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Torque Ripple Reduction of Synchronous
Reluctance Machine by Using Asymmetrical
Barriers and Hybrid Magnetic Core
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Abstract—As there is no need of permanent magnet (PM)
material and only silicon steel sheet required on the rotor,
synchronous reluctance machine (SynRM) can be used for many
applications and draws a great research interest. For the SynRM,
the torque ripple is a big issue and a great of work could been
done on reducing it. In this paper, asymmetrical magnetic flux
barriers in the SynRM rotor were studied comprehensively,
including angle and width of each layer and each side of the
magnetic barrier. The SynRMb with asymmetrical and parallel
magnetic flux barrier was found as the best way to design SynRM
based on the multi-objective design optimization method.
Moreover, each parameter was studied to show the design rule of
the asymmetrical magnetic flux barrier. As the average torque
will be reduced with the asymmetrical barrier is used, the
grain-oriented silicon steel is used on stator teeth of the SynRMb
(SynRMbG) was proposed and studied. The analysis results show
that the proposed new method can make the SynRM have better
performance.

Index Terms—Torque ripple reduction, synchronous reluctance
machine, asymmetrical barriers, hybrid magnetic core.

I. INTRODUCTION

N recent years, the cost of high-performance rare earth

permanent magnet (PMs) increases considerably, and there is
a trend to develop electrical machine without using high cost
PMs, e.g. PM machine with ferrite magnet and synchronous
reluctance machine (SynRMs) [1]. The main advantages of the
SynRMs include the low cost, high robust and good
performance if compared with induction machine. The
drawbacks of SynRMs include the low power factor and high
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torque ripple. In the last two decades, many works have been
done to improve power factor and reduce torque ripple of
SynRM, where maximizing saliency ratio is the main target [2],
[3]. In the design of SynRM, the rotor topology plays an
important role, and it has been found that three flux barrier
layers rotor design is the best way to maximize the saliency
ratio and reduce the manufacture complexity.

For the torque ripple reduction in SynRMs, the following
methods have been proposed and verified. The harmonic
current injection method has been implemented into the field
winding to mitigate the harmonic torque ripple [4]. The
step-shaped gradient flux barrier has been developed in the
rotor core for reducing the torque ripple [5], [6]. The
asymmetrical pole of rotor has been considered as a feasible
method for torque ripple reduction in both the SynRM and PM
machine [7-8]. Moreover, it has been shown that the torque
ripple depends on the coupling relationship between the rotor
structure and input current. In addition, the torque ripple can be
reduced by improving the control algorithm and structure
design, e.g. the switching-table-based direct torque control
(ST-DTC) [9] and response surface method (RSM) [10].
Besides, some multi-objective design optimization methods are
proposed for improving the main performance of electrical
machine[11] [12].

In this paper, the asymmetrical flux barrier rotor topologies
in the SynRM have been studied comprehensively for
achieving lower torque ripple. As the average torque will be
reduced with the torque ripple reducing, the grain-oriented
silicon sheets are enrolled on the stator teeth to release the flux
saturation in the stator core. The analysis results based on the
finite element method (FEM) show that the torque ripple of the
SynRM can be reduced greatly and both the power factor and
average torque of SynRM can be increased by using the hybrid
magnetic core.

II. TOPOLOGIES AND COMPARISON OF SYNRM WITH
DIFFERENT ASYMMETRICAL BARRIER STRUCTURE

Fig. 1 shows the main magnetic topology of the SynRM, it
can be seen that this machine has 4 rotor poles and 24 stator
slots with distributed winding configuration. As the flux barrier
topology plays an important role on the parameters and
performance of the SynRM, each flux barrier layer has their
own individual angle and width, as shown in Fig. 2. For the
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Fig. 1. Topology of SynRM.
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(b) Width.
Fig. 2. Parameters of flux barrier in SynRM rotor.

different pole pairs, they are symmetrical, while in one pole
pair the adjacent rotor pole has a determined angle difference of
al, and for one rotor pole the adjacent side has a determined
angle difference of a. For the different layers, the § and y have
been determined as angle difference between the first layer and
second layer and the second layer and the third layer
respectively. Between adjacent layers in one rotor pole,
parameter Delta has been set to improve the relevance for three
layers. As shown in Fig. 2(b), wl, w2 and w3 determine the
width of flux barrier for each different layer, and the A
determines the width difference for the different sides in one
rotor pole.

