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ABSTRACT: To improve torque characteristics, this study proposes an upgrade over the standard salient pole stator in a Permanent Magnet
Synchronous Motor (PMSM) using a segmented stator. The rotor is externally oriented and has a permanent magnet (PM) incorporated
in it. The structure is studied theoretically through flux linkage analysis, torque production, and magnetic circuit model (MCM) analysis.
Next, the finite element technique (FEM) is used to model the suggested motor and the salient pole stator, both of which have the same
size. Next, a comparison is made between the simulation findings and the static torque, PM demagnetization, flux linkage, magnetic flux
density distribution, and average and maximum torque. The proposed design results in a 79.97% increase in average torque, a 90.89%
increase in maximum torque, and a 3.02% decrease in cogging torque.

1. INTRODUCTION

Permanent magnet (PM) motors have several advantages, in-
cluding high power, torque density, high efficiency, limited

maintenance, and high dependability. These attributes make
PM motors a good fit for application in a variety of industries,
including electric vehicle (EV) [1, 2]. The fast advancement
of PM materials in recent decades has made it possible to cre-
ate high-performance permanent magnet synchronous motors
(PMSMs) [3].
Based on where the magnet is positioned, PMSM is divided

into two groups: interior (IPMSM) and surface (SPMSM) [4].
IPMSM is usually used in scenarios where there is a wide speed
range, and SPMSM is often used in applications where the
speed is constant. This is because it integrates the field weaken-
ing current and produces reluctance torque [5, 6]. Comparing
an IPMSMmotor to an SPMSMmotor, the torque performance,
power density, speed regulation performance, and cost of the
former are better [7].
Additionally, an inner or outer rotor is used to run a PMSM.

Because it guarantees that the air gap flux density amplitude
roughly matches the PM’s magnetic flux density, the inner rotor
topology is used more frequently. This makes it possible to run
a wider range of speeds and, in the end, results in a suitable
capability to weaken the flux [8]. Also to note that the outer
rotor has a nett mass that is 15% less than the inner rotor’s,
which reduces transmission losses [9].

* Corresponding authors: Hairul Faizi Hairulnizam (GS67769@student.upm
.edu.my); Norhisam Misron (norhisam@upm.edu.my).

Although the outer rotor PM machine may produce a high
torque density, a substantial amount of rare-earth PM material
is needed [10]. The advancement of PMSM development is
severely constrained by the rising cost of rare Earth PM, which
raises PMSM manufacturing costs [11]. Considering this, the
study mentioned in [12] looked at a variety of magnetic mate-
rials to investigate practical approaches for reducing or cutting
the need for rare earth in PM motors. Findings from the study
show that, despite being a rare-earth magnet, samarium per-
forms the best at lower speeds, reaching an efficiency of 92.5%
when running at full load. AlNiCo, on the other hand, has the
best full-load efficiency, coming in at an astounding 75.7%.
In addition, to increase the performance of the motor, scien-

tists also give top priority to improving the PMSM’s structure,
which includes the PM itself and the iron parts like the rotor
and stator. The consequent-pole (CP) PM rotor is a technique
that researchers have created to reduce dependency on PM ro-
tors. Costs are greatly reduced by using this structure, which
reduces PM volume by 30% [13–15]. Although the use of low-
cost PM materials, such as ferrite, is an effective way to cut
costs, insufficient torque density makes it difficult [16]. Based
on its excellent performance features, like its high beginning
torque and small number of permanent magnets needed, the re-
sults show that the V+1 type of PM structure is the best option.

