figure 19. Test and no-load BEMF measurement.

Table 5. Comparison of FEA and test results.

Parameter FEA Test Unit

Voltage (No Load) 31.0 29.1 Vims

Line Voltage (No Load) 56.9 53.6 Vims

Line Voltage (Load) 53.7 52.5 Vims

Torque 14.1 14.3 Nm

Current 5.6 59 Arms
Output Power 523.1 535.5 W
Efficiency 92.2 91.6 %
Voltage reduction rate 5.4 6.9 %
THD 1.1 0.49 %

Performance tests were performed at ambient temperature. Most of the performance
results measured via the load test were similar to the FEA results. Although the efficiency
slightly decreased owing to the increase in winding resistance and current, the copper loss
increased. However, the target performance was satisfied, and the design feasibility was
validated through a comparison with the analysis results.
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6. Conclusions

A rotor design study was conducted to improve the magnetization and starting per-
formance of a low capacity wind-turbine. To improve the magnetization performance,
magnetization-related factors, the magnetization yoke, and the magnetic equivalent cir-
cuit were analyzed. Accordingly, the rotor shape variable selection and magnetization
performance improvement design were performed, and the magnetization performance
improvement was validated through FEA. To improve maneuverability, an additional
design was developed to reduce the cogging torque, which is an electromagnetic factor.
The existing skew application method has poor manufacturability. The cogging torque
was reduced while increasing productivity by cross-laminating barriers with asymmetric
barriers. The final model was selected, and its performance was compared with that of
the conventional model. The analysis confirmed that all the target performance criteria
were satisfied, and the cogging torque as well as the THD were improved. Because the best
performance of the conventional model was obtained when magnetization was complete,
the performance can be further decreased owing to the occurrence of an unattached area
when magnetized with the same yoke. Finally, the design was verified through prototype
production and testing of the design model.

The results of this study can contribute to the analysis of generator characteristics and
the optimal design for low capacity wind turbines, which have recently attracted increasing
attention. Additionally, these results are expected to be applied to various fields, such as
motors and magnetization research using spoke-types and generators.
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