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ABSTRACT Generators are a key technological element of wind power generation systems. The use of
synchronous generators that employ heavy rare-earth permanent magnets is increasing owing to the demand
for higher efficiencies. However, these magnets are expensive and undergo an unbalanced supply and
demand. Therefore, spoke-type structures have been developed and used in various fields to compensate
for the deficient performance when using a ferrite magnet, which is inexpensive and provides a stable
supply and demand. However, permanent magnet synchronous generators (PMSGs) with adopted spoke-type
structures and an output power of 1 kW or higher have not been studied and practically applied sufficiently.
Additionally, new designs must consider differences between the target specifications of a generator and
wind turbine. In this study, we designed and analyzed the characteristics of an alternative bridge spoke-type
PMSG modeling a generator for a 3-kW class wind turbine. We analyzed the performance of the existing
spoke-type generator and proposed an alternative bridge spoke shape with an improved performance by
removing the leakage flux of the bridge. The performance of the existing spoke model was compared using
the finite element method (FEM), and the performance of the proposed model was verified more accurately
by performing a three-dimensional (3D) analysis considering the 3D effect. Additionally, we analyzed the
voltage fluctuation rate according to the number of stator slots and overhang structure and designed a final
model. Considering the characteristics of the ferrite magnet used in the spoke-type design, the irreversible
demagnetization characteristics of the conventional and final models were compared using simulations,
followed by a comparison between the stiffness characteristics of the two models. Finally, a prototype was
manufactured, and the feasibility of the final design was verified using the performance tests.

INDEX TERMS Permanent magnet synchronous generator (PMSG), spoke-type ferrite magnet synchronous
generator (SPMSG), rotor overhang, wind turbine.

I. INTRODUCTION
Recently, interest in and studies on renewable energy, par-
ticularly on ecofriendly and economic wind power systems,
have been continually growing [1]–[6]. Generators are a key
technological element of a wind power generation system
because their performance can directly reduce the weight and
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increase the efficiency of the corresponding wind power gen-
eration system.Many generators, such as switched reluctance
and induction generators, have been used; however, the use
of permanent magnet synchronous generators (PMSGs) is
increasing owing to their high output density per unit volume
and the possibility to be miniaturized [7]–[10]. The perma-
nent magnet types employed in PMSGs are ferrite and heavy
rare-earth magnets. Heavy rare-earth magnets with a high
energy density are preferred because of their high efficiency;
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TABLE 1. Comparison of characteristics with PMSG.

however, their supply and demand are unstable and expen-
sive [11], [12]. The supply and demand of ferrite magnets
are stable in addition to their lower cost compared with
that of rare-earth magnets. However, ferrite magnets have a
low magnetic flux density, which is approximately one-third
that of rare-earth magnets, making it difficult for them to
achieve the same performance as rare-earth magnets. There-
fore, a spoke-type structure was developed to overcome the
problem of low magnetic flux density. Therefore, spoke-type
structures have been widely studied and commercialized in
permanent magnet synchronous motors (PMSMs) [13]–[17].
In particular, many studies are being actively conducted on
the spoke-type PMSMs for different applications, such as
shape studies to improve demagnetization or magnetization
performance, and performance maximization using an asym-
metric structure and barrier design in the rotor core, use of
magnetic materials applied with new materials [18]–[25].
However, the research and development and application cases
of the spoke-type structure are still insufficient for 1-kW or
highergenerators [26]–[30]. Although structures of the spoke-
type PMSMs and a PMSGs are similar, the required specifi-
cations are distinct. In particular, the cogging torque, voltage
fluctuation rate during load operation, and efficiency for
wind turbines are extremely important design specifications.
In addition, the cogging torque is directly associated with the
starting performance. Therefore, the voltage fluctuation rate
and cogging torque must be reduced for a spoke-type PMSG
with a large leakage magnetic flux in the axial direction.
In this study, we investigated the design and characteristics of
an alternative bridge spoke-type PMSG for use in wind tur-
bines. The alternative bridge spoke-type PMSG is designed
using a 3-kW-class PMSG as a model. Subsequently, the per-
formance of an existing spoke-type and that of the proposed
alternative bridge PMSG were compared using the finite
element analysis (FEA)method. Additionally, an accurate 3D
analysis was conducted considering three-dimensional (3D)
effects, such as the spoke-type axial leakage magnetic flux,
and the performance changes were examined. The proposed
model was designed by analyzing the stiffness according to
the number of stator slots and overhangs for the voltage drop
characteristics. Table 1 demonstrates that the characteristics
of the proposed alternative bridge spoke-type PMSG are

superior to those of the existing permanent magnet rotor
shapes.