Additionally, segmented (modular) construction has been
used in PMSM because of its low production costs, high flex-
ibility, and reduced windings [18–20]. A comparison of flux
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FIGURE 1. Structure of the (a) salient pole stator, (b) proposed segmented stator.

concentrating PM machines is shown in [21], where it is found
that modular devices are more efficient than non-modular ma-
chines. Segmented structures, like divided teeth, have been
widely adopted in switched reluctance motors (SRM) because
they achieve a 93.3% higher efficiency compared to similar mo-
tors and significantly increase output torque by 63.91%, aver-
age torque by up to 60%, and both [22–24]. Adopting and com-
bining the PM advantages of the PMSMwith capabilities of the
split teeth in the rotor and the segmented structure in the stator
of SRM greatly improves the performance of the motor. This
method lowers the quantity of PM used in the production of the
motor.
This research aims to improve the salient pole stator by intro-

ducing a novel segmented stator structure that works in tandem
with an embedded permanent magnet synchronous motor that
has divided teeth on the outer rotor. The topology configuration
and theoretical analysis that proved the superiority of the pro-
posed motor are presented in Section 2. An equivalent salient
pole motor and the suggested motor are simulated in two di-
mensions using finite element method. To verify the improved
performance of the suggested structures, Section 3 compares
the simulation results of the suggested motor with the salient
pole stator of equal size in terms of flux linkage, magnetic flux
density distribution, static torque, and dynamic torque. Sec-
tion 4 illustrates the experimental and dynamic result in terms
of torque speed characteristics. A conclusion is given in Sec-
tion 5.

2. STRUCTURE AND THEORETICAL ANALYSIS

2.1. Structural Configurations
The salient pole stator PMSM’s topology is shown in Fig-
ure 1(a). There are three phases in this motor, and each phase
has three focused star connection windings. Its outer rotor fea-
tures split teeth and embedded PMs. The PMs are positioned in
the region between the rotor poles, which is magnetized in both
the upward (N ) and downward (S) directions, in contrast to

the nearby magnets. A thorough assessment of the effects of a
segmented stator on the suggested motor attributes, specifically
about torque and power, are conducted using the nine branches
of the salient pole stator, which is another feature of the salient
pole stator.
The design of the suggested improved divided teeth outer ro-

tor integrated permanent magnet with segmented stator, on the
other hand, is shown in Figure 1(b). There are thirty-two poles
on the motor’s outer rotor. The PMs are positioned in the voids
created by the rotor teeth. The magnetization direction of each
newPM is facing and in opposition to the earlier one. By raising
the magnetic flux density in the air gap, PMs are intended to in-
crease torque and power densities. There are two focused wind-
ings in each of the motor’s three phases. Additionally, there is
a half pitch of magnet separation between each phase and four
slots for each phase in the proposed segmented stator.
The stator structure is the main difference between the sug-

gested motor’s design and that of its equivalent. The equivalent
uses a salient pole stator, while the proposed PMSM has a seg-
mented stator. Furthermore, differences in the number and size
of magnets may also influence the flux flow and flux density of
the motor. It should be mentioned that the two motors’ magne-
tization directions are different, which potentially affects how
well the motor performs. The two motors differ in the number
of connections in a phase and winding count, which may influ-
ence the flux flow within the motor. The key parameters and
dimensions of the proposed motor are listed in Table 1.

2.2. Magnetic Flux Analysis
The flux flow of the salient pole stator is shown in Figure 2(a).
When the coil is the only one energized, the flux flow is the
same as in the proposed motor because the energized coil’s
magnetic field passes through air gaps, passes through the rotor
and stator yokes, and ends at the excited phase windings of the
pole. Due to the motor’s alternating uphill and downward mag-
net arrangement, the flux flow in the open circuit intersected
the air gaps at the stator pole and closed the flux loop at the
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(a) (b)

FIGURE 2. Predicted flux flow, (a) salient pole stator, (b) proposed segmented stator.

(a)

(b)

FIGURE 3. Salient pole stator, (a) magnetic circuit model, (b) simplified circuit.

TABLE 1. Key dimensions and parameter of the proposed motor.

