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ABSTRACT

As global energy-saving demands rise, synchronous reluctance motors
(SynRM) have emerged as a promising alternative to conventional
permanent-magnet synchronous motors, helping to mitigate the supply
chain risks associated with rare-earth materials. However, pure SynRMs are
hindered by inherent drawbacks, including low power factors, relatively low
torque density, and high torque ripples. To overcome these limitations,
permanent magnets can be inserted into the rotor's flux barriers to create a
permanent-magnet-assisted synchronous reluctance motor (Pma-SynRM).
This paper details the design of a 0.75kW Pma-SynRM and comprehensively
compares its characteristics such as torque, flux linkage, inductance, and
power factor with a pure SynRM of the same power rating using finite element
analysis (FEA). The simulation results demonstrate that the Pma-SynRM
topology effectively addresses the disadvantages of the conventional SynRM,
achieving a 28% increase in electromagnetic torque and a 24% improvement
in the power factor. These findings confirm that the Pma-SynRM is an
efficient, high-performance, and cost-effective alternative for modern
industrial applications.
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1. INTRODUCTION

Induction motors have long dominated the industrial
manufacturing sector, primarily due to their robust
reliability, high overload capacity, and cost-effective
production [[1, 2]. While these conventional machines
generally meet the IE3 efficiency standards established
by IEC 60034-1, upgrading them to the more stringent IE4
level presents significant technical challenges [3, 4l.
Simultaneously, escalating global imperatives for energy
conservation and the reduction of CO emissions largely
driven by European regulatory policies are accelerating
the transition from traditional motors to advanced
machines  offering  superior efficiency, precise
controllability, and enhanced fault tolerance [5, 6]. In this
landscape, the synchronous reluctance motor (SynRM)
has emerged as a highly promising alternative to the
standard induction motor. However, widespread
industrial adoption of pure SynRMs has been hindered by
inherent performance limitations, most notably a low
power factor, significant torque ripple, and relatively low
torque density compared to its power rating [7].

To mitigate these drawbacks, an effective solution
involves integrating permanent magnets (PMs) into the
rotor’s flux barriers. Although the resulting architecture
resembles an interior PM synchronous motor (IPMSM), it
utilizes a substantially smaller volume of magnetic
material. Consequently, it exhibits a lower permanent
magnet flux linkage and relies primarily on reluctance
torque for its mechanical output. This optimized
configuration is widely recognized as the permanent
magnet-assisted synchronous reluctance motor (PMa-
SynRM).
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A primary challenge in the SynRM design is the
complex rotor geometry. While the stator is identical to
that of an induction motor of the same rating, the rotor
contains neither squirrel-cage bars nor field windings.
Instead, multiple flux barriers are strategically engineered
to maximize the inductance saliency ratio (Ld/Lg).
Literature  indicates two common  geometric
configurations for these barriers:

- Segmented flux barriers: These are designed using
geometric parameters aligned to achieve an optimal
saliency ratio. This type is prevalent in modern
manufacturing due to its simpler punching die, high
mechanical strength, and the feasibility of inserting
permanent magnets into the rotor air gaps.

- Concentrated flux barriers: Constructed based on
flux lines parallel to the magnetic flux paths, this
configuration yields a very high saliency ratio. However,
due to its geometric complexity, it is reserved for
applications requiring exceptionally high torque and
power density.

To enhance both torque and power factor, permanent
magnets are inserted to transform the machine into a PMa-
SynRM. Designing high-performance SynRMs requires a
synergy of classical analytical methods and modern finite
element analysis (FEA) tools; however, a comprehensive,
step-by-step design procedure remains scarce in existing
literature. In Vietnam, industrial applications remain
dominated by induction motors. As the nation’s
industrialization and modernization progress,
sophisticated production lines demand drive motors with
higher efficiency, improved controllability, and superior
fault tolerance. These motors must also deliver a high
torque density and a power factor that satisfies national
grid requirements. While the PMa-SynRM meets these
criteria, domestic publications regarding its detailed
design methodology and comparative evaluations against
pure SynRMs are limited.

