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Partitioned stator doubly salient permanent magnet generators (PS-DSPGs) have been extensively used for electrical generation
mainly due to their high reliability, high electromotive force (EMF), and high-power output. -erefore, we aim to improve the
output power of a PS-DSPG by designing the optimal configuration of generator pole structure. Electrical characteristics including
the magnetic flux linkage distribution, phase EMF, cogging torque, voltage regulation, and power output profile were char-
acterized by using the finite element method. After optimizing the generator pole structure including the angle of air gap arc
width, it was found that the proposed PS-DSPG with 18/15 (stator/rotor) pole structure with optimized air gap arc width could
produce higher EMF of about 23.24% than a conventional structure because this structure has the suitable number of pole
structures. Also, an analysis of voltage regulation and power output profiles under the loaded condition were carried out, and it
was indicated that the PS-DSPG based on the suitable 18/15-pole structure could provide the best machine performance where the
output power is 11.63% higher than the conventional structure. Hence, the proposed PS-DSPG with 18/15-pole structure can
appropriately be utilized for electrical generation, especially in low-speed operated generator applications.

1. Introduction

Permanent magnet (PM) machines with Nd-Fe-B magnet
have been extensively researched for electrical generation
applications because of their remarkable characteristics, such
as no field excitation copper loss and robust construction
[1, 2]. -ese properties typically result in high reliability,
electromotive force (EMF), and power output of themachines
[3]. -e PM machines can be categorized into three types,
i.e., flux reversal PM (FRPM) machine, switched-flux PM
(SFPM) machine, and doubly salient PM (DSPM) machine
[4–6]. Remarkably, the DSPM structures have been exten-
sively applied in an electric vehicle and wind turbine appli-
cations since these particular structures have many
advantages over other PM machine types such as wide range
of operating speed and direct drive [11, 12]. -e structure of a
DSPMmachine is developed from the traditional structure of
a switched reluctance brushlessmachine.-eDSPM structure
consists of an armature winding equipped at the stator, a rotor
without excitation winding, and PMs mounted at the stator

yoke. -e significant configuration of this machine is that the
stator and rotor are salient pole, which results in high ro-
bustness, high reliability, and low-speed operation [7–10].

Lately, there are many literatures reporting that electrical
characteristics indicating the performance of DSPM ma-
chines, such as magnetic flux linkage, EMF, output power,
and electromagnetic torque, can be improved by using the
partitioned stator (PS) technique [13–15]. More recently, the
novel PS-DSPM structure for improving the performance of
machines have widely been proposed, most of them contain
the PM and armature winding at the stator to reduce the
magnetic deterioration of PM [16].

In order to develop the PS-DSPM structure to be applied
in low-speed applications, the key parameters of a general
electrical machine include the yoke diameter, winding coil
turn, stack length, and pole configuration [17–19]. As widely
indicated in many latest literatures, the configuration of the
pole in PS-DSPM structures is an influential factor related to
the machine characteristics, i.e., the controlling of speed
range and the output power [20–23].
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-en, the aim of this work is to improve the output power
of PS-DSPM by designing the generator pole configuration.
-e generator characteristics including the magnetic flux
distribution, flux linkage, phase EMF, cogging torque, voltage
regulation, and power output profiles under the loaded con-
dition of this generator type were characterized.-e simulation
results were obtained using the finite element method.

2. Machine Design: Topology Selection

-e conventional of PS-DSPM structures with 12/8 and 12/
10 (stator/rotor) poles were initiated by Wu [15]. -ere are
two stators in the PS-DSPM structure which are outer stator
with concentrated armature winding and inner stator
containing PM with Nd-Fe-B material, where the number of
PM is equal to the number of outer stator pole. -e rotor
iron pieces installed between two stators have no PM and
winding coil, and this configuration results in low weight
and low inertia properties of PS-DSPM structure.

