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1. Introduction

Abstract. Due to the lack of magnets and suitable final price, Synchronous Reluctance
Motors (SynRMs) are potential candidates for household electric appliances and so on.
However, in general, they have a major drawback, i.e., high torque ripple. The optimized
design of a synchronous reluctance rotor structure is presented for two different types of
barrier shape with the aim of reducing the torque ripple and increasing the average torque.
In this paper, optimization of rotor geometries with a fixed machine size for two types
of C-shaped and circular barriers is investigated. Most of the rotor parameters such as
the width of the iron parts as well as the width of the barriers along d and ¢ axes are
optimized by a new method using the Particle Swarm Optimization (PSO) algorithm. In
addition, the angle of the end points for each barrier with constant rib and insulation factor
are considered in the optimization process. Minimizing the torque ripple without losing
or even increasing the average torque is the most critical optimization achievement. Two
prototypes of the optimized rotor with the C-shaped and circular barriers were fabricated
and experimentally compared. The results obtained from the 2D finite element simulation
of the recommended machine conformed well to the experimental result.

(© 2023 Sharif University of Technology. All rights reserved.

rotor parameters and selection of rotor types with the
aim of improving SynRM performance. In [1], studies

Recently, Synchronous Reluctance Motors (SynRMs)
have notably attracted the attention of academicians
owing to their various industrial applications such as
pumps [1], electric vehicles [2,3], and elevators [4,5]
due to their reduced maintenance costs, reduced man-
ufacturing costs, and high efficiency. This process
has encouraged further research on the optimization of
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on Flux Barrier (FB) machine and salient pole machine
were carried out and compared. Further research
works can be done on the number of FBs as well
as the number of stator teeth. In [6], the effects of
the geometric structure of six different rotors and two
stators with a different number of slots on rotor iron
losses were investigated, and the SynRM performance
improvement was highlighted.

Among the main characteristics of SynRMs tar-
geted for the design and optimization are the torque
ripple [7], average torque, power factor improvement,
and saliency ratio enhancement [8,9]. The number of
the FBs [10] and their geometric shape [11] were also
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Figure 1. Parameters of the SynRM rotor with C-shape
and circular barriers.

optimized to improve the SynRM output characteris-
tics. However, the large number of rotor parameters
and their connection to the output characteristics
of the SynRM make the motor optimization almost
challenging. For this reason, in a majority of such opti-
mizations, all the geometric parameters of the rotor are
not taken into account and instead, efforts are made to
simplify the optimization and reduce the complexities
by ignoring several optimization parameters [12] or
reducing the number of FBs [13]. A cross-sectional view
of the rotor with all geometry specifications in a sample
SynRM is presented in Figure 1.

To date, different algorithms such as Genetic
Algorithm (GA) [14,15], Differential Evolution (DE),
and Design Of Experiments (DOE) [16] have been used
to optimize the rotor of a SynRM and other types
of electrical machine. These methods are selected
based on the complexity of the objective function
and type of the optimization function, i.e., single- or
multi-objective. It should be noted that torque ripple
optimization is studied by a GA [14]. To this end,
first, three topological geometries for the rotor barriers
were presented and then, optimization was performed
for all three samples, and the results were compared.
In [17], in addition to the optimization of the rotor’s
FBs to reduce torque ripple, the five examples of the
feasible flux barrier tip shapes were investigated. In
this optimization, however, the endpoints angles of the
barriers (a) were ignored. In [18], the endpoints angle
of the barriers’ parameters («) and magnetic insulation
ratio (k,,) were used to optimize the torque ripple by a
multi-objective DE algorithm. This method calculates
the average torque and torque ripple based on the
barriers’ angles and finds a place for the endpoints’
angles of the barriers to optimize the torque ripple.
However, the mentioned method ignores the width of
each barrier in optimization, which has a significant
effect on reducing the ripple. In [19], the application

of Finite Element Method (FEM) and GA, the width
of the iron parts, and width of the FB was optimized
with the aim of reducing torque ripple and repeatedly,
the effect of the endpoints’ angles of the barriers in
reducing torque ripple was neglected.