This paper details the design of a SynRM based on
reference parameters given by the ABB company,
followed by the integration of permanent magnets into
the flux barriers to quantify performance enhancements.
A comprehensive comparison of torque, flux linkage,
inductance, and power factor between the two
topologies is presented.

2. THEORETICAL BACKGROUND

The phasor diagrams in the d-q reference frame of a
SynRM and PMa-SynRM are shown in Figure 1.
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Figure 1. Phasor diagram for [8]: (a) SynRM; (b) PMa-SynRM

Based on the PMa-SynRM presented in [8, 9], the
voltage equations of the SynRM in the d-q axis can be
expressed as follows:

., da ., da :

V4 = Rsig +d—:—w/1q=Rsld +d—td—qulq (m
. da . da .

A =Rslq+d—tq+a)/1d =Rslq+d_tq+wl‘dld (2)

The voltage equations can be rewritten by using the
relationship between inductance and flux linkage, in d-q
reference frame, they are expressed as [9]:

Aq = 2a(ia iq) = La(ia ig)ia, (3)
Aq = Aq(id' iq) = Lq(id' iq)iq' 4)
so that Vyand V; can be calculated as [9]:

5 dig ]

Vd —Rsld +LdE—(1)quq, (5)
, di .

V, = Rsig +qu—:+deld. (6)

In the PMa-SynRM, the PMs are placed in the direction
of the g-axis flux. The d-axis flux linkage equation remains
the same, but the g-axis becomes [9, 10]:

Ag = A(arig) = La(ia,iq)iqg — Am (7)
The voltage equations of the PMa-SynRM in the d-q
axis can be expressed as follows [9]:
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Va = Riq + La g2 — wlqiq + Ao, 8)

Vo = Rylq + Lo =2 + wLalg, 9)

where 4., is the PM flux linkage; V; and V;, are the
stator voltage in the d- and g-axis respectively; 1; and 4,
are the flux linkage in the d- and g-axis respectively; i,
and i, are the current in the d-and g-axis respectively; R
is stator resistance; w is the rotor electrical angular
velocity; Ly and L, are the inductances in d- and g-axis
respectively.

The power factor is given by [11]:

IPF = cos(¢)

= cos <tan'1 (%1-1%)) _ (¢-1)
= A ) [P -
ﬁ_l \ 52sin12 [5’+c0512[5’
sin(2p)
= (5 - 1) 2 ’
2(tan B + &2 cot B)

Lq(iq)
Lq

for the saliency ratio, ¢ = (10)

where ¢ is the phase angle and § is the current angle.

The internal power factor is highly dependent of the
machine saliency ratio and is maximized when the

tan(p) = \/?, one has [11]:
_ _é-1
IPFlmax - COS((p) |max - a (1 1)

The electromagnetic torque is then produced by the
product of flux linkage and the current that flows through
the coil, the torque for the SynRM is as follows [9]:

3n
T, = T”(Ld — Lg)iaiq

, |
=20 (Lg = Lo) gy 8 (12)

where Inqg is the magnitude of the current and nj is the
number of pole pairs in machine.

For a PMa-SynRM, the electromagnetic torque then
becomes [9]:

3 . ..
Te = =2 (Amia + (La — Lq)iaiq), (13)
or if written with current magnitude and current angle
3n in(2p)
To = =2 AmlmagcosB + (La = L)lagg =) (14)
3.SIMULATION RESULTS