An example of the cross-sectional perspective of three-
phase PS-DSPG with 6/5 and 18/15-pole structures are
indicated in Figure 1(a). -e number of stator/rotor poles is
normalized into the 6n/5n stator/rotor-pole ratio where n is
an integer. In this work, the stator/rotor-pole ratio is varied
from n � 1 to 5 for analysing machine characteristics. It is
noted that the thickness of PM mounted inside the stator
pole is obtained by a consideration of arc between PM and
core edge, θapc, which is fixed at 2.2 mechanical degrees for
all proposed structures, as indicated in Figure 1(b). Also, the
arcs of the air gap including the arc of the air gap outer stator
tooth, θaost, the arc of the air gap outer stator tip, θaot, the arc
of the air gap rotor outer edge, θaro, and the arc of the air gap
rotor inner edge, θari, are linearly introduced in each
structure. -e design parameters of 6n/5n-pole PS-DSPG
structure are detailed in Table 1.

In the analysis of machine characteristics, five proposed
PS-DSPG structures were designed by varying the number of
stator/rotor poles based on the 6n/5n-pole ratio. -en, the
magnetic flux distribution, flux linkage, and electromotive
force (EMF) analysis of those structures were characterized
with different rotor positions. -e influence of air gap arc
variation, including θaost, θaot, θaro, and θari, on the output
voltage of the machines, were also determined. Furthermore,
the generator output profile under the load condition in-
volving the voltage regulation and power output was ad-
ditionally examined. -e simulations were based on the 2-
dimensional finite element method.

3. Results and Discussion

3.1. Magnetic Field Distribution Analysis. -e magnetic field
distribution at 0 electrical degrees of the proposed PS-DSPG
structures consisting of 6/5, 12/10, 18/15, 24/20, and 30/25-
pole was precisely analysed, as shown in Figures 2(a)–2(e),
respectively. It was obviously observed that the magnetic
field distribution of all PS-DSPG structures was circulated in
certain parts of these structures. As indicated in Figure 2(a),
the magnetic field of 6/5-pole structure is mainly circulated
through four teeth of the outer stator at the lower part of the

structure. -e magnetic field of the 12/10-pole configuration
is circulated through four outer stator teeth but in two
different locations. Also, the magnetic field of the rest
structures, including 18/15, 24/20, and 30/25-pole struc-
tures, is circulated through four outer stator teeth in three,
four, and five different positions of those configurations,
respectively. From the results, it was found that the number
of circulations was equal to the number of n for all struc-
tures, which could be concluded that the characteristic of
circulated magnetic field distribution depends on the
number of pole structure. So, the results of magnetic field
distribution will be further utilized in the discussions on
phase flux linkage and EMF.

3.2. Phase Flux Linkage and EMF Analysis. -e open-circuit
phase flux linkage of the proposed PS-DSPG structures was
calculated by integration of magnetic vector potential. As
seen in Figure 3(a), the phase flux linkage of five proposed
configurations is evaluated at different rotor positions, while
the peak value of those flux linkage waveforms is summa-
rized in Figure 3(b). It is seen that a variation of generator
pole structure results in a change of magnetic flux linkage.
-e smallest flux linkage was found to be 3.62mWb for 6/5-
pole structure, whereas the highest flux linkage was
11.32mWb for 12/10-pole structure. From the results, it was
found that the flux linkage was increased with increasing the
number of stator/rotor poles from n � 1 to n � 2, and then it
continually decreased when increasing the pole number
from n � 3 to n � 5. -e explanation for a flux linkage
variation with altering the number of poles can be described
by the behaviour of magnetic flux circulation through the
machine structure. Normally, the outer stator teeth area is
considered as an area for magnetic flux circulation. As seen
in the flux linkage distribution shown in Figure 2, an in-
crease in the number of pole typically results in a reduction
of the magnetic vector potential circulation area. -en, the
magnitude of magnetic flux linkage becomes increasingly
small as the number of pole increased. Nonetheless, the
reason that 6/5-pole structure indicates the smallest flux
linkage is because of an asymmetrical flux linkage distri-
bution in this structure.