Parameters
Salient
pole
stator

Proposed
segmented
stator

Number of phases 3 3

Stator outer radius (mm) 17.5 18.18

Rotor outer radius (mm) 22.5 22.5

Rotor inner radius (mm) 18 18.68

Number of turns per pole 10 13

Air-gap length (mm) 0.5 0.5

PMs width/length (mm) 2.0/4.0 2.38/3.18

Stack length (mm) 30 30

Number of magnets 24 32

Magnet material NdFeB NdFeB

Stator and rotor material 50H800 50H800

rotor yoke. The flux flows via the stator yoke, rotor yoke, and
magnet when the winding is energized, closing the route at the
neighbouring stator pole.
Figure 2(b) shows the projected flux lines to show how the

suggested motor runs. When the coil is the only one that ener-
gizes, the magnetic field created by the coil passes through the
air gaps, passes through the yokes of the stator and rotor, and
ends at the excited phase windings of the pole. On the other
hand, when the windings are open circuits, no current passes

through them. The magnetic flux from the permanent magnet
flows into the gaps between the rotor and stator when the ar-
mature winding is energized due to the force of the magnetic
field. Every phase of the stator experiences flux flow via the
central pole due to the growing magnetic flux in the air gaps.
The flux flow in the motor is shortened when it is made to pass
via the central stator pole. The motor’s losses are decreased
by a shorter flux flow. Consequently, a major factor in raising
the air gap flux density in the suggested motor is the permanent
magnets built inside the rotor. Figures 2(a) and (b) show the
flux flow between segmented and salient pole motors, which
have an impact on the motor’s simulation performance.

2.3. Magnetic Circuit Model Analysis
Themagnetic circuit model (MCM) for the salient pole and sug-
gested motor is represented by Figures 3 and 4. Additionally,
it encompasses the simplified circuit for the MCM. According
to Figure 3, when Kirchhoff’s Law is implemented, it may be
said in terms of magnetic flux as an equation. In Equation (1),
the its value is inadequate, in which Rg ≫ Rsy +Rsp +Rry

ΦSalient Pole =
NI

Rsy + 4Rsp + 3Rry + 6Rg
≈ NI

6Rg
(1)

Conversely, according to Figure 4, when the same method is
applied, with neglecting the value of other reluctances besides
reluctance in air gap the magnetic field is represented as Φ.

ΦSegmented =
NI

Rsy + 2Rsp + 2Rrp + 2Rg
≈ NI

2Rg
(2)
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(b)(a)

FIGURE 4. Proposed segmented stator, (a) magnetic circuit model, (b) simplified circuit.

Upon comparing Equations (1) and (2), the magnetic field
generated in the proposed motor is greater than the salient pole,
as shown in Equation (3). As there is a difference in magnetic
field generated, it may influence the performance of motor.

NI

6Rg
≪ NI

2Rg
(3)

where ΦSalient Pole and ΦSegmented are the magnetic flux for
salient pole stator and magnetic flux for proposed segmented
stator, respectively; N is the number of turns per phase; I is
the current of each phase; Rg , Rsy , Rsp, Rry , Rrp are the re-
luctance of air gap, stator yoke, stator pole, rotor yoke, and rotor
pole, respectively.

2.4. Torque Generation Analysis
Due to their different topologies, the torques produced in
segmented stator and salient pole configurations differ. The
generic torque Equation (4) is then given to investigate the dif-
ferences.

F = −∂W

∂θ
(4)

where in general, energy (W ) is stored in magnetic field, and θ
is the position angle. Equation (5) shows the work done.

W =
1

2
λi=

1

2
NiΦ =

1

2
Li2 (5)

W is also expressed in terms of flux linkage (λ), current (i),
number of turns (N), magnetic flux (Φ), and inductance (L)
expressed as Equation (6).

Φ = NiP = BA (6)

P is represented as the permeance, which is the inverse of re-
sistance (R). Hence, by using Equations (4), (5), and (6) the
expression for thrust (F) may be derived as in Equation (7).

F = −1

2
(Ni)

2 ∂P

∂θ
(7)

The equation is further expanded as in Equation (8).

NI = NcIc +NmIm (8)

The total magneto motive force (MMF), NI created in the
motor is composed of the equivalent magnet MMF,NmIm pro-
duced in the rotor equipped with magnets, and the coil MMF,
NcIc produced by the stator wound with the coil winding.
When the values ofNcIc andNmIm are evaluated, Equation (9)
is derived.

