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Abstract—This paper presents the characteristics of permanent
magnets in a synchronous reluctance machine by employing
analytical and finite element methods. Four possible designs are
studied and their characteristics are compared against a base
synchronous reluctance machine with linear barriers to reveal
machine characteristics. Then, the paper proposes a novel
optimization topology to optimize permanent magnet synchronous
reluctance machine as a single object for better machine
performance. An explicit investigation is conducted to reveal the
operational behavior of the machine such as torque, power factor
and torque ripples with various machine parameters and compares
them with the base design. The study reveals that permanent
magnet synchronous reluctance machine can be optimized to have
significantly high-power factor and torque with acceptable
torque ripples.

1. INTRODUCTION

International standards, government policies and local
legislation around the world require efficient electrical
equipment to reduce energy consumption and reduce car-
bon emission on the environment. It emphasizes the search
for alternative machines that can provide better efficiency
with rugged and reliable operation. Consequently, new
machines are developed and synchronous reluctance
machine (SynRM) is one of them [1]. And another one is
PM assisted synchronous reluctance machines
(PMSynRM), the added optimum volume of PM in this
machine provides even better machine performance com-
pared with SynRM but with less PMs to conventional PM
machines [1–7]. SynRM is known for its high torque dens-
ity in a compact size. On the other hand, it is also
renowned for poor power factor (pf) and torque ripples [8,
9]. The PMSynRM has a combination of reluctance (dom-
inant) and magnetic torque components with improved pf
and torque ripples in a compact size compared with its
counterparts [1, 10–15].

PMSynRM exhibits better machine characteristics in
all aspects with wide constant power speed range (CPSR)

Keywords: synchronous reluctance machine, PM assisted synchronous
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[12, 15, 16]. An optimized rotor flux guides, PM size and
proper placement can compensate the drawback of syn-
chronous reluctance motors [17, 18]. In PMSynRM, the
PMs are introduced to obstruct the Q axis flux to saturate
the rotor ribs. Consequently, the Q axis inductance is mini-
mized, and the machine saliency is enhanced. Figure 1(a,
b) shows a reluctance machine and PMSynRM where PMs
are inserted into the linear flux guides along Q – axis. The
introduction of PM and saturation of the ribs reduce the
stator current iq : The added magnetic flux in the D – axis
enhances the back emf which results in increased power
factor of the machine [16, 19].

SynRM has just reluctance torque component produced
by its anisotropy structure whether transversally laminated
or axially laminated. PM synchronous machines (surface
mounted or interior mounted) has just a magnetic torque
component due to the PM flux-linkage. Unlike those two
types of machines, PMSynRM has both reluctance and
magnetic torques where the reluctance torque is the princi-
pal component of the two. Therefore, this machine does
not need high-grade PM, and ferrite magnets can be used
to achieve the additional magnetic torque.

On the other hand, if the machine is not properly opti-
mized, it can have higher cogging torque. It also produces
a high voltage at the terminal end due to the larger
constant power speed range (CPSR) as the controlled flux-
linkage at this region may be less than the PM induced
flux-linkage [9, 15]. The drawbacks of PMSynRM can be
overcome by adequate optimization of the anisotropy
model and properly placing PMs. An optimized machine
with magnets and minimizing the PM quantity can have
improved machine performance in comparison to its coun-
terpart interior and surface permanent magnet machines
[7]. Numerus research papers have been published in
optimization of SynRM and optimization of PMs, but
optimization of PMSynRM as a whole object is never

attempted due to the complication [10, 20–26].
Optimization process automatically vary the flux barrier
dimensions. The challenge in optimizing PMSynRM as a
whole object is that when the flux barriers changes its loca-
tion and shape, the added PMs should follow the flux bar-
riers. It is achieved by a novel method in this paper.