For the final SynRM topology determination, the sequential
design optimization method is used for the torque optimization
of SynRM with different rotor topology configurations. Then
four different topologies of SynRMs including the SynRMa
with symmetrical and parallel magnetic flux barrier, SynRMb
with asymmetrical and parallel magnetic flux barrier, SynRMc
with symmetrical and non-parallel magnetic flux barrier,
SynRMd with asymmetrical and non-parallel magnetic flux
barrier are designed, optimized, and compared, as shown in Fig.
3. For each SynRM, the parameters e.g. the B, vy, Delta, are

optimized.
The electromagnetic torque of SynRM can be calculated by

T= %p(Ld -L,)i’ sin(2/3)

where p is number of pole pairs, i is the maximum value of the
current in winding and S is the angle between the current and
the d-axis.

Fig. 4 shows the main magnetic performance comparison
among above SynRMs. Fig. 4(a) shows the electromagnetic

(d) Rotor for SynRMd
Fig. 3. Different rotor topologies
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torque waveforms comparison versus the time with the
maximum current density of 18 A/mm?2. It can be seen that the
average torque and torque ripple of SynRMa are 23.87 Nm and
3.66%, respectively, the average torque and torque ripple of
SynRMb are 23.43 Nm and 1.57%, respectively, the average
torque and torque ripple of SynRMc are 22.37 Nm and 13.39%,
respectively, and the average torque and torque ripple of
SynRMd are 23.33 Nm and 9.19%, respectively.

Through the comparison, it is seen that the SynRM with the
parallel magnetic barrier design has higher electromagnetic
torque, and in addition the SynRM with the asymmetrical
magnetic barrier design has lower torque ripple. For the design
optimization, the parameters defined in Fig. 2 are all
considerate. Fig. 4(b) shows the multi objective design
optimization of maximizing the average torque and minimizing
the torque ripple of SynRMa and SynRMb, with the constraint
of same stator design and maximum current density of 18
A/mm?2. As shown, the SynRMb has much lower torque ripple
but with only 1.7% average torque reduced. Therefore, for the
SynRM design, the asymmetrical but parallel magnetic barrier
is a good candidate. Fig. 4(c) shows the electromagnetic torque
waveforms of the SynRMb along the clockwise direction and
anticlockwise direction respectively. It can be seen that the
average torque for the clockwise direction rotation is about
23.43 Nm while that for the anticlockwise direction rotation is
about 23.62 Nm, which are pretty close. However, the torque
ripple is 1.57% for the clockwise direction while that for the
anticlockwise direction is about 7.63%. Therefore, the
SynRMb can provide much lower torque ripple along the
clockwise direction.

Fig. 5 shows the inductance comparison of four SynRMs.
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Fig. 4. Torque performance of four SynRMs with different rotor topologies.

The torque of SynRM is produced by the difference between
the d axis inductance and q axis inductance. And the flux
barrier is designed in SynRM, Ld is higher than Lq. As shown
in Fig. 5(a), Ld of four SynRMs is very high when the input
current density is low, however Ld will decrease rapidly firstly
and decrease smoothly finally when the input current increase
as Ld is influenced by magnetic saturation. While Lq of four
SynRMs is quite stable as Lq is not influenced by saturation as
the existence of flux barrier. Besides, the optimized result
shows that Ld in SynRMc is the lowest, Ld in SynRMa and
SynRMb is close and lower than that in SynRMd. The saliency
ratio of these four SynRMs is shown in Fig. 5(b), in which the
trend of Ld /Lq is same with Ld.
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Fig. 5. Inductance performance of four SynRMs with different rotor topologies.



16 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL

III. PARAMETER ANALYSIS OF SYNRM WITH ASYMMETRICAL
AND PARALLEL MAGNETIC FLUX BARRIER

Fig. 6 shows the torque ripple of the SynRMb with the angle
difference of the magnetic barrier between the adjacent rotor
poles (a;), the angle of the third magnetic barrier layer (Angle),
and the angle difference between the different magnetic barrier
layers (Delta), by using the FEM. It can be seen that the Angle
and o, have the coupling effect on the torque ripple. When
Angle is greater than 43.5 deg, the torque ripple of SynRMb
will decrease with the o, increasing. However, when Angle is
lower than 43.5 deg, then the torque ripple will increase with
the o, increasing. And when Angle equals about 43.5 deg and o,
equals about 1.5 deg, the torque ripple will achieve the
minimum value of 1.46%. While for the Delta, it can be seen
that when it equals about 9 deg, the torque ripple will achieve
the minimum value. After the determination of the parameter of
Delta, the other parameters of a, f and y will be studied
furtherly.
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Fig. 6. Torque ripple of SynRMb with the variation of the parameters of Angle,
a; and Delta.