In this paper, the optimized C-shaped and cir-
cular barriers of the SynRM are proposed to reduce
the torque ripple while improving the average torque
through the Particle Swarm Optimization (PSO) algo-
rithm. To reduce the torque ripple in this optimization,
most of the rotor parameters are used to determine
the geometric structure of the rotor in the proposed
method. Increasing the number of parameters ensures
an accurate structure for the rotor mainly due to ob-
taining the precise shapes of the barriers and thickness
of the iron parts. In the proposed optimization method,
a number of rotor parameters such as the width of
barriers along the d and ¢ axes, width of the iron
parts along the d and ¢ axes, and endpoints angles of
the barriers are taken into account with constant rib
thickness and magnetic insulation ratio (k). This op-
timization generates a particular geometrical structure
of the rotor that does not keep constant the width of
the iron parts and the angle between the center and
arm of the barriers. The geometric structure of the C-
shaped barriers for maximum torque ripple reduction is
changed into a circular shape after optimization. Then,
the optimized C- and circular-shaped barriers along
with the initial design are simulated using 2D FEM,
and the comparisons are made. In the last section, two
rotor prototypes with C-shaped and circular barriers
are constructed and tested to verify the optimization
result. In addition, the performances of the two rotor
prototypes are compared to determine the one that best
meets the proposed optimization objectives.

2. Basic of geometric barrier design

In the SynRM design method, the shape of the rotor
barriers remarkably affects the design principles. The
focus here is on optimizing the rotor FB and for
this purpose, an induction motor’s stator is used to
reduce the manufacturing cost. Since the stator of the
induction motors and SynRM are conceptually similar,
a 1 Hp, 50 Hz, 400 V, 1500 rpm induction motor is
selected as a sample machine. The main structural
components of the sample induction motor are shown
in Figure 2.

2.1. Conventional design of rotor geometric
structure

The conventional design of the rotor is briefly described

in this section [20,21]. In this method, the effects of

saturation are ignored, while the Magneto Motive Force

(MMF') waveform is considered sinusoidally. The width

of the iron part is kept constant along the flux paths
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Figure 2. The procedure of disassembling of different parts of the induction motor.

Table 1. Specifications of different parts of the rotor before and after optimization (Figure 1).

Initial Final Parameter Initial Final Parameter
al 5.625° 6.25° bwg1 3 mm 3.1 mm
s 17.189° 18.35° bwgs 2.15 mm 2.18 mm
s 28.125° 31.47° bwygs 1.16 mm 1.25 mm
ol 39.53° 39.37° bwa 2.87 mm 2.45 mm
1wy 3.33 mm 3.12 mm bwgs 2 mm 1.85 mm
W2 6.137 mm 6.02 mm bwys 1.08 mm 1.19 mm
w3 4.685 mm 6.64 mm Air gap 0.5 mm 0.5 mm
W4 1.918 mm 1.89 mm - - —

in the rotor to reach an equal flux density along the
iron part. The iron part width (iw) is proportional to
the average MMF along the d axis (F'); in other words,
the kth and hth segments can be written as Eq. (1).
Followed by calculating the average MMF for each iron
part and solving the equation set, the iron part width is
obtained. Then, the method used hereafter for sizing
of each barrier width (bw) refers to derivations given
in [20]. Here, n;, represents the number of barriers
and F; the average MMF in the ith iron part. Also,
Drotor, Dshaye, and p are the outer diameter, and inner
diameter, and number of rotor poles, respectively.
The geometrical structure of the rotor is
determined via Eqs. (1)—(6), followed by calculating
the width of the iron part and Dbarriers. The
conventional rotor design has some disadvantages,
namely the primary design assumptions, use of limited
number of barrier parameters, and non-optimization
of the rotor parameters with a specific purpose. In
the conventional design, different barriers in different
shapes, such as C- and circular-shaped barriers,
are ignored to reduce the torque ripple and the
consequent effects are also neglected. In the next
part, optimization will be done on the maximum
number of rotor parameters for two different C- and
circular-shaped geometric structures. The optimum

dimensions of the rotor are presented in Table 1.