A test synchronous reluctance machine with four linear
barriers, as shown in Figure 1(a) is used for initial investi-
gation, and an optimized SynRM is studied for further PM
optimization. The machine performance parameters, i.e.
torque density, power factor, torque ripples and efficiency
are explicitly studied and optimized.

2. ANALYSIS OF SYNRM

The saliency of SynRM is defined by the ratio of D & Q
inductance or differences in the inductances Eq. (1). The
primary characteristic and design parameter is the machine
saliency ratio in the case of SynRM that governs torque
density Eqs. (2) and (3) as well as pf [27]. However, high
saliency in SynRM requires exceptional anisotropy with
controlled saturation. By ignoring the rotor saturation and
stator slotting effects, the torque of SynRM can be simpli-
fied as shown in Eq. (2) where p is the number of poles,
Ld & Lq and iq & id are inductances, currents in direct,
and quadrature axes respectively. The torque of the
SynRM machine is directly related to the variances in D &
Q axes inductances Eq. (4).

On the other hand, the resultant flux-linkage of
PMSynRM is impacted by added magnets. While the D
axis PM flux-linkage can be ignored, the Q axis one is the
resultant of stator and PM induced in opposite directions,
as shown in Eq. (3). Therefore, the torque of PMSynRM
can be derived by the simplified version as given in Eq.
(4). The first term is reluctance torque, and the second one
is PM torque. The PM torque depends on various charac-
teristics such as PM grade, placement, and optimization of
PM. However, this type of machine can have numerous
possible designs between the two-torque combinations, as
shown in Figure 2.

n ¼ Ld=Lq (1)

TSynRM ¼ 3
2

p Ld � Lqð Þiqid½ � (2)

kPMd ¼ Ldid & kPMq ¼ Lqiq � kPM (3)

T ¼ 3
2
p Ld � Lqð Þiqid þ kPMiq
� �

(4)

The saliency ratio (n) differs between each type of
salient pole machines. The variation in saliency (n) is

FIGURE 1. SynRM and PMSynRM share same rotor (a)
Synchronous reluctance machine (b) PM assisted synchron-
ous reluctance machine.
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plotted against each machine type in Figure 2. The surface-
mounted PM machine (Figure 2(a)) has the lowest saliency
of almost unity (Ld ¼ Lq). On the other hand, SynRM
(Figure 2(f)) exhibits high saliency due to its grain-oriented
anisotropy and hybrid flux guides. The saliency of SynRM
must be as high as practically possible to attain a high-per-
formance machine [8]. Although PMSynRM is not
included in Figure 2, its saliency ratio is higher than that
of SynRM. The other types of PM machines lie in between
the two due to the magnetic flux linkage rather than the
saliency (Figure 2(a–e)).

The phasor diagram of SynRM in a rotating reference
frame is shown in Figure 3(a) [5]. The flux-linkage (ks) is
developed only by the stator currents iq and id in SynRM.
As it can be seen, the power factor cos ðuÞ is considerably
low in this type of machine resulting in poor power factor.
The primary design issues are the rotor core saturation and
cross-coupling impact in the air-gap. These two factors can
only be reduced to a certain level in a practical machine,
but can’t be eliminated. Another design technique can also
be used to optimize the performance, i.e. adding PMs in
the barriers so that an additional torque component can be
introduced to increase the performance of the machine
without making changes to the dimensions [7, 16, 28].

The two torque components of PMSynRM are specified
in Eq. (4). The first term is developed due to added PM
flux-linkage and is limited by the volume, placement and
quality of PM. The second term is called reluctance torque
due to the anisotropy of the material. Figure 3(b) shows a
vector diagram of PMSynRM. As it can be seen, the angle
between current and voltage vector (u) is reduced due to
the added PMs. Moreover, the space vector of flux linkage
is changed to increase the torque angle. Although the cur-
rent id and iq is not changed, the resultant flux linkage is
increased. Thus, the PMs should be placed in such a way
that it can introduce magnetic flux toward negative Q –

axis to reduce flux-linkage in the direction as well as satu-
rating tangential ribs.