Fig. 7, Fig. 8 and Fig. 9 show the torque ripple of SynRMb
with the parameters of a, f and y variation. After the
comprehensively study, it can be seen that above parameters
will have big effect on the torque ripple of the SynRM. Fig. 7(a)
and Fig. 7(b) show that the torque ripple of SynRMb with the a
and S variation from -1.25 deg to 1.25 deg and -1.0 deg to 1.0
deg, respectively. It can be seen that the torque ripple reaches
the minimum value when f equals around -0.6 deg. When S
equals around -0.6 deg, the torque ripple of SynRMb reaches
the minimum value when a equals about 0.75 deg.

. 5,NO. 1, MARCH 2021
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Fig. 7. Torque ripple optimizations for parameters of a, £ and y.

Fig. 8(a) and Fig. 8(b) shows the torque ripple of SynRMb
with the a, and y variation from -1.25 deg to 1.25 deg and -1.8
deg to 1.8 deg, respectively. It can be seen that when o equals
about 0.75 deg, the SynRM will have minimum torque ripple.
While for parameter y, it can be seen that the torque ripple will
decrease with the increase of y, and the torque ripple of SynRM
reaches its minimum when it is equal to about 1.8 deg.

Fig. 9(a) and Fig. 9(b) shows the torque ripple of SynRMb
with the £ and y variation from -1.0 deg to 1.0 deg and -1.8 deg
and 1.8 deg, respectively. As shown when f equals about -0.6
deg, the torque ripple will achieve minimum value, however it
is difficult to make a determination of the parameter of y, it can
be seen that during the f variation, there is a trend for y
increasing, then the torque ripple decreases. However, if f
equals about -0.6 deg, the minimum torque ripple can be
achieved when y equals about 1.0 deg.
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Besides the angle difference, the asymmetry of the width of
magnetic barrier also plays an important role on the torque
ripple of SynRM. Fig. 10 shows the torque ripple with the
variation of A. It can be seen that when A equals about 0.1 mm,
the minimum torque ripple can be achieved.

TABLE I
OPTIMIZED PARAMETER OF SYNRM WITH LOWEST TORQUE RIPPLE

Parameter Optimal value
Angle (°) 435
a, B,y (°) 0.75,-0.6, 1.8
a; (°) 1.25
Wi, Wz, w3 (mm) 22,2512
A (mm) 0.1
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Fig. 10. The torque ripple optimization for parameter A.

By analyzing above parameters, it can be seen that the
asymmetric design of the Angle and width of the magnetic
barrier can greatly reduce the torque ripple of the SynRM, and
Table I shows the final determination of the parameters of the
SynRMb with the lowest torque ripple. For the first layer of
magnetic flux barrier, the Angle is 43.5 deg and for another side
the angle is about 42.75 deg which is determined by Angle -
0=42.75°. For the second layer, the angle along the clockwise
direction is 35.1 deg (Angle-Delta-$=35.1°), and for another
side is 34.35 deg (Angle-a-Delta-f=34.35°). For the third
magnetic flux barrier layer, the angle along the clockwise
direction is 24.3 deg (Angle-2xDelta-f-y=24.3°), and angle for
another side is 23.55° (Angle-a-2xDelta-f-y=23.55°). It can be
seen that both the angle for the first, second and third magnetic
flux barrier close to the clockwise direction need to be higher
than that close to the anticlockwise direction. Moreover, for the
angle difference of the adjacent layers between the first layer
and second layer is higher than that between the second layer
and third layer (Delta-f<Deltaty). For the adjacent pole, the
optimized parameter of o, is 1.25°. Besides the angle difference,
it can be seen that the asymmetrical of the width of the
magnetic flux barrier plays an important role as well.

IV. SYNCHRONOUS RELUCTANCE MACHINE WITH HYBRID
MAGNETIC CORE

Based on above analysis, it can be seen that the asymmetrical
design of the magnetic barrier in SynRM can make the torque
ripple of the machine very low, however the average torque is
decreased as well. For the performance improvement, the
grain-oriented silicon steel sheets are proposed to replace some
part of the stator teeth in this section, which is named as
SynRMbG as shown in Fig. 11 and its main parameters are
tabulated in Table II.

Stator
Grain-oriented
Silicon Steel Sheets
Winding

Rotor

Flux Barrier

Fig. 11. Topology of SynRMbG.
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By using FEM, the magnetic field distribution of the SynRM
under the maximum current density of 18 A/mm? is calculated,
as shown in Fig. 12. It can be seen that the magnetic flux
density distributed on the grain-oriented silicon steel sheet on

the stator teeth is much higher than other parts in the stator teeth.