e _ B (1)
iwh .Fh7
[0 cos(pa)da
F;, = bzl or i=1,...,n, (2)
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ky = == ; (3)
23l twg
Foi=0 (4)
:b‘j sin(pa)da 4
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2.2. Mawn concept of the optimization of
C-shape and circular barriers

Decreasing the torque ripple and improving the average

torque of a SynRM by considering the rotor parameters

have always been significant challenges facing the

machine designers. The SynRM rotor is complicated

2
) for i=2,...,n,+ 1 (6)
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Figure 3. A graphical presentation of interaction between
stator and rotor field.

due to the plurality of the parameters involved in the
optimization design. The parameters should appear
in the machine general torque equation to facilitate
evaluation of the effect of rotor parameters in the
machine torque profile. Then, the parameters should
be determined to ensure the machine torque ripple
reduction. The interaction between the stator’s MMF
and rotor’s flux density leads to the electromagnetic
torque of machine, as shown in Eq. (7). This interaction
is graphically presented in Figure 3:

27
T(Hm):kt/Br(quHT)MS(Hmaer)dar:Tav+Tripa (7)
0

here, M, B;, 0., 0., ki, T4y, and T, are the stator
MMF, rotor flux density, rotor position, angle in the
rotor reference frame, motor geometry factor, average
torque, and torque ripple, respectively. The coefficient
k; actually depends on the number of poles, the
distribution coefficients of the winding, and stacking
factor. As observed in Eq. (7), the average torque

M. Naeimi et al./Scientia Iranica, Transactions D: Computer Science & ...

30 (2023) 1085-1096

T., has a constant value. The second phrase is the
torque ripple, which is a function of the rotor position
(6,) and rotor geometric structure. The stator’s MMF
typically possesses all the harmonics orders due to
the distributed winding; therefore, the stator MMF
waveform can be expressed as the Fourier expansion
with different harmonic orders. According to the
integral calculus, when two trigonometric functions
with different harmonics are included in Eq. (7), only
the components with the same harmonic take nonzero
values. As a result, the torque ripple has a minimum
value if the rotor flux density contains only the main
harmonics (pure sinusoidal).

The objective of optimization is to provide a
geometric structure for the rotor barriers to reduce
the torque ripple. A majority of rotor parameters such
as the barriers width, iron parts width, and endpoint
angle of the barriers are used to achieve the closest
sinusoidal shape for the rotor flux density. In addition,
all the rotor optimization parameters are used for two
types of barriers with different C- and circular-shaped
structures, determining which optimization results
will have the lowest torque ripple on which type of
barrier shape.

3. Optimization method for barriers geometry

3.1. Proposed barriers shape optimization

The proposed optimization process is presented in
the algorithm given in Figure 4. The challenge of
optimization via PSO algorithms is how to define an
objective function in terms of the maximum number
of rotor parameters. In order for the torque ripple
to decrease, the flux density shape must be purely
sinusoidal. Rotor parameters should be used for this
purpose. In the optimization, the endpoint angle of
the barriers is used directly while the thicknesses of
the iron parts and barriers are used indirectly. The

Set mechanical

Determine .
@ SynRM input data optimization and magnetic g
aramsters constraints
No
N Specification of if
Convergence, PO Fraces <¢—  Optimization Spectly the goal
Optimization ; function
Test input
No
Rotor Yes N C- shape barriers
. . ptimizatio:
Dimension output
Chec Circular barriers

4

Figure 4. The proposed optimization algorithm.
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Figure 5. Each barrier and its adjacent iron part in the
considered coordinates.

thicknesses of the iron parts will be modeled by the
flux density that passes through them. In this regard,
each barrier and the adjacent iron part make a special
point in the 2D coordinates. The first is the endpoint
angle of barriers, and the second is the value of the rotor
flux density in the iron part adjacent to the barriers.
Four 2D points are available with three barriers and
four iron parts in each pole, as shown in Figure 5. The
sinusoidal flux density must be achieved by these four
points that determine the characteristics of the barriers
and iron parts.