-e no-load phase EMF of five proposed PS-DSPG
structures was calculated by using Faraday’s law of Max-
well equations. -e line EMF and phase EMF are produced
from five proposed PS-DSPG configurations at different
rotor positions, as shown in Figures 4(a) and 4(b), re-
spectively. Both of line and phase EMFs produce a similar
trend with varying number of pole. -e maximum value of
EMF is summarized in Figure 4(c). It is seen that the EMFs of
18/15, 24/20, and 30/25-pole structures have a similar
waveform except that of 12/10-pole having a small atten-
uated magnitude. -e minimum EMF occurs at 6/5-pole
structure due to its asymmetrical structure. Especially, the
maximum EMF value of 5.61V is found in 30/25-pole
proposed structure which is about 25.27% higher than the
conventional structure. As indicated in Figure 4(c), the peak
value of EMF is significantly increased from n � 1 to n � 3,
and afterward, it tends to be gradually stable with increasing
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the number of pole. In general, the EMFmagnitude depends
on �ux-linkage motion through the generator structure.
Regarding to di�erent proposed PS-DSPG structures, it is
indicated that when the structures modi�ed by increasing
the number of pole, the total space for �ux linkage move-
ment through each structure becomes larger. As a result, the
EMF enhancement is demonstrated.

From the results, it is seen that the 18/15, 24/20, and 30/
25-pole structures could provide the EMF in a similar range.
When comparing the suitability between these structures,
the 18/15-pole structure has the smallest quantity of gen-
erator pole for producing the EMF in this range. �e less
quantity of generator normally indicates more robustness of
the structure. �en, the 18/15-pole PS-DSPG structure is

Table 1: �e design parameters of 6n/5n-pole PS-DSPG structure.

Parameter n � 1 n � 2 n � 3 n � 4 n � 5
Rotor iron piece number, Nr 5 10 15 20 25
�e number of PM, N 6 12 18 24 30
Rated rotor speed (rpm) 400
Diameter of coil (mm) 0.4
�e number of coils, Nc 18
Outer radius of outer stator, Roso (mm) 45
Inner and outer air gap width, g (mm) 0.5
Yoke radius of outer stator, Rosy (mm) 41.5
Inner radius of outer stator, Rosi (mm) 30
Outer radius of inner stator, Rro (mm) 24
Inner radius of inner stator, Risi (mm) 10.4
Arc between PMs at core, θapc (degree) 2.2
PM thickness, Tpm (mm) 10 5 3.2 2.3 1.77
Arc of air gap outer stator tooth, θaost (degree) 19.5 17 14.5 12 9.5
Arc of air gap outer stator tip, θaot (degree) 8.25 7 5.75 4.5 3.25
Arc of air gap rotor outer edge, θaro (degree) 9.175 8.34 7.505 6.67 5.835
Arc of air gap rotor inner edge, θari (degree) 14.125 12.5 10.875 9.25 7.625

Outer stator

Rotor iron piece

PM

Inner stator

Armature winding

(a)

θaost

θaot
θaro

θari

θapc

Tpm

(b)

Figure 1: (a) Cross section of three-phase PS-DSPG with 6/5 and 18/15 (stator/rotor) poles. (b) Parameter design of the proposed PS-DSPG
structures.
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selected as the most suitable structure in this work since it
could produce high EMF with the appropriate number of
stator and rotor poles. �e EMF produced from this
structure is 5.49V which is about 21.06% higher than the
conventional structure. In addition, in order to improve the
electrical performance of PS-DSPG, the air gap arc width of
each proposed structure will further be optimized.

Additionally, the initial cogging torque characteristic of all
proposed PS-DSPG structure will be further examined in
order to estimate pole con�guration variation.