FIGURE 2. Saliency comparison of PM synchronous and synchronous reluctance machines.

FIGURE 3. Vector diagram of (a) Synchronous reluctance
machine (b) PM assisted synchronous reluctance machine.
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The angle of the current vector (c) is not significantly
affected due to the added PM as can be seen in Figure 3(b).
However, due to the added PM flux linkage (km), the voltage
vector is moved into the first quadrature. The phasor angle u
between the current and voltage vector is reduced. Thus, the
added magnets should increase the power factor of the
machine. The PM flux linkage is not only impacting the Q
axis flux but the residual flux in the D – axis enhances the
machine performance as seen from PMSynRM’s vector dia-
gram (Figure 3b).

PM Volume Analysis

Although permanent magnets are positioned along the Q –

axis in recent PMSynRM the other topologies have also been
suggested such as adding PMs to improve D – axis flux by
placing PMs in the intermediate axis [4, 12, 17, 18]. The PM,
along the Q axis, makes the analysis somewhat linear which
simplifies the design. Nevertheless, the impact of PM flux
linkage, various PM arrangements are studied. In this section,
PMs are added along the Q – axis, as shown in Figure 4 in
four different volumes and the next section deals with per-
manent magnet optimization. In addition, SynRM is gener-
ally limited by its drive rating, which is the maximum
electrical loading. Thus, its flux linkage is also limited by
loading of the machine at constant torque region and by the
voltage at high-speed region.

The torque is proportionate to flux, current, and sine
angle of the two, which is equivalent to magnetic and elec-
trical loadings of the machine. Figure 4(a) is considered as
the base design (SynRM) with simplified flux barrier, and
the other four designs have PMs in the barriers in various
quantities as shown in Figure 4(b–e). The PMs are added
in barrier linear section along the Q –axis in these designs.
The quantity of PM in design II is significantly smaller
than that of design III and so forth. The radial webs of
designs IV and V is removed to accommodate PMs.
Therefore, its saliency ratio will be slightly better than the
other two designs. The torques as a function of instantan-
eous time of all models are shown in Figure 5. The simula-
tion is performed with fine time steps to improve the
resolution of torque variation at maximum torque per
ampere for each design (MTPA)

The above five designs utilize the same SynRM models
except for the ones with PMs that do not have radial ribs.
As can be seen, the first barrier of design-V is slightly
modified to accommodate PM. It results in a tinnier steel
segment between the first barrier and shaft. It is highly sus-
ceptible to saturation due to D axis flux. However, the
intensity of the flux in the segment is very low as it is
located close to the shaft, which is discussed later in
the paper.

Reluctance and PM Flux Torque

As the base design is unchanged throughout the investiga-
tion, the reluctance torque is constant and equivalent to the
SynRM torque. The quantity of added PMs is different in
each design. Thus, the saturation level in the tangential ribs
is also different in each design. The instantaneous torques
of PMSynRMs are higher than the base design as shown in
Figure 5 due to added PMs. The torques of designs II to V
have 1.5%, 4.8%, 17% and 38.9% PM torques respectively.
The quantities of PM in design IV and V are significantly
higher than that of the design II and III. Furthermore, more

FIGURE 4. The simulated designs (a) Base design (I: SynRM), and the PMSynRMs (b) Design II (c) Design III, (d) Design IV
and (e) Design V.

FIGURE 5. Torque behavior as a function of time for the
designs shown in Figure 4 for non-skewed models.
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layers of PMs saturate the webs better than one or two
PMs as in the case of design II and III. Although the tor-
que is increased with more PM in each machine, the torque
ripples are also increased to a level the machine cannot be
used as can be seen in Figure 5.