F =− 1

2
(NcIc +NmIm)

2 ∂P

∂θ

F =
1

2
(NmIm)

2 ∂P

∂θ
− (N cIc)

· (NmIm)
∂P

∂θ
− 1

2
(NcIc)

2 ∂P

∂θ

(9)

The cogging torque, which has the negative consequence of
reducing the overall force produced by the motor, is the first
term in the equation in Equation (9). The relationship between
the coil flux and permanent magnet flux is represented by the
second part of the equation. The final part of the equation com-
putes the total force, which considers the contribution of the
reluctance torque produced by the motor.
As per (9) which is obtained from a book in [25], the torque

output of the comparison motor is done for cogging torque, the
degree of interaction between coil flux and PM flux, and reluc-
tance torque. The recommended motor is specifically designed
to follow Equation (9), which seeks to maximize the interaction
between coil flux and PM flux and minimize reluctance torque,
while also minimizing cogging torque. With a little more work,
the equation might be represented as in Equation (10), which is
the fundamental formula for cogging torque, thrust, and reluc-
tance torque, by replacing Equation (7) with Equation (9). All
those components in the equation give required force F toward
the capabilities of the motor.

F =
B2

gA

2µ0
−NiBl − 1

2

∂L

∂θ
i2 (10)

2.5. Flux Linkage Analysis
Flux linkage, λ, refers to the connection between the magnetic
field and the conductors of a coil. This occurs when the mag-
netic field Φ passes through the loops of the coil, which has N
turns and expressed as in Equation (11).

λ = NΦ (11)
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(a) (b)

FIGURE 5. Magnetic Density of the (a) salient pole stator, (b) proposed segmented stator.

Here, the magnetic field, Φ, is deduced into Equation (12) as in
Equation (12).

Φ =
LI

N
(12)

L is the inductance of the coil, while I stands for the current
flowing through the stator. By adopting Equation (12) into (11),
the flux linkage with the inclusion of inductance is defined as
in Equation (13).

λ = LI (13)
Furthermore, the total flux linkage in the energized phase (in

this case phase A) is expressed as in Equation (14).

λPA=λi + λPM (14)

where λPA represents the total flux linkage generated when
phase A is excited; λi represents the flux linkage formed by the
current flowing through the excited phase winding; and λPM

represents the flux linkage made by the PM.

2.6. Finite Element Analysis
The application of Finite Element Analysis (FEA) is employed
to find the fundamental magnetic properties of the motor under
consideration. The electromagnetic characteristics of the sug-
gested design are analyzed by simulating it using the 2-D finite
element method (FEM). This research uses the JMAG software
package developed by JSOL Corporation. The use of the two-
dimensional finite element method (FEM) is favoured because
of its rapid assessment through simulation and higher precision
than the three-dimensional FEM. The electromagnetic charac-
teristics of the motors are found using the Maxwell’s equation,
as depicted in Equation (15).

Ω :
∂

∂x

(
υ
∂y

∂x

)
+

∂

∂y

(
υ
∂y

∂y

)

= −J − υ

(
∂Bry

∂x
− ∂Brx

∂y

)
+ σ

∂A

∂t
(15)

where Ω denotes the field solution zone of computation, A the
magnetic vector potential, J the current density, υ the reluctiv-
ity, σ the electrical conductivity, and Bry and Brx represent
as remanent flux density components.
Figures 5(a) and 5(b) show the magnetic density of the pro-

posed segmented stator and the salient pole stator when the
winding excited at 10A. Both motors use the same material
which is 50H800 steel for the rotor and stator. This material
has a knee point saturation at 1.5 T. As seen, the stator of the
proposed motor is not saturated which proves that the stator is
well designed.

3. SIMULATION RESULTS

3.1. PM Demagnetization
The PM subjected to high currents may demagnetize in the sug-
gested segmented stator. To verify that the PMs do not become
demagnetized when being subjected to high current, a current
of 5A, or roughly 100% more than the rated current, is used to
simulate both motors. The magnetic flux density distributions
in the motor under a 5A current are shown in Figure 7. NdFeB
magnet, which has a 1.25 T saturation point, is used in both mo-
tors. The upper limit of the simulation is 1.25 T. Figure 6 makes
it clear that, even at high currents, the recommendedmotor does
not demagnetize the PM. But close to the knee point, the PM
in the salient pole starts to saturate. The proposed segmented
stator shows a notable advantage in this characteristic.