To this end, the flux density of the rotor is written
in the form of a function f, in terms of four mentioned
coordinates, as shown in Eq. (8). These four points
should be chosen such that the flux density waveform is
as close as possible to the main harmonic. The defined
function can be obtained from interpolating these four
points by the optimization algorithm. The value of
function f, is reduced from the reference waveform f,.s
for finding the best points. Then, the error function
(RSME) should be minimized to zero or get closer to
zero through the PSO algorithm.

Br(ala Qp, 3,04, By, Bra, Br37Br4)

= fo((a1, Br), (a2, Bra), (a3, Brs), (aa, Bra)).  (8)

To find a function for several points, a curve fitting is
conducted, as shown below:

N
MSE:%Z(fm_fref)zv (9)
K=1
RMSE = VMSE, (10)

where NV is the number of rotor coordinations (ay, B,i)
used for obtaining the best rotor geometric shape. The

specific geometric structure is designed for the barriers
and iron parts by minimizing the error function in
optimization and obtaining the optimal parameters. In
optimization, there are constraint functions to check
the optimization performance. Based on the number
of poles and dimensions of the rotor, these functions
operate in such a way that the sum of the iron part
and thickness of the barriers along the ¢ axis does
not exceed the rotor thickness value and the sum of
all endpoint angles of the barriers does not exceed 45
degrees.

3.2. Optimization results and barrier
geometric

In this investigation, the barrier parameters are con-
sidered as the optimization responses. Each particle
in the optimization algorithm has all the optimization
parameters, which are the geometric parameters of
the barrier. Particles take values before and after
optimization. The error value for each particle is
extracted before and after optimization and is pre-
sented in the graphs of Figure 6. The final value
of the particle indicates that the SynRM has still a
small value of torque ripple and it is not zero. The
average particle error values at the beginning and end
of optimization are 0.15 and 0.015 Per-Unit (P.U),
respectively. Figure 7 shows how the particles approach
the reference waveform and, thus, reduce the error
value of each particle. As observed, the particles in
the four windows approach the reference waveform
from different directions. Finally, four particles in
each window are selected as the best points with the
least error. The characteristics of each particle are the
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Figure 6. Error value per particle: (a) after and (b)
before optimization.
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Figure 7. Overview of all optimization points with all the algorithm particles, comparison of reference graphs and graphs

obtained from the optimization.

endpoint angles of the barriers and flux density of the
iron part adjacent to the barrier. Once the information
of the optimum particles is extracted, the optimum
dimensions of the barriers can be obtained. The values
of the optimized parameters such as the endpoint
angles of the barriers, iron parts width, and barriers
width along the d and ¢ axes are presented in Table 1.

First, the width of the iron parts and barriers
along the d and ¢ axes should be adjusted to obtain
the final structure of the C-shaped barrier of the rotor.
Then, the endpoint angles of the barriers must be
adjusted to the optimized angle, as shown in Figure 8.
Further, to adjust the endpoint angles of the barriers,
the points A, B, and C must be moved to the points A,
B’ and C'. The arm angle of the barriers in the direc-
tions O'A, O"B, and O"'C with the center of O’, O",
and O"" is opened to a point where the endpoints of the
barriers are placed on A’, B’, and C’. The optimized C-
shaped barriers are obtained by adjusting the endpoints
of the barriers. As shown in Figure 9, each circular
barrier consists of two circular curves. The optimum
circular curve must be obtained according to the
optimization results to achieve the optimum geometric
structure of the rotor with a circular barrier. Given

Laminate after optimization

Figure 8. Steps of changing barriers end points to reach
the optimum point.