Fig. 12 shows the flux density comparison, it can be seen that
the maximum magnetic flux density of SynRMbG can achieve
2.05T as the grain-oriented silicon steel sheet has very good
performance along the rolling direction, while the maximum
flux density of SynRMb is only 1.87 T.
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Fig. 12. Electromagnetic analysis of magnetic flux.

(b) Magnetic flux of SynRMb

Fig. 13 shows the main magnetic performance comparison
among the SynRMaG (SynRMa with grain-oriented silicon
steels), SynRMb and SynRMbG. It can be seen that the average
torque of SynRMbG improves about 4.01% compared with
SynRMb, however, the torque ripple increases from 1.57% to
2.38% as well. Although the average torque of SynRMaG is
higher than others, the torque ripple is also higher obviously.
Fig. 13(b) shows the efficiency and power factor comparison of
SynRMaG, SynRMb and SynRMbG under the rated speed of
3000 rpm. As shown, the efficiency is improved about 0.4%
during all the operation states as the torque is improved.
Moreover, SynRMb and SynRMbG have little difference in
power factor, however it can be seen that when the current
density is higher than 10 A/mm?, the power factor of the new
machine is increased, as the saliency ratio of the SynRMb is
increased. Besides, the power factor of SynRMaG is close to
SynRMbG when the current density is higher than 7 A/mm?,
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Fig. 13. SynRMs performance evaluation

Fig. 14(a) shows the calculated core loss of SymRM with
different topologies under the rated speed of 3000 rpm, it can be
seen that the core loss is reduced about 20% for the SynRMs of
hybrid symmetric and asymmetric flux barriers. Fig. 14 (b)
shows the efficiency comparison, it is seen that with the
reduction of core loss, the efficiency can be improved. Fig. 15
shows the efficiency map of SynRMbG from the speed of 500
rpm to 6000 rpm, in which solid line represents the speed
regulation curve of the max current density, and dotted line
describes the speed regulation curve of the rated current density.
In solid line, the efficiency of constant torque region can
achieve 86%, and as well the efficiency of voltage region can
reach 96%. Besides, in dotted line, the efficiency of constant
torque region can achieve 92%, and as well the efficiency of
voltage region can reach 96%.
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Fig. 14. SynRMs performance evaluation.
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Fig. 15. Efficiency map of SynRMbG.

TABLE II
MAIN PARAMETERS OF SYNRMBG

Items Proposed machine
Number of stator slot 24
Number of rotor pole 4
Stator outer/inner diameter 140/80
Rotor outer/inner diameter (mm) 79/19
Air gap length (mm) 0.5
Stack length (mm) 60
Rated speed (r/min) 3000
Rated current density (A/mm?) 8
Max current density (A/mm?) 18
Number of turns per slot 30

Mechanical stress analysis of the rotor was completed in
Workbench.  Using  finite  element  software, the
three-dimensional (3-D) rotor of SynRMbG is designed and
can be matched with Workbench. The analysis of mechanical
stress has been calculated in ANSYS workbench. Using the
FEM, the three-dimensional (3-D) rotor of SynRMbG has been
designed, then the topology can be matched with the
workbench. After setting material, mesh, speed and other set of
rotor, it can be seen the von mises stress and magnitude of
displacement of rotor of SynRMbG in Fig. 16. Under the speed
of 6000 rpm, the max von mises stress is 7.6177 Mpa on the
flux barrier in Fig. 16(a), and the max displacement 1.4656 um
is also on flux barrier in Fig. 16(b), whose deformation is
acceptable.

(b) Magnitude of displacement of rotor for SynRM under the speed of 6000
rpm.

Fig. 16. Von mises stress and magnitude of displacement of rotor for SynRM.

V. CONCLUSION

In this paper, the SynRM with the asymmetrical magnetic
flux barrier was studied comprehensively. By using the
multi-objective design optimization method, it was seen that
SynRM with asymmetrical and parallel magnetic flux barrier
had lower torque ripple, and both the asymmetrical of the angle
and width work greatly. And the asymmetrical design
principles of magnetic flux barriers are summarized as follows:
the angle of magnetic flux barrier close to the clockwise
direction needs to be higher than that close to the anticlockwise
direction, the angle difference between the first layer and
second layer is higher than that between the second layer and
third layer, the symmetrical of the width of the magnetic flux
barrier plays an important role as well. Moreover, for the
performance improvement, the SynRMbG with the
grain-oriented silicon steels replacing some part of the stator
teeth were proposed, and it was seen that the average torque,
efficiency and power factor were improved. For the SynRMbG,
the analysis of temperature field and the design method of
asymmetrical magnetic flux barrier in different power levels
will be studied in the future work.
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