Considering the no-load and load characteristics of the
proposed model and those of the permanent magnet mate-
rial (ferrite), the irreversible demagnetization and stiffness
characteristics of the existing and proposed models were
compared using simulation. Finally, prototypes were manu-
factured, and performance tests were performed to verify the
validity of the proposed design and characterization.

II. ALTERNATIVE BRIDGE SPOKE-TYPE PMSG
A. PMSG PRINCIPLE AND EQUIVALENT CIRCUIT
The PMSG has the same structure as the PMSM; however,
a difference exists in whether the input is mechanical or
electrical energy. As the input mechanical energy rotates
the generator shaft, the magnetic flux generated by the per-
manent magnet in the rotor generates an induced electro-
motive force in the armature coil. In addition, when stator
is connected to a load, current flows. In PMSGs, the no-
load electromotive force E0 arising from the magnetic flux
generated by the permanent magnet and the armature reaction
electromotive force ea generated by the armature reaction
magnetic flux are induced. Furthermore, ea can be obtained
as follows [31]–[33]:

ea = −
dλa
dt
= −N

dφa
dt
= −La

dia
dt

(1)

where λa is the armature reaction flux linkage, φa is the
armature reaction flux, andN is the number of turns. Equation
1 can be expressed as the armature reaction electromotive
force phasor Ea in the frequency domain as follows:

Ea = jXaIa (2)

where Xa is the armature reaction reactance. If leakage flux
exists in a PMSG, the induced electromotive force El is
expressed as follows: where

El = jXlIa (3)

Xs = Xa + Xl
Zs = jXs + Ra (4)

where Xl is the leakage reactance. In Equation 4, the sum of
Xa and Xl is called the synchronous reactance Xs, and the sum
of Xs and Ra is called the synchronous impedance Zs.

The voltage V on the terminal side of the generator is
obtained by subtracting the voltage drop owing to the syn-
chronous reactance Xs and the voltage drop owing to the
winding resistance Ra from the no-load induced electromo-
tive force E0, which is the same as that expressed in Equation
5. Fig. 1 presents the equivalent circuit for one phase of a
PMSG.

V = E0 − jXsIa − RaIa (5)

In the rotor that generates the no-load counter electromo-
tive force E0 of the equivalent circuit, the magnetic arrange-
ment torque acts in the opposite direction to the rotational
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FIGURE 1. Schematic equivalent circuit of synchronous generator.

FIGURE 2. Cross-section of conventional spoke-type PMSG.

TABLE 2. Specifications of a 3-kW spoke-type PMSG.

direction of the field. Therefore, a power is needed to over-
come the self-arranged torque generated in the direction
opposite to the rotational direction and return it to a constant
speed. Equation 6 expresses the power per phase considering
the electrical and mechanical losses.

Pe = TGωs − Ploss = VIa cos θ (6)

Moreover, Ploss is the sum of the electrical and mechanical
losses, and the torque applied to the rotor is expressed as

TG =
VIa cos θ + Ploss

ωs
(7)

B. CONVENTIONAL SPOKE-TYPE PMSG
Table 2 lists the target specifications of a PMSG for a 3-kW-
class wind turbine. Fig. 2 shows a 10-pole 12-slot PMSG
using a conventional spoke-type rotor designed using the
voltage and output power equations.

FIGURE 3. Magnetic equivalent circuits (a) conventional and
(b) alternative bridge spoke models.