that C-shape barriers obtained from optimization have
an optimum structure, the circular curves that pass
through the edge of these barriers are also optimum
circular curves. Three points on the edges of the C-
shaped barriers are used to form an optimum circular
curve. Two of these three points are endpoints on the
edge of the C-shaped barrier, and the other point is
in the middle of the C-shaped barrier edge. Upon
selecting two curves from the two edges of the C-
shaped barriers, the optimal geometric structure of the
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Figure 10. C-shape, circular, and conventional barriers
of rotor.

rotor with circular barriers is obtained. The changes
of the circular barriers compared to those of the C-
shaped barriers are shown in Figure 10. As observed,
the rotor shape of the C-shaped barriers, compared
to conventional ones, has significantly changed. These
changes can be observed at the endpoints and widths
of the barriers and iron parts.

4. Result of experiments and comparisons

4.1. Finite Element Analysis (FEA) results

In order to validate the proposed optimization tool
and developed process, a 1-Hp SynRM was simulated.
Moreover, FEA was carried out to investigate the im-
pact of the optimization on the C- and circular-shaped
barriers. Ripple and average torque are improved by
optimally changing the barrier parameters such as the
endpoints angle and width of the barriers and the iron
part. It is also shown that the shapes of the rotor
with circular and C-shaped barriers have differences in
torque ripple. The simulation results given in Table 2
show that the torque ripple for circular and C-shaped

Table 2. Optimization results of SynRM with different
types of barrier.

Barrier type Conventional C-shape Circular

Ave. torque 2.75 N.m 3.39 Nnm 3.43 N.m
Torque ripple 21.81% 5.02% 4.80%
Power factor 50.2% 61.7% 63.3%

|IC—shaped barriers ®m Conventional design ® Circular barriers|
3.5

3.0

2.5
2.0

1.5

Torque (N.m)

1.0

0.5

0.0 -
0 6 12 18 24 30 36 42 48 54 60 66

Harmonic orders

Figure 11. The torque harmonic spectrum of different
types of barriers.

— Optimization design with C-shape barrier
— Conventional design
-- Optimization design with circular harrier

Torque (N.m)

20 40 60 80 100 120 140
Rotor angle (degree)

160

Figure 12. The torque versus rotor angle characteristic of
the rotor with C-shape, circular, and conventional barriers.

barriers decreased by 17.01% and 16.79%, respectively,
compared to conventional barrier. Figure 11 shows that
the harmonics 6, 12, 24, 36, and 42 for both rotors
with circular and C-shaped barriers were significantly
reduced. Values for 6, 12, 24, 36, and 42 harmonics
orders were reduced to 60%, 97%, 75%, 50%, and
66%, respectively, in the rotor with C-shape barriers.
Besides, the rotor with circular barriers in the two
harmonics 6 and 36 was reduced to 7% and 27%,
respectively, compared to the rotor with C-shaped
barriers. Also, the value of the torque main component
increased as the torque harmonic orders decreased and
the average torque value increased by 23.27% and
24.73% for C-shaped and circular barriers, respectively,
compared to the conventional design. The output
torque profile of the rotor with C-shape, circular,
and conventional barriers is extracted and shown in
Figure 12. As can be seen, the validation process by
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FEM leads to acceptable results, which indicates the
correctness of the proposed optimization method.

In order to investigate the accuracy of the simula-
tion in terms of magnetic parameters, the contour plots
of magnetic flux density for the rotor with optimized
C-shaped, circular, and conventional machines are
extracted and presented in Figure 13. As can be seen,
the iron parts of all machines are not saturated and all
components have a flux density close to 1.2 T, which is
smaller than the knee point in B-H characteristic of the
magnetic material. The ribs of SynRMs were saturated
due to the cross-section of their small iron parts. It
should be noted that the magnetic flux density in the
ribs of the optimum C-shaped and circular barriers is
around 1.8 T, which is less saturated than the conven-
tional SynRM with 2 T of the magnetic flux density.
It could be concluded that the proposed optimization
leads to an acceptable design for this machine.