Based on the theoretical formulations presented in
Section 2, both the synchronous reluctance motor
(SynRM) and the permanent magnet-assisted
synchronous reluctance motor (PMa-SynRM) were
designed and analyzed using finite element analysis
(FEA). To ensure a fair comparison, both machines share
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identical stator geometry and operating conditions, while
the rotor of the PMa-SynRM is modified by embedding
NdFeB permanent magnets within the flux barriers. The
design parameters of the SynRM are given in Table 1,
Table 2 and Table 3. It can be seen that Tables 2 + 4
summarize the key design parameters of the stator, rotor,
and permanent magnets for both machines. The stator
adopts a conventional 36-slot structure with appropriate
dimensions (76mm inner diameter and 125mm outer
diameter), ensuring adequate magnetic loading and
thermal performance for a 0.75kW rating. The relatively
high number of turns per coil enhances magnetomotive
force, contributing to torque production. The rotor
design employs three flux barriers per pole, which is an
effective compromise between achieving a high saliency
ratio (La/Lg) and maintaining mechanical robustness. The
selected rotor dimensions also ensure a small air gap,
improving electromagnetic coupling. For the PMa-
SynRM, the NdFeB magnets with high residual flux
density (1.21T) are strategically embedded within the flux
barriers. The graded magnet dimensions across layers
optimize flux distribution while minimizing material
usage. Overall, these design choices enable enhanced
torque capability and improved power factor while
preserving structural integrity and cost efficiency.

Table 1. Initial parameters of the SynRM

Parameter Value Unit
Power 0.75 kw
Speed 1500 rpm
Pole number 4 pole
Terminal voltage 400 v
Efficiency 82.5 %
Power factor 0.72
Table 2. Stator calculation results
Parameter Value Unit
Inner diameter 76 mm
Outer diameter 125 mm
Motor length 70 mm
Number of slots 36 slot
Number of turns per coil per phase 85 turn
Table 3. Optimized rotor dimensions
Parameter Value Unit
Outer diameter 75.5 mm
Shaft diameter 24 mm
Number of flux barriers 3
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The PM dimensions for the PMa-SynRM are given in

Table 4.
Table 4. PM dimensions
Parameter

PM type NdFeB

Residual magnetic density 1.21 T
Magnetic resistance -995 H
Length magnet 1 20.9 mm
Width magnet 1 47 mm
Length magnet 2 13.6 mm
Width magnet 2 38 mm
Length magnet 3 8.8 mm
Width magnet 3 33 mm

Figure 2. 2D model of SynRM (left) and of Pma-SynRM (right)
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The 2D model of SynRM and PMa-SynRM is presented
in Figure 2. The SynRM (left) has a 4-pole rotor with three
flux barriers per pole, creating high saliency for
reluctance torque. The Pma-SynRM (right) uses the same
three flux barrier structure per pole, with permanent
magnets inserted into the designed air gaps.
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Figure 3. PMa-SynRM d--axis (a) and g-axis(b) magnetic flux densities

The distribution of magnetic flux in the d- and g-axis
for both motors is presented in Figure 3 and Figure 4. It
can be seen that under the maximum d-axis current (a)
(current angle = 0 degrees), the influence of the
permanent magnets causes the flux density in the flux-
carrying iron portions of the PMa-SynRM rotor core to
reach 1.63T, which is higher than the 1.52T observed in
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the pure SynRM under identical conditions.
Consequently, careful design consideration must be
given to the magnet strength and the thickness of both
the iron ribs and tangential bridges to prevent deep core
saturation. Furthermore, at maximum g-axis (b) current
(current angle = 90 degrees), the flux density distribution
indicates that modifying the regions between the air flux
barriers and the rotor iron segments to reduce Lq (such as
by increasing the air-gap length) requires a careful trade-
off between controlling air-gap flux density and
maintaining the rotor's mechanical integrity.

Figure 4. SynRM d-axis (a) and g-axis(b)magnetic flux densities

The static torque characteristics of both motors is
given in Figure 5. It can be seen that the static torque of
the PMa-SynRM reaches 5.75Nm, which is 22.7% higher
than that of a conventional SynRM of the same power
rating, primarily due to the addition of permanent
magnet torque. However, the reluctance torque
component remains dominant and significantly higher,
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which is the key distinguishing feature between the PMa-
SynRM and IPMSM.
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Static Torque Gunve Info