The conventional spoke-type rotor consists of a permanent
magnet and a pole piece, an inner bridge to connect it to
the shaft, a position-locking projection to fix the position
of the magnet, and an outer bridge to prevent the magnet
from scattering. Fig. 3(a) shows a conventional spoke-type
magnetic circuit, where 8g is the airgap magnetic flux, 8m
is the magnetic flux, and 8s and 8r are the magnetic fluxes
of the stator and rotor, respectively. Rm is the magnetic resis-
tance of the magnet, Rs and Rr are the magnetic resistances
of the stator and rotor, respectively, and Rg is the magnetic
resistance of the air gap. 8lo, 8li, and 8lp are the leakage
fluxes flowing through the outer, inner, and position lock-
ing projections, respectively. In addition, Rlo, Rli, and Rlp
are the corresponding magnetic resistances. Each bridge is
structurally necessary because it fixes the pole piece and
the magnet, and prevents scattering; however, it reduces the
electromagnetic performance because of the generation of a
leakage magnetic flux, as shown in Fig. 3(a). In addition, the
magnetization performance of a spoke-type rotor is impor-
tant, and the position locking projection interferes with the
magnetization of the lower part of the magnet. In general,
the inner and outer bridges are designed to be as narrow as
possible to induce magnetic saturation, which helps reduce
the leakage magnetic flux. Concurrently, as the thickness of a
bridge decreases, the rigidity becomes disadvantageous dur-
ing operation; thus, the bridge thickness reduction is limited.
Rm is the magnetic resistance of the magnet, Rs and Rr are

the magnetic resistances of the stator and rotor, respectively,
and Rg is the magnetic resistance of the air gap.8lo,8li, and
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FIGURE 4. Cross-section of Alternative bridge spoke-type rotor.

8lp are the leakage fluxes flowing through the outer, inner,
and position locking projections, respectively. In addition,
Rlo, Rli, and Rlp are the corresponding magnetic resistances.
Each bridge is structurally necessary because it fixes the
pole piece and the magnet, and prevents scattering; however,
it reduces the electromagnetic performance because of the
generation of a leakage magnetic flux, as shown in Fig. 3(a).
In addition, the magnetization performance of a spoke-type
rotor is important, and the position locking projection inter-
feres with the magnetization of the lower part of the magnet.
In general, the inner and outer bridges are designed to be
as narrow as possible to induce magnetic saturation, which
helps reduce the leakage magnetic flux. Concurrently, as the
thickness of a bridge decreases, the rigidity becomes dis-
advantageous during operation; thus, the bridge thickness
reduction is limited.

C. ALTERNATIVE BRIDGE SPOKE-TYPE DESIGN
Unlike the conventional spoke-type structure, in the alterna-
tive bridge spoke-type structure, only half of the inner and
outer bridges are used, and the scattering of the pole pieces or
the permanent magnet is prevented in the intersection of the
inner and outer bridges. In addition, by making an angular
inside for the rotor and developing an optimal design, the
magnet was fixed without a position-locking projection. The
corresponding alternative bridge spoke-type magnetic circuit
is shown in Fig. 3(b), where Rgo and Rgi are the magnetic
resistances of the outer and inner airgaps, respectively, and
8go and 8gi are the corresponding leakage fluxes.

The two-dimensional (2D) FEA was conducted to validate
the performance of the proposed alternative bridge spoke
model, and its performance was compared with that of the
conventional spoke-type model. To this end, the outer and
inner diameters, and air gap of the stators and rotors, and
the number of magnets used in both models were identical.
Fig. 5 shows the line voltage of each model under no-load
conditions. Fig. 6 displays the cogging-torque waveforms of
each model.

The alternative bridge spoke model significantly reduced
the leakage magnetic flux owing to the conversion of half of

FIGURE 5. Comparison of no-load line voltages of the conventional and
alternative bridge spoke-type models.

FIGURE 6. Comparison of cogging torques of conventional and
Alternative bridge spoke-type models.

the outer bridges into voids, as shown in Fig. 3(b). Similarly,
half the number of inner bridges exist, as shown in Fig. 3(b).
Moreover, fixing the magnet without a supporting structure
blocked the leakage magnetic flux generated in the position-
locking projection. A decrease in the leakage magnetic flux
increased the back electromotive force between the no-load
lines of the alternative bridge model by approximately 4.0%
compared to that in the existing spoke-type model. Further-
more, total harmonic distortion (THD) of the line back EMF
improved from 9.6 to 4.48%. Because the number of outer
bridges was reduced by half and the thickness was minimized
in the alternative bridge model, changes in the reluctance
were also minimized, reducing the cogging torque by approx-
imately 47.1% compared to that of the existing spoke-type
model. Table 3 presents a performance comparison of the two
models for power generation.