The designs I and V are further analyzed to understand
the characteristics of the SynRM and PMSynRM. In gen-
eral, SynRM is controlled by the current. Thus, its true
characteristics in real-time operation can be revealed by
studying with respect to current. As the PMSynRM is not
vastly different from SynRM and shares the same charac-
teristics in terms of torque and power factor, this machine
should also be controlled by current regulated inverter.
Thus, PMSynRM should also be investigated for current.
Torques of the two designs as a function of the current
angle is plotted in Figure 6. As the reluctance torque is not
changed much between the two designs, it is easy to esti-
mate the torque developed by added PMs in design-V com-
pared with its SynRM.

The maximum torque (MTPA) is obtained at a torque
angle of around 45˚ for this machine where are SynRM’s
maximum torque lies at a quite higher angle (around 65˚).
In theory, the MTPA of SynRM should be around 45˚, but
due to the saturation and cross-saturation, it is drifted to a
higher angle. The higher the saturation, the higher the
MTPA angle is in SynRM. Whereas PMSynRM is quite
different. It is a hybrid torque machine with the reluctance
and PM torques.

The direct axis current (id) is used for magnetizing the
core whereas quadrature axis current (iq) is used for load-
ing as can be seen in the phasor diagrams. The core of this
machine is magnetized even before the current is intro-
duced. Accordingly, the MTPA angle is lower than an
equivalent SynRM as can be seen in Figure 6. The angle
changes with the PM flux linkage.

The Power Factor of SynRM and PMSynRM

The power factor angle of a SynRM is larger than the
MTPA angle as shown in Figure 7. Therefore, SynRM can
be controlled for either torque or power factor based on the
field requirement. In general, SynRM’s power factor angle
is 10˚ more than that of the torque angle. The maximum
power factor changes ± 5˚ with changing currents.

Maximum power factor angle of a PMSynRM is consider-
ably lower than that of SynRM. The difference depends on
the strength of the added PM flux. The SynRM does not gen-
erate reluctance torque at 0˚. On the other hand, PMSynRM’s
residual torque (magnetic torque) makes this machine to
operate at a lower speed with better torque density. The
above simulation is only performed to investigate the exact
characteristics of PMSynRM with respect to varying PM flux
linkages. The design V, although shows high torque density
and almost unity power factor, possess high initial torque due
to the high-grade neodymium magnets. In other words, the
rotor is locked itself with stator due to the high magnetic flux
at the initial position, and high inertia is required to start the
machine. In addition, torque ripples and cogging torque of
this design is very high.

Torque Ripples Improvement

The torque ripples are the variation of torque as a function
of time during regular operation and defined by Eq. (5).
SynRM is renowned for high torque ripples due to its mag-
netic path along airgap. A machine with high torque rip-
ples, especially in high-speed applications is rather
unacceptable. Although this study does not focus on torque
ripples optimization, the PMs can be used to improve the
ripple effects in SynRM [6, 10].

Τripple ¼ Τmax�Τmin

Τavg
¼ DTpp

Τavg
� 100 (5)

FIGURE 6. Torque of designs I and V as a function of the
current angle.

FIGURE 7. Power factor of designs I and V as a function
of the current angle.
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The PM, in design II, equalizes the reluctance and
reduce flux fluctuation due to PMs being closer to the cir-
cumference. However, further addition of PMs creates
layers of flux waves through segments into the air gap, as
a result, DLdq is increased, resulting in high torque ripples.
The torque ripples are increases with added PMs, as can be
seen in Figure 5. The optimization of torque ripples, in
SynRM, is explicitly studied and reported in [9]. In order
to optimize the torque ripple effect in this type of machine,
optimization of PM quantity and location on the rotor
space is vital. The location of the PM and strength of the
flux must be selected in such a way the DLdq is low to
reduce ripples. Thus, an automated optimization process
that can optimize SynRM and PM together must be utilized
rather than optimizing the quantity of PMs in a
good SynRM.