4.2. Prototype and test setup

In order to verify the proposed optimization method,
two optimized rotors with circular and C-shaped bar-
riers are prototyped. The rotor of SynRM with
circular and C-shaped barriers is tested experimen-
tally to validate the optimization performance and the
FEA results. The M470-5A magnetic steel sheet is
used and the manufacturing process is laser cutting.
Figure 14 shows the rotor with C-shaped, circular,
and conventional barriers. The experimental setup of
Figure 15 is provided to measure the machine torque
and evaluate the FEA results. The test setup includes
a 4 kW control and driver package, dynamic trans-
ducer, mechanical couplings, and a Permanent Magnet
Generator (PMG) as the static load. The SynRM
is driven with general drive algorithm by considering
the Voltage/frequency ratio constant in some steps.
The V/f control method was implemented because the
design and optimization were conducted by considering
the stator of the machine the same as an existing
induction motor. In addition, it must be noted that
the SynRM is not a self-started motor. In this respect,
the inverter setting is adjusted to 400 V, 50/60 HZ,
4 kW, 9 A as nominal power. Then, in five linear
steps, the inverter injects power into machine. Also,
a data acquisition system is implemented to extract all
the test results. To ensure the correctness and validity
of the measurements, the transducer calibration was
performed at first and set at the maximum level of
sensitivity before testing. Besides, before placing the
rotor in the stator, a search coil was wrapped around
a pole of the stator teeth to measure the air gap flux.

4.3. Torque characteristics

The experimental test for both SynRMs with an op-
timized rotor reveals the output torque characteristics
including the torque ripple and the average torque. The

Figure 13. The magnetic flux density distribution in one
pole of the rotor with (a) conventional barrier, (b)
C-shape barrier, and (c) circular barrier.

(a) (b) ()
Figure 14. Rotors with (a) conventional, (b) circular,
and (c) C-shaped barriers.
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Figure 15. Experimental setup and measurement devices.

Table 3. Comparison of simulation and prototype results.

- - Conventional design/FEA result —— C-shaped/FEA result
—— C-shaped/prototype result — Circular/FEA result
— Clircular/prototype result

Barrier type/result type

Average Torque

. : T . T . - - torque ripple
3-8 Conventional /FEA result 2.75 Nom  21.81%
61 C-shaped/FEA result 3.38 N.m  5.02%
é- 3.4 RGO Circular/FEA result 3.43 N.m  4.80%
E 3.2r 1 C-shaped/prototype result ~ 3.35 N.m  6.21%
g 3.0 " " . ,. - Circular/prototype result 3.36 N.m  4.98%
& i i {4 ol 0 I,
28p | N .
o6l » ! ' " Yo f ! Y ) ' ,'l it is noticed that the average torque for both prototypes
T \V-' ¥ \\r,’ "k" Yy ‘.I-‘ 7 increased by 0.6 N.m compared to the conventional
2.4 | ] | o o | W I'r . .
e o & It a0 Lo 10 180 design. From the comparison between the two rotor

Figure 16. Comparison of simulation results for optimal
and conventional rotor designs with prototype result.

torque ripple of SynRM rotor with C-shape and circular
barriers was measured by dynamic transducer when the
rotor shaft was coupled to PMG at a synchronous speed
of 1500 r/min with ohmic load at nominal current.
The adjustable-frequency AC drive was programmed
to increase the motor speed up to 1500 r/min at
nominal current in some predefined steps. As shown
in Figure 16, the experimental test results for the two
optimized rotors were significantly consistent with the
FEA results. A minor difference was detected between
the measurement data and the FEA due to mechanical
fluctuations in the coupling (SynRM to transducer
and transducer to PMG) and rotor manufacturing
tolerance. According to Table 3, the experimental
results show that after optimization, the torque ripple
for the optimized rotor with the circular and C-shape
barriers was reduced to 15.6% and 16.83%, respectively,
compared to the conventional rotor.