The alternative bridge spoke model increased the power
generation voltage by approximately 5.3% when the output
is 3 kW, which could be attributed to the reduction in both
the leakage flux and current owing to the removal of the
bridges. In addition, because current reduction reduces cop-
per loss, the alternative bridge spoke-type model exhibited
an increase of 0.2% efficiency compared to the conven-
tional model. Moreover, the voltage fluctuation rate of the
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TABLE 3. Performance under load conditions.

FIGURE 7. 3D modeling of Alternative bridge spoke-type PMSG.

TABLE 4. 2D and 3D FEA analysis results.

alternative bridge mode, which is an significant specification,
was also improved over the existing model.

III. DESIGN CONSIDERING 3D EFFECT
A. THREE-DIMENSIONAL MODELING AND
PERFORMANCE ANALYSIS
An accurate 3D performance analysis was conducted consid-
ering 3D effects, such as the rotor axial and end coil leakage
fluxes generated in a spoke structure, and the fringing effect
in the airgap. Fig. 7 illustrates a schematic of the 3D shape of
the alternative bridge spoke-type model.

The results of the 3D and 2D FEA of the alternative bridge
spoke model are summarized in Table 4. The 2D and 3D
analysis results were similar under the no-load condition.
However, the 2D and 3D analysis results differed during the
power generation operation because the 3D effects were not
reflected in the 2D analysis. Moreover, a large voltage drop
occurs during power generation owing to the 3D effects, and
the voltage and voltage fluctuation rates are not satisfied,
as defined in the target specifications.

TABLE 5. Phase resistance and number of turns for each slot model.

FIGURE 8. Line voltage and voltage fluctuation rate.

In PMSGs, electric current flows in the stator coil during
power generation, and the resulting magnetic flux of the
armature reaction flows through the stator core, airgap, and
rotor core. The magnetic path between the stator and rotor
has a magnetic flux component in the radial direction and
an axial magnetic flux component generated by the fringing
effect. The axial magnetic flux component, which cannot be
considered in the 2D analysis, is reflected in the 3D analysis,
resulting in a reduction in the total magnetoresistance of
the armature reaction. Therefore, during load operation, the
magnitude of the armature reaction in the 3D analysis (and
not in the 2D analysis) increases. Therefore, the voltage gen-
erated during the load operation decreases in the 3D analysis
compared to that of the 2D analysis because of an increase in
themagnitude of the armature reaction. The armature reaction
is an inductance component in a self-equivalent circuit, and
the inductance is proportional to the square of the number of
turns. Therefore, an additional design to reduce the number
of turns is required to improve the voltage drop owing to the
armature reaction.

B. REDUCING VOLTAGE DROP
We developed a design to reduce the number of turns required
to meet the target specifications by reducing the voltage drop.
First, we increased the number of stator slots, changed the
winding method and the number of turns, and examined the
trend. We examined 12, 24, 36, and 48 stator slots, for each
of which the phase resistances and number of turns are listed
in Table 5.

Fig. 8 demonstrates the line voltage and voltage fluctuation
rate based on a 3-kW output and considering changes in the
stator phase resistance with changes in the number of slots.

Fig. 9 shows the copper losses and efficiencies. The num-
ber of turns decreases as the stator slots increase for an output
of 3 kW. The magnitude of the armature reaction decreases as
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FIGURE 9. Copper loss and efficiency.

FIGURE 10. Efficiency and voltage fluctuation rate variation with
overhang length.

the number of turns decreases. As the number of stator slots
increases, the voltage fluctuation rate decreases. Conversely,
the magnitude of the voltage increases during load operation.
When the number of slots increases, the size of the phase
resistance increases owing to an increase in the number of
end turns, and the current decreases, thereby increasing the
efficiency. Therefore, 36 and 48 slots satisfy the voltage
fluctuation rate, as specified in the target specifications. Thus,
the 36-slot model with an excellent efficiency and manufac-
turability was selected. Rotor overhangs of 1.25, 3.5, and
7 mm were applied as one-sided standards, and the trend was
determined by conducting 3D FEA. Fig. 10 shows the voltage
fluctuation rate and efficiency variation with the overhang
length.