3.3. Initial Cogging Torque Analysis. Cogging torque of PS-
DSPG structure generally acts as the initial torque required

(d) (e)

(a) (b) (c)

Figure 2: Open-circuit magnetic �eld distributions at 0 degrees of (a) 6/5, (b) 12/10, (c) 18/15, (d) 24/20, and (e) 30/25-pole PS-DSPG
structures.
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Figure 3: Open-circuit phase �ux linkage of the proposed PS-DSPG structures (a) at various rotor positions. (b)�emaximum value of each
structure.
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to start the generator. In this model, the cogging torque is
calculated by the magnetic �eld generated from the inner
stator pole �owing through the rotor iron piece towards the
outer stator slot. Figure 5 indicates the initial cogging torque
waveform of the �ve proposed PS-DSPG structures. It is
obviously noticed that the cogging torque of 6/5-pole has a
high-symmetrical value because the cross section of magnetic
�eld has the larger area than those in other proposed
structures. �e cycle of the cogging torque waveform of 30/
25-pole con�guration is signi�cantly larger than the other
proposed structures because of a very short length between
adjacent rotor pieces. �e 12/10 and 24/20-pole structures
indicate symmetrical cogging torque with the small magni-
tude due to their suitable pole con�guration. Moreover, the
18/15-pole PS-DSPG structure has an asymmetrical cogging
torque waveform, while this structure produced smaller
cogging torque compared with other proposed structures and
also the conventional structure. It was found that the 18/15-
pole PS-DSPG structure produces the cogging torque 56.79%
lower than conventional structure.

3.4. In�uence of Air Gap Arc Width Variations. In addition,
in order to improve the electrical performance of PS-DSPG,
the air gap arc width of each proposed structure is opti-
mized. �e suitable angles of air gap arc width of �ve
proposed PS-DSPG structures, consisting of θaost, θaot, θaro,
and θari, were optimized in addition. An in�uence of θaot,

θaro, and θari on the phase voltage under no-load condition of
the proposed structures was investigated. It was found that
θaot, θaro, and θari have a negligible impact on the phase EMF.
However, θaost, which is the air gap arc between two outer
stator teeth, plays a signi�cant e�ect on the phase voltage of
proposed PS-DSPG structures except in the 6/5-pole
structure. Figure 6 indicates the phase voltage of �ve pro-
posed PS-DSPG structures versus the percentage angle of
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Figure 4: Open-circuit of proposed PS-DSPG structures: (a) line EMF, (b) phase EMF at various rotor positions, and (c) phase EMF
indicating the maximum value of each structure.
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Figure 5: Cogging torque of the proposed PS-DSPG structures at
various rotor positions.
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θaost compared to the initial con�guration. �e conventional
value of θaost, which refers to one hundred percent scale, is
shown in Table 1.

It is seen that the phase voltage of 12/10, 18/15, 24/20,
and 30/25-pole structures tends to be improved when θaost
is reduced from 110% to approximately 73% of an initial
value. �en, it gradually becomes stable at θaost below 73%.
For 6/5-pole structure, θaost has no impact on the phase
voltage. According to the PS-DSPG structure, an angle of
θaost is directly related to a voltage induction area at outer
stator teeth.�e narrower angle of θaost normally provides a
larger area for producing the voltage, which results in
higher total phase voltage. When reducing θaost less than
73%, angle of θaost has no impact on the phase voltage
because each structure has enough area for producing the
voltage from a derivative of �ux linkage.

For 6/5-pole structure, an area for voltage induction is
much bigger than its desired area, so θaost has no impact on
phase voltage produced by this asymmetrical structure.
However, the other air gap arcs, which are θaot, θaro, and θari,
have no impact on the voltage because these parameters have
insigni�cant impact on voltage induction area in these PS-
DSPG structures. In addition, it is noted that the structure
that has a narrower angle of θaost that normally yields small
area for winding coil at the outer stator. We found that a
winding coil area is linearly reduced according to a decrease
in θaost. Consequently, a suitable value of θaost for each
structure is selected by a beginning point of phase voltage
saturation, which is about 65–73% for 18/15-pole structure
and 65%–73% for 12/10, 24/20, and 30/25-pole structures.
From this result, it is concluded that the EMF of 18/15-pole
PS-DSPG structure with optimized air gap arc width is
23.24% improved from the conventional structure.

