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Abstract: This paper studies the performance of an axial-
flux switched reluctance machine (AFSRM) using GOES
(grain-oriented electrical steel) in its rotor and comparing
it to a NOES (non-oriented electrical steel) rotor. Indeed,
the AFSRM structure lends itself well to the use of GOES,
especially at the rotor. In order to evaluate the intrinsic
capabilities of the AFSRM, self-inductance versus rotor
position and static torque were numerically simulated
at a given operating point and used as indicators for
the NOES and GOES performance comparison. The static
torque is also used to determine and compare the torque
per volume ratios and grasp the impact of GOES use in a
3D rotating structure. The introduction of GOES in a
rotating machine leads to an improvement of the electro-
magnetic torque mean and maximum values, allowing to
evaluate the GOES impact on the machine performance.

Keywords: axial-flux switched reluctance machine, grain-
oriented electrical steel, non-oriented electrical steel, elec-
tromagnetic torque

1 Introduction

Numerous applications require designing electrical machines
with large power-to-weight ratio. The majority of these

applications need machines to deliver high torques and
operate at large speeds while seeking high efficiency. In
this respect, switched reluctance machines (SRM) are good
candidates as they are known to operate at high torque or
at exceptionally high speeds. They are also known to be
robust [1] given the fact that they are magnet-free and have
no winding at the rotor [2], which makes them reliable in
harsh environments. With these advantages in mind, sev-
eral studies taking interest in the AFSRM proved that it is
often more compact than the radial-flux SRM (RFSRM)
[3,4]. Consequently, a growing interest is directed towards
AFSRM to deliver compact designs [5,6] and thus introdu-
cing these machines to various applications.

In order to increase efficiency, it can be advanta-
geous to introduce high performance materials such as
grain-oriented electrical steel (GOES), which offers excel-
lent performance when it comes to permeability, high
saturation, flux density, and iron losses [7]. Moreover,
the introduction of thin GOES sheets comes with limited
iron losses [8], higher levels of permeability, and higher
saturation levels compared to conventional NOES. How-
ever, the anisotropic nature of such material makes it
difficult to be used in electrical rotating machines – aside
from segmented circuits– as the performance varies depend-
ing on the magnetization direction.

Despite the difficulties related to the integration of
GOES in a rotating device, several [9–11] papers focused
on its use in common AC rotating machines. The authors
of ref. [9] proved that induction machines’ efficiency can
be improved with the use of GOES in their magnetic cir-
cuit. More precisely, they showed this improvement by
shifting each lamination by an experimentally deter-
mined angle of 90° without segmentation. In order to
benefit from the easiest magnetization direction, the
flux follows a path going from a lamination to the next
adjacent one.

Performances of axial- and radial-flux SRM have
been studied and showed that the electromagnetic torque
can be improved by up to 21% [12] in comparison with a
conventional SRM when GOES is used in their magnetic
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circuit. As far as the use of GOES in RFSRM is concerned,
the authors of ref. [13] introduced GOES in both stator
and rotor teeth, resulting in an increase of the average
electromagnetic torque by 10% compared to a Non-Oriented
Electrical Steel (NOES) configuration. The authors of ref.
[14] compared a GOES and NOES rotor. The comparison
showed a steeper inductance slope for the GOES case,
also resulting in a 1.5% increase in efficiency due to a
decrease in iron losses.

GOES was also introduced in AFSRM by segmenting
it in C-core stator teeth [6] to deal with low inductance
ratio. The results showed a 5% improvement in the induc-
tance ratio. Authors of ref. [12] also introduced GOES at
the stator and rotor teeth of a 12/8 segmented dual stator
AFSRM. The parts of the magnetic circuit using GOES are
connected to a retaining disk. Several configurations
were numerically analyzed including different shapes
and deviation angles between the magnetic flux and the
rolling direction (RD) of the GOES, before concluding on
one configuration where the stator teeth are clipped onto
the stator yoke. This layout shows a 21.4% raise in the
electromagnetic torque in comparison with the machine
using NOES. This torque improvement comes with an
increase in manufacturing complexity.

In this paper, a double stator AFSRM using GOES in
the rotor is presented and its performance compared to
the same AFSRMwith a NOES rotor through 3D numerical
simulations. The axial structure and the numerical model
used are presented and a comparison of their inductance
and static torque is given. An analysis leaning on the flux
lines distribution and the flux density will be presented in
order to conclude on the GOES impact on the machine
performance. The two rotors’ comparison showed that
the introduction of GOES at the rotor results in a steeper
inductance slope, leading to an increase in the electro-
magnetic torque mean value.

2 Numerical model

2.1 GOES integration in the magnetic circuit

The structure