PM Flux and Demagnetization in the Airgap

PM flux linkage of design I and V is plotted as a function
of is in Figure 8. Fd of SynRM affected by saturation at
around half of its rated current then it does not significantly
change whereas the Fd of PMSynRM experiences satur-
ation even before SynRM. On the other hand, Fq of
SynRM is quite low and experiences saturation at one-
fourth of the rated current of the machine. It is due to the
thin tangential ribs. The saturation ensures that further flux
via the ribs is restricted. However, as can be seen in, it
slightly increases even after the saturation due to increasing
current. Thus, the saliency of the machine is also affected
by increasing current. It is the reason for changing MTPA
and power factor angles with respect to the current angle.

It is apparent that the added PMs in the negative Q –

axis saturate the tangential ribs and minimizes flux in this
direction resulting in increased saliency ratio of the
machine. On the other hand, the saturation of Fq of
PMSynRM is not visible in the figure as the added PMs

flux saturates the ribs even before the current is applied. It
introduces negative flux in the Q – axis. A significant
amount of current is needed to overcome this negative flux
during operation. The PMs along the circumference of the
rotor experience high magnetic stress compared with the
PMs closer to the center, as shown in Figure 9. Also, it is
the high impact region for PMs. The Q – axis current iq is
the main source of magnetic stress on the PMs. Therefore,
it is essential to optimize the size of the PMs along the cir-
cumference with its location to improve machine perform-
ance as well as to reduce demagnetization.

PM Optimization

So far, PMSynRM is designed using a good SynRM. This
study, for the first time proposes a novel topology to opti-
mize both SynRM and PMs as a whole object in single
optimization so that the full potential of PMSynRM can be
revealed. A primitive design technique is used for this opti-
mization. PMs are modeled on the SynRM rotor using sub-
traction method so that when the dimensions of flux
barriers are changed by optimizer, the dimensions of PMs
adopt to the new dimensions of flux barriers. The method
is explained in two sections. The first one is SynRM par-
ameterization (Figure 10a) and the second one is PM par-
ameterization (Figure 10(b)) for the optimization.

This study primarily focuses on four barrier–design.
However, the below topology can also be applied to any
number of barriers by merely eliminating one barrier out
from the design or adding to the design shown in Figure
10(a). It shows a parameterized half pole of a four-pole rotor
with optimization variables. In order to enhance the optimiza-
tion process and minimize the optimization time, variables
should be minimized as much as possible. Although there
may be numerous ways to prepare and interconnect the varia-
bles, this study follows the below pattern based numerous

FIGURE 8. Flux linkage of design I and V as a function
of current angle and supply currents.

FIGURE 9. Flux intensity across Design V rotor.
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optimization results. The pattern has been developed based
on numerous optimization analysis.

The associations in Eq. (6)–(9) relate the lengths
between each barrier to the center. Wherex is a constant.
The topology can be simply changed by altering either or
both of the two constants. By doing this, optimization
inputs correspond to the location of barriers are minimized
from four variables to a single variable, which is r: The
design is shown with radial webs as this method can also
be used for SynRM optimization. The webs can be elimi-
nated by simply assigning 0mm as in Eq. (10). As the
impact of ribs is already known, it is selected as constant
for the entire optimization [8, 27]. The optimizer is given
higher freedom in searching optimum design by assigning
individual variables for each barrier thickness (Bn

1, Bn
2, Bn

3

and Bn
4). The barrier thickness variables are selected in

such a way that adjacent barriers should not overlap.