As the length of the overhang increases, the number of
turns is reduced because both the number of magnets used
and the flux linkage increase. The voltage fluctuation rate
decreases owing to a decrease in the number of turns as
the overhang length increases, and the efficiency increases
because of the copper loss owing to a decrease in the number
of turns. A 36-slot model with an overhang of 7 mm was
selected as the final model.

IV. COMPARISON OF DEMAGNETIZATION AND
MECHANICAL RIGIDITY USING SIMULATION
A. COMPARISON OF THE DEMAGNETIZATION
CHARACTERISTICS
The current generated by the wind creates an armature reac-
tion flux and flows toward the load. A current larger than
the rated current may flow owing to the size of the load

TABLE 6. Model specifications.

FIGURE 11. Final model shape and magnetic flux density plot.

FIGURE 12. B-H curve characteristics of ferrite magnets.

resistance or failure. Thus, the magnitude of the armature
reaction force and magnetic flux increases in proportion to
the current, which affects the irreversible demagnetization
of the magnet. Fig. 12 shows that the operating point of the
permanent magnet device is determined at the point where the
B-H curve of the permanent magnet and the PC line intersect.

The PC line is determined by the shape of the permanent
magnet machine as follows:

Pc =
−Bm
µ0Hm

=
lm
g

1
Cφ

(8)

Cφ =
Am
Ag

(9)

where Bm = φ/Am, Hm = Fm/lm, lm is the magnet length, Am
is the magnet area, Ag is the airgap area, and g is the airgap
length. In addition,

Fm =
−φr

Pm + Pg
(10)

Pg = µ0Ag/g, Pm = µ0Am/lm (11)

where Fm is the magnetomotive force. As the current
increases, the component of the armature reaction increases,
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FIGURE 13. Comparison of results of irreversible demagnetization of the
conventional model and the proposed model.

and thePc line moves to the left. Irreversible demagnetization
occurs when the operating point is formed below the knee
point. In particular, ferrite magnets have a low coercive force
compared to rare-earth permanent magnets (NdfeB, SmCo);
thus, they are vulnerable to demagnetization by a reverse
magnetic field, where demagnetization occurs at low temper-
atures [34]–[37]. The current density of the proposed model
is approximately 2 A/mm2 and the operating temperature
is in the range of 20–50 ◦C; thus, permanent magnet irre-
versible demagnetization by temperature does not occur. Sub-
sequently, the demagnetization characteristics of the existing
model and the proposed model owing to the armature reac-
tion were compared using simulation. The demagnetization
current owing to a fault is twice that of the existing rated
current. Fig. 13 illustrates the irreversible demagnetization
area according to the shape of the rotor.

The amount of permanent magnet used in both models is
approximately the same; however, it can be confirmed that
irreversible demagnetization of the conventional spokemodel
occurred in some areas of the permanent magnet. Unlike the
conventional spoke model, an irreversible demagnetization
area did not occur in the proposed alternative bridge spoke-
type model by removing the external bridge or applying a
barrier. This is because the removal of outer bridge and the
application of an air gap barrier makes the magnetic resis-
tance on the outer diameter side of the rotor be higher than
that of the conventional spoke model, which leads to be more
robust to reverse magnetic fields.

B. COMPARISON OF THE MECHANICAL RIGIDITY
The mechanical stiffness characteristics during road load
operation are compared because the shapes of the existing
and proposed models are different. The mechanical stiffness
characteristics are compared with the maximum value of the
equivalent stress that can occur in the model and the safety
factor. The maximum value of the equivalent stress indicates
the maximum stress that can occur in the model. The safety
factor is an index that guarantees structural stability against
uncertainties caused by various factors. Although the safety
factor standard varies depending on the design, it usually has
a value of 2 or more, as expressed in Equation (12).