Additionally, the characteristics of �ve optimal modi�ed
structures in load condition will be further investigated in
order to verify the suitable PS-DSPG structure.

3.5. Voltage Regulation and Output Power Analysis. �e
voltage regulation and output power of all optimized PS-

DSPG structures were concurrently analysed under load
condition at 18 turns of winding coil.�e voltage regulation is
a relationship waveform between an optimized phase voltage
and load current of each proposed structure. �e quality of
voltage regulation depends on an equilibrium between phase
voltage and load current of each proposed structure. It is
noted that the maximum load current is determined by using
the optimized phase voltage value of each proposed structure,
which is obtained from Figure 6. From the voltage regulation
result indicated in Figure 7(a), it is seen that when load
current increased, the phase voltage of �ve proposed struc-
tures is reduced with di�erent consequences. When the
number of pole increased, the load current range of each
structure is decreased due to an increase in resistance of coil.
�en, the widest load current range is found for 12/10-pole
structure, which could be useful to adapt in several load
applications. Meanwhile, the 24/20-pole structure could
provide the highest phase voltage magnitude.

To characterize the power output, the phase voltage
and load current at each point of voltage regulation result
are multiplied. �e characteristic of power output of each
proposed PS-DSPG structure is shown in Figure 7(b). �e
phase voltage of each current value in this graph can be
known from the voltage regulation result. �e power
output of each structure increases until the middle range of
voltage regulation waveform, and afterwards, it decreases.
It is generally known that the highest output power could
be obtained from the middle range of the voltage regu-
lation waveform of each structure. In Figure 7(b), it is
remarkably shown that the 18/15-pole structure can
produce the highest power output, following 12/10, 24/20,
30/25, and 6/5, respectively. �e power output produced
by 18/15-pole structure is about 11.63% higher than that
produced by the conventional structure.�is is because the
suitable pole con�guration of this structure can produce
higher phase voltage and wider range of load current than
the other structures. Accordingly, this structure can
provide the most appropriate voltage regulation and
highest power output.

Finally, it can be summarized that the generator pole
structure is an in�uential factor to improve performance of
PS-DSPG. In our analysis, it is found that the 18/15-pole
PS-DSPG structure indicates better performance than the
other proposed structures since it has the suitable number
of pole structure. Especially, the EMF and power output
produced by this structure are classi�ed in high range
compared to other structures proposed in the literatures.
Hence, the PS-DSPG with 18/15-pole structure becomes
another suitable structure for low-speed range operation
and can be applied for producing electrical power from
renewable energy.

4. Conclusion

In this paper, the PS-DSPG was designed by optimizing the
generator pole structure, which is 6n/5n-pole ratio in order
to improve the performance of the generator. �e �ux-
linkage distribution, �ux linkage, EMF, and cogging tor-
que of all the proposed PS-DSPG structures were
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Figure 6: Open-circuit phase voltage of the proposed PS-DSPG
structures with the percentage change of θaost.
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investigated under the no-load condition. �e voltage reg-
ulation and power output under load condition were also
examined. �e results showed that the con�guration of the
generator pole structure had a signi�cant impact on mag-
netic �ux circulation. Also, the �ux linkage in the generator
is linearly decreased when the outer stator teeth area is
reduced. Especially, the results of phase EMF and cogging
torque indicates that the 18/15-pole structure is the most
suitable structure due to its symmetrical con�guration. After
optimizing θaost, it was found that the EMF of 18/15-pole
structure was improved from a conventional structure by
23.24%. Moreover, the 18/15-pole PS-DSPG structure could
produce the highest power output, which is 11.63% higher
than that produced by the conventional structure since the
pole structure indicates e�ective voltage regulation. Hence,
the proposed 18/15-pole PS-DSPG structure could be ap-
propriately chosen for producing electrical power in low-
speed operation regarding to renewable energy applications.
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