Rb0 ¼ Rfirst þ r (6)

Rb1 ¼ Rfirst þ ðxþ 2Þ þ 2
3
r (7)

Rb2 ¼ Rfirst þ ðxþ 2Þ þ 2x
3
þ 2

� �
þ 2r (8)

Rb3 ¼ Rfirst þ ðxþ 2Þ þ 2x
3
þ 2

� �
þ x

3
þ 3

� �
þ 5
2
r (9)

rb1 ¼ rb2 ¼ rb3 ¼ rb4 ¼ 0:50 mm
wb1 ¼ wb2 ¼ wb3 ¼ wb4 ¼ 0:0 mm

(10)

It minimizes the number of input variables to seven.
The SynRM rotor design can be simply changed from one
design to another by altering a single or multivariable dur-
ing optimization. PM optimization is prepared as shown in
Figure 10(b). The total number of optimization variables
selected for optimization is four (dj1, dj2, dj3 and dj4). The
PMs are modeled using the primitive method with mirrored
moving edges. Hence, if any of the variables are changed
by the optimizer, the PM width change in both sides in a
symmetrical arrangement. The maximum width of each
PM is limited only by the length of the straight section of
the respective barrier.

It is essential to have straight edge barriers to preserve
the PM shape during automated optimization. If PM is
extended into the none-straight section of a barrier during
optimization, it may overlap into rotor segments conse-
quently the optimization process may freeze. The barriers
are modeled with straight edges in the D axis direction to
ensure that the automated process does not cause any
issues. Thus, the length of each PMs is limited by the flux
barrier shape. It is a limitation imposed by the FEM
program but not the design itself. As shown in Figure 10,
the length of each PM varied from almost 0mm (PM
non-existing) to the end of the straight edge of the
particular barrier. The rotor is an optimized version for
SynRM. Therefore, optimization of the barrier shape is
unnecessary.

The SynRM topology and PM optimization topology are
combined to investigate the PMSynRM optimization with
four hyperbolic barriers but without radial webs. By com-
bining the two topologies, a design is developed to have a
high degree of freedom in changing rotor and PM dimen-
sions (optimization parameters) concurrently during opti-
mization. As a result, eleven optimization variables are
selected for multi-objective optimization. In this topology,
when SynRM design parameters are altered during auto-
mated optimization, the PMs dimensions are altered con-
currently in such a way that can fit into the new barriers of
the new SynRM. It is achieved by designing a PM larger

FIGURE 10. (a) SynRM optimization topology (b) PMs
optimization topology.
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than that of the barrier and subtracting it from the rotor
design. The subtraction is stored in the design memory.

Hence, when the SynRM design parameters are altered,
the subtraction automatically adjusts the PM dimensions to
suit the new parameters. As the initial PM is larger than
that of the barrier, it can still fit in. Thus, initial PM design
is the critical element in this topology. Single–objective
optimization (SOO) is a good tool if the problem has only
a single target or problem’s objectives are interconnected.
Especially, it is a good tool to fine-tune the final product.
In this case of SynRM, objectives are independent of each
other such as torque and power factor. Therefore, the
multi-objective optimization (MOO) algorithm must be uti-
lized for SynRM and PMSynRM so that more than one
parameter can be optimized concurrently. The optimization
targets are defined by (12) where three performance param-
eters are defined with the same weights. The rated torque
(T) is set greater than 11.5NM and power factor is set
greater than 0.92. On the other hand, the torque ripples is
set less than 0.5NM.

T>11:5 Nm &pf>0:92 & Torque ripple<0:5 Nm (12)

The domains of the optimization variables
(r, djn and Rbnðn ¼ f1, 2, 3, 4gÞ are cautiously selected.
Besides, the intention is to have a typical shape such as
rectangle PMs to minimize the cost of manufacturing.
The PMs’ variables are selected in such a way PM

nonexistence can be depicted if the optimizer is looking for
such a scenario as shown in the above Figure 10(b).

Optimized Design

The optimization is performed using a highly advanced gen-
eric algorithm for multi variables. There are numerous opti-
mum designs perceived with near targets. However, the
determining factor of all was the torque ripples whose target is
difficult to achieve without alternate ripple reduction topology
in this case. However, all other parameters are well and truly
attained. Thus, the final design is selected based on torque rip-
ples, and it is shown in Figure 11. The optimization targets are
quite high compared with its SynRM performance discussed
in the above sections. The optimizer finds almost full width of
the PMs While minimizing the thickness of both PMs and bar-
riers. In this way, PM quantities are also minimized.