Furthermore, after the rotor optimization process,

prototypes in Table 3, it can be seen that the rotor
with a circular barrier had 1.23% less torque ripple.
Also, the average torque value increased to 0.01 Nm.
Therefore, the rotor optimization goals with a circular
structure were met better than those with the C-
shaped barriers. Finally, experimental measurements
for both optimized rotors demonstrate a significant im-
provement in SynRM torque ripple and average torque
and confirm the simulation results, which can finally
validate the accuracy of the proposed optimization
algorithm.

4.4. Awr gap flux characteristics

The shape of the air gap flux is an important indicator
in determining the torque ripple. The torque ripple
decreased considerably when the air gap flux waveform
became closer to pure sinusoidal waveform. This
goal was achieved by optimizing the parameters of
synchronous reluctance rotor including the endpoint
angles of barriers and the thickness of the iron parts
and the barriers. To extract the air gap flux waveform
in one rotor pole, a search coil with three turns of
winding was wrapped around the six stator teeth
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Figure 17. Search coil under a pole of SynRM.
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Figure 18. Air gap flux function under a pole of SynRM
prototypes.

(equivalent to 1 pole) and connected to measurement
tools (Figure 17). The waveform of induced voltage in
the search coil was measured after starting synchronous
reluctance at a nominal speed. Induced voltages
waveform allows determining the air gap magnetic flux
based on Faraday’s Law. According to Figure 18,
the flux waveform for the rotor with circular and C-
shaped barriers was compared. As can be seen in
Figure 18, the flux waveform for both rotors was as
close to pure sinusoidal as possible. Therefore, the
goal of optimization was achieved by optimizing the
geometric shape of barriers and iron parts. On the
other hand, the flux waveform for the rotor with a
circular barrier was more uniform and closer to the pure
sinusoidal. For this reason, the torque ripple for the
rotor with circular barriers was less than the rotor with
C-barriers, as can be observed in Table 3, in which the
torque ripple in the experimental results was obtained.
Of note, the main component of the air gap flux was
an essential item for average electromagnetic torque
generation. Table 3 shows 0.6 N.m increase in the
average torque of the prototyped machines compared
to the conventional design. Therefore, the SynRM
with an optimized rotor had a higher main component
of air gap flux that contributed to the useful torque
generation. Consequently, in the case of the machine
with the same size, the average torque of SynRM rotor

with C-shaped and circular barriers was higher than
that of the conventional SynRM in which the torque
ripple declined considerably.

5. Conclusion

In this paper, the proposed optimization algorithm
optimized the geometric structure of rotor barriers of
Synchronous Reluctance Motor (SynRM) by using the
possible rotor parameters to achieve the lowest torque
ripple while increasing the average torque. Also, the
results of optimization were performed on two types of
rotors with circular and C-shaped barriers. By opti-
mizing the geometry of the rotor barriers, parameters
such as the endpoints angle of barriers and the width of
barriers and iron parts changed dramatically, compared
to the conventional rotor. Initially, the Finite Element
Analysis (FEA) results of three rotors of SynRMs
with conventional, circular, and C-shaped barriers were
obtained. The results revealed that the FEA of the
proposed SynRMs was valid and there was acceptable
agreement between the FEA and optimization for
reducing torque ripple. The torque ripple in the FEA
for the rotor with the circular and C-shaped barri-
ers was reduced by 17.01% and 16.79%, respectively,
compared to a conventional rotor. Then, to evaluate
the simulation results and confirm the optimization
performance for rotor barriers, two prototypes of the
optimized rotor with circular and C-shaped barriers
were manufactured and tested in nominal conditions.
The measurement results confirmed the simulation
accuracy and optimization with a slight deviation.
The torque ripple in the experimental test for the
rotor with circular and C-shaped barriers improved by
16.83% and 15.6%, respectively. Another achievement
of the optimization was that the average torque for
the optimized rotor was increased to 0.6 Nm. Finally,
based on the simulation results and measurement data,
it was seen that the optimized rotor with the circular
barrier fulfilled the optimization goals more than the
optimized rotor with C-shaped barriers.
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