αsf =
Tensile yield strength

Peak Stress
(12)

Fig. 14 presents a comparison between the rigidity of
the conventional and final models. The equivalent stresses
of the conventional and proposed models are 249.43 and

FIGURE 14. A comparison between the rigidity of the conventional and
proposed models.

FIGURE 15. Photographs of Generator prototype core and test system.

368.52 kPa, respectively. Therefore, the final model is disad-
vantageous in terms of the mechanical rigidity. However, the
safety factor is 15 for both models. As the safety factor of the
final model is similar to that of the existing mass-produced
model, the rigidity of the final model has no problem, and
thus no abnormality exists in the production result.

V. EXPERIMENTAL WORK AND RESULTS
A prototype generator was manufactured to verify the design
and performance of the designed generator, and its perfor-
mance was examined. Fig. 15(a) shows the manufactured
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FIGURE 16. No-load phase back EMF @ 300rpm (a) Test (b) FEA.

TABLE 7. Comparison of experimental and simulation results.

FIGURE 17. Temperature test graph during load operation.

stator and rotor, and Fig. 15(b) presents the test configuration
of the generator prototype and dynamometer.

In the tests, the no-load back electromagnetic force, cog-
ging torque, voltage, current, and torque at a rated operat-
ing speed of 300 rpm were measured. Fig. 16 presents the
measured waveform using an oscilloscope and the no-load
back EMF waveform analyzed using FEA. According to the
comparison results, the error in the size of the effective value
was approximately 5%, indicating a high accuracy.

Table 7 presents a comparison between the experimental
and simulation results for the prototype.

The test was performed at an environmental temperature
of 20◦C, and the Fig.17 is a graph measuring the temperature
rise during load operation. The temperature sensor is attached
to the stator winding side, and due to the low current density,
it can be seen that the temperature saturation appears at
about 30◦. The load resistance was 14.3 �, and the result-
ing measured output power was 3.16 kW. Table 7 confirms
that most of the performance results during the no-load and
load operations are comparable with the FEA results. How-

ever, the current was slightly higher than that of the FEM
analysis, which slightly increased the output based on the
load resistance setting during the test. Therefore, current and
torque were slightly increased. In addition, the efficiency
decreased owing to an increase in the iron loss, which is
attributed to the harmonic iron loss and analysis error.

Except for the above cases, the simulation and experi-
mental results were comparable, validating the design and
performance of the proposed alternative bridge spoke model.

VI. CONCLUSION
This study performed a design and characteristic analysis of
an alternative bridge spoke-type PMSG. In contrast to the
conventional spoke type, a crossroad bridge was applied, and
the support structure was eliminated to minimize the leakage
magnetic flux. Therefore, a higher line voltage and lower
cogging torque than those of the existing spoke-type model
were achieved. In addition, 3D FEA analysis confirmed that
the voltage fluctuation rate was higher than that of the 2D
analysis owing to the 3D effect, and the final model, to which
an overhang was applied, was selected by analyzing the
performance trend based on the number of stator slots and
overhang. This is to reduce the voltage drop owing to the
armature reaction because the armature reaction component
is proportional to the square of the number of turns. The
final model was selected by changing the number of turns
according to the number of slots and reducing the number
of turns using overhangs to improve the voltage drop and
examine other performance parameters, such as current and
efficiency. The final model improved the voltage fluctuation
rate by more than 8% compared to the existing model and
satisfied all target specifications. In addition, considering the
characteristics of permanentmagnets, irreversible demagneti-
zation was compared using simulation. It was confirmed that
the proposed model is stronger in irreversible demagnetiza-
tion than the existing model. Considering the changes in the
rotor shape, the mechanical stiffness was also compared with
that of the existing model. Although the maximum stress was
slightly increased, the stiffness characteristics were compara-
ble to those of the existing model, and the safety factor was
checked to confirm that there was no problem in mechanical
stiffness even during load operation. Finally, a prototype was
manufactured, and a performance test was conducted to verify
the validity of the design and analysis results. The results
obtained in this study will be helpful for accurate characteri-
zation and design of low- and medium-capacity generators.
In addition, the proposed model is expected to contribute
toward applied research in various fields.
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