Optimized Torque

The torques of the optimized PMSynRM and SynRM are
plotted as a function of the current angle and terminal cur-
rent in Figure 12. As can be seen, the MTPA characteris-
tics of the two machines are relatively different. Both
machines have lower MTPA angle for lower current, as the
current increases, the MTPA trajectories move toward
higher angle due to the saturation.

The average (rated) torque of SynRM is 8.3NM and
PMSynRM is 11.15NM, which is almost 34% more torque
(PM flux torque) compared with its SynRM at rated cur-
rent. Notably, the high torque is achieved at relatively
lower current angle, 10 degrees lower than SynRM. Torque
ripples of both machines (instantaneous torques) are plotted
over a period of 40ms in Figure 13 where it is evident that
the optimized design has quite low torque ripples compared
to the design used above section.

FIGURE 11. Optimized PMSynRM.

FIGURE 12. Torques of optimized PMSynRM and
SynRM as a function of current and current angle.
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Although the torque ripples target of optimization is
0.5Nm, as discussed earlier, it is quite hard to achieve
without compromising performance of the machine. The
PMSynRM has torque ripples of 1.02Nm whereas the
SynRM has 0.61Nm, which are 9.2% and 7.3% of their
average torque respectively. It is well within an acceptable
limit even for high-speed application.

Optimized Power Factor

The optimization target of power factor is 0.92, which is set
for the PMSynRM. The optimization is performed at MTPA
angle, which is lower than that of the maximum power factor
current angle. At MTPA current angle, achieving this power
factor is quite challenging without high-grade neodymium
permanent magnets as discussed above. The optimized
machines are further simulated for power factor in the first
quadrant for varying currents between 1A and 9A, and the
results are shown in Figure 14. The optimized PMSynRM
shows that the maximum power factor can be almost unity at
maximum power factor angle, although it is not the character-
istic angle of the machine. At MTPA angle, the PMSynRM
has a power factor of 0.92, and the SynRM has 0.82, which is
12% higher due to the added magnets.

The power factors of both machines seem that both can
be operated with high power factor if the inverter is
designed for two operational points MTPA and maximum
power factor per ampere. Alternatively, the machines can
be operated at a high power factor region by increasing the
iq (load current). Generally, optimum power factor of these
machines lies outside the MTPA region.

PM has been proposed for SynRM to improve its perform-
ances. Although, the PMs can improve performances such as
torque and power factor without a doubt, merely adding them
can cause significant issues on the machine as discussed ear-
lier. It must be optimized for efficient and smooth operation.

The investigation proves that optimizing PMSynRM as a
whole single object can significantly improve the performan-
ces while reducing ripples without additional arrangement
such as skewing.

3. CONCLUSION

This paper investigates PMSynRM analytically and using finite
element method. The first section of the study focuses on
revealing the machine characteristics of the machine. It simu-
lates PMSynRMs of various quantities of PM. The investiga-
tion has shown that adding PMs in the negative Q axis
improves machine performance, such as torque and power fac-
tor. However, it introduces high cogging torque and torque rip-
ples. The second section of the paper investigate a novel
optimization method to optimize PMSynRM as a whole single
object. The method utilizes primitive technique to subtract
models in such a way the dimensions of the PM can adopt to
the constantly changing flux barrier dimensions during opti-
mization. PMSynRM is optimized using a generic multi-object-
ive algorithm so that large number of optimization variables
and multi optimization targets can be included in the optimiza-
tion process. Optimization of just PMs using a good SynRM
can’t foresee the other combinations. This method ensures that
the optimizer search through and consider all possible combi-
nations and yield the best design. The optimization results from
this investigation prove that optimizing PMSynRM machine as
a single object can yield better performance.
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