5.00

Static_Torque
P X ¥ Is_pu=0.2'

m1_ |56.8421|4.4420 3
m2 |56.8421|3.1582
4.00 4 m3 | 47.3604)1.0649
m4_|17.36840.7587
mo_|521053]0.12/0

—3.00 1
E

Torque (N

N
o
o

I

1.00

“““““““““““““““““““““
20,00  30.00  40.00 50.00  60.00 80.00
Current Angle [deg]

T
0.00 10.00 90.00
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of SynRM

In Figures 6 and 7, when analyzing the static torque
characteristics under varying stator currents and current
angles, the PMa-SynRM consistently produces higher
torque than the pure SynRM at identical current levels.
Overall, as shown in Figure 8, the nominal
electromagnetic torque improves from 4.2Nm in the
SynRM to 54Nm in the PMa-SynRM, representing a
significant 28% increase.
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The flux-linkage and saliency ratio is pointed out in
Figure 9 and Figure 10.

1.20

Name X Y
m1 0.0000|0.0000

1.00 4 m2 |1.5000|1.1616

m3 |1.5000|0.5030

Curve Info
— F.Ld
current_angle="0deg’

F_Ld
current_angle="90deg’

0.80 7

F_Lq
current_angle="0deg’

F_L
current_angle="90deg’

Flux Linkage (V)
o
[
o
L

0.40

0.20 7

T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Is

Figure 9. Flux-linkage characteristics of SynRM

1.20

Name | X Y
m1_|0.0000 0.0000
m2 | 15000 11502
m3 | 1.5000| 0.2720

0.0000/-0.1164

T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Is

Figure 10. Flux-linkage characteristics of PMa-SynRM.

Figure 9 illustrates the flux-linkage characteristics of
the pure SynRM. The difference between the d-axis and
g-axis flux-linkage curves forms a closed area (locus). The
d-axis characteristic is strongly influenced by the
saturation behavior of the core material, whereas the
g-axis curve is nearly linear because its magnetic path
predominantly passes through the air barriers and air
gap. A larger enclosed area corresponds to a higher ratio
of d-axis to g-axis flux linkage, which directly increases
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the inductance saliency ratio (Ls/Lg) and enhances the
reluctance torque. In Figure 10, the PMa-SynRM flux-
linkage characteristics show a significantly larger
enclosed locus area compared to the pure SynRM.
Additionally, the permanent magnets contribute a
distinct flux-linkage component of -0.1164Wb, further

augmenting the total torque.
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The power factor and inductance are shown in Fiugre
11 and Figure 12. Asillustrated in Figure 10, inserting PMs
drastically improves the power factor from 0.66 in the
pure SynRM to 0.82 in the PMa-SynRM, achieving a 24%
enhancement. This improvement is fundamentally tied
to the inductance variations shown in Figure 12. While
the g-axis inductance (Lg) for both machines remains
nearly identical at approximately 0.58 H, the d-axis
inductance (Ly) of the PMa-SynRM is significantly reduced
to 0.0922H (compared to 0.1918H in the pure SynRM).
This reduction is driven by the opposing magnetic field
produced by the PMs along the d-axis.
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4. CONCLUSION

This study successfully demonstrates that the PMa-
SynRM effectively overcomes the two primary limitations
of conventional SynRM: relatively low torque capability
and a low power factor. Detailed comparative analysis
confirms that inserting PMs into the rotor's flux barriers
yields a 28% increase in electromagnetic torque and a
24% improvement in the power factor. In addition to
quantifying these performance gains, this research
thoroughly discusses critical design considerations,
emphasizing the necessity of balancing magnet strength,
iron rib thickness, and air-gap dimensions to prevent
deep core saturation while ensuring mechanical integrity.

Ultimately, these findings establish a robust
theoretical foundation for domestic researchers and
engineers. The provided guidelines will facilitate the
efficient development of advanced synchronous motors
that offer versatile controllability, superior cooling, and
higher fault tolerance than equivalent induction motors,
all while maintaining lower manufacturing costs
compared to traditional permanent magnet machines.
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