3.2. Flux Linkage
The flux linkage that happened in the two motors under study
is as shown in Figure 7. The suggested motor produces a flux
linkage from the magnets that is 79.86% bigger than its equiv-
alent, as Figure 7(a) amply illustrates. The creation of elec-
tromagnetic torque in the motor is directly affected by the flux
connection of permanent magnets. A mechanical torque is ap-
plied to the rotor because of the interaction between the coils
carrying electric current and the magnetic field produced by the
permanent magnets. The torque that the motor produces is what
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(a) (b)

FIGURE 6. Magnetic flux density distribution of the magnet in (a) salient pole stator, (b) proposed segmented stator.
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FIGURE 7. Flux linkage in both motor for (a) magnets, (b) coil inductance.

FIGURE 8. Cogging Torque profiles of the salient pole stator and pro-
posed segmented stator.

drives its rotation and is directly correlated with the flux linkage
of the permanent magnets. The coil inductance’s flux linkage
is depicted in Figure 7(b). The suggested motor has a ripple
in its flux linkage, while the other motor has a value that is al-
most constant. It implies that the intended motor experienced
the specified variations in inductance, as shown in Equation (9),
to produce reluctance torque.

3.3. Analysis of Cogging Torque
Cogging torque is an undesirable property that negatively im-
pacts a motor’s performance. Reducing or eliminating the cog-
ging torque is crucial for ensuring optimal motor performance.
Cogging torque results from the interaction between the per-
manent magnet’s magnetic flux lines and the stator’s teeth. It
occurs when there is no electrical current flowing through the
coils, which prevents any of the coils from becoming energized.
The permanent magnets in the system cause torque to exist even
when there is no load.
The cogging torque of the conventional and proposed model

is shown as in Figure 8. The highest cogging torque of the
suggested motor is 0.01123Nm, while the salient pole stator
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(a) (b)

FIGURE 9. Static torque profile under different excitations current of 3A, 5A, 7A, 10A and 15A for (a) proposed segmented stator, (b) salient pole
stator.

(a) (b)

FIGURE 10. Comparison of (a) maximum torque, (b) average torque.

FIGURE 11. Power vs Torque.

motor’s is 0.01158Nm, 3.02% less than the equivalent version.
Smaller cogging torque is produced at no-load performance be-
cause the permanent magnets’ magnetic flux lines do not cross
the air gaps. The careful placement of the PMs in both motor
types is what yields the lowest cogging torque.

3.4. Analysis of Static Torque

Figures 9(a) and (b) illustrate the static torque profiles of the
proposed motor and the salient pole stator, both of which are
excited by a single-phase current. The torque profiles shown
are in proportion to the rotor position at different excitation cur-
rents. The excitation modulates periodically at intervals of 3A,
5A, 7A, 10A, and 15A. The graph proves a comparison of the
overall static torque between the proposed motor and its coun-
terpart, revealing that the suggested motor generates an 89.15%
greater torque.
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TABLE 2. Comparison of performance between the salient pole and the proposed stator.

Parameters Salient pole stator Proposed segmented stator Differences (%)
Flux Linkage in Magnets (mWb) 0.044 0.079 79.86

Cogging Torque (Nm) 0.0115 0.0112 3.02
Static Torque at 15A (Nm) 0.235 0.446 89.15

Maximum Torque at 20A (Nm) 0.5632 1.075 90.89
Average Torque at 20A (Nm) 0.4823 0.867 79.97

Torque when 9W (Nm) 2.03 4.02 98.02
Stall Torque (Nm) 1.234 2.477 100.07

Torque at 3000 rpm (Nm) 0.246 0.439 78.45

(a) (b) (c)

FIGURE 12. Fabricated component of (a) stator, (b) rotor and PM, (c) assembled motor.

To provide a more correct comparison, Figures 10(a) and (b)
illustrate the maximum and average torque values within the 1–
20A range. The suggestedmotor shows superiormaximum and
average torque in all excitation currents compared to the coun-
terpart motor. Additionally, the discrepancy in torque between
the suggested and counterpart motors gets more pronounced
with greater excitation currents. At a current of 20A, the sug-
gested motor showed a maximum torque of 90.89% higher and
an average torque of 79.97% higher than the salient pole stator
motor.
The relationship between power and torque is shown as in

Figure 11. As the power increases, the torque of the suggested
motor also increases. When the best power supply is decided
to achieve the intended output torque, this graph may serve as a
useful reference. Furthermore, it is observed that when an equal
amount of power is supplied to both motors, the output torque
produced by the suggested motor is greater than that of its coun-
terpart. The disparity becomes increasingly pronounced as the
power value rises. As an illustration, when running at a power
of 9W, the proposed motor surpasses its counterpart by 98.02%
bigger output torque.

3.5. Comparative Analysis
Table 2 presents a comparative analysis of the performance of
the salient pole stator and the proposed segmented stator. The
table encompasses the parameters of the studies, the obtained
results, and the percentages of differences that contribute to and

illustrate the superiority of the proposed motor. The average
torque increases by 79.97%; the maximum torque increases by
90.89%; and the cogging torque decreases by 3.02% because of
the suggested design. These results demonstrate the superiority
of the proposed segmented stator over the salient pole stator.

4. EXPERIMENTAL AND DYNAMIC RESULT

4.1. Fabrication and Experimental Setup
Figure 12(a) depicts the fabricated stator for the salient pole
motor, whereas Figure 12(b) illustrates the fabricated rotor with
embedded permanent magnets for the salient pole stator motor.
The PM in the rotating iron is made of the material neodymium
iron boron while the stator and rotor are made of 50H800 steel.
The stator was wound with 1mm diameter thickness coil with
10 turns as stated in Table 1. The motor has a stack length of
30mm, and the air gaps that separated the stator and rotor were
kept at 0.5mm. Figure 12(c) depicts the constructed prototype
of salient pole stator for testing. Figure 13 shows the exper-
imental setup used to test the performance of the motor. The
salient pole stator motor is tested with sensor less driver board
to obtain the torque speed characteristic.

4.2. Torque Speed Characteristics
Figure 14 illustrates the torque-speed characteristics that are the
focus of the dynamic result of the suggested motor in conjunc-
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Motor

FIGURE 13. The testing setup for salient pole stator motor.

tion with the salient pole stator motor. The graph is plotted up
to 5000 rpm, and the voltage injected into the motor is 20V.
This allows one to ascertain the motor’s capability at both low
and high speeds. It is evident that the suggested motor out-
performs the salient pole stator in terms of stall torque, with
a 100.07% increase. In terms of torque generation at the rated
speed of 3000 rpm, the suggested motor performs better than its
competitors, with an output torque that is 78.45% greater. Fig-
ure 12 also includes the salient pole fabricated result which is
represented with solid symbols. As observed, the experimental
and simulated results for the salient pole stator are similar and
do not have much difference.

FIGURE 14. Torque speed characteristics of the simulated proposed
segmented stator with the fabricated and simulated salient pole stator.

5. CONCLUSION
To enhance the salient pole stator PMSM, this work presents
a new segmented stator structure with an integrated permanent
magnet outer rotor. The first step is the design and operation
of the suggested motor as well as its matching counterpart. To
show the motor’s remarkable torque capacity, MCM models of
the motors were evaluated against the simulation design for its
electromagnetic analysis. The results of the simulation showed
that in terms of PM demagnetization, flux linkage, cogging
torque, and static torques, the segmented stator architecture per-
formed better than the other motor. The proposed design re-
sults in a 79.97% increase in average torque, a 90.89% increase
in maximum torque, and a 3.02% decrease in cogging torque.
These outcomes show that the suggested segmented stator is
more efficient and better than the salient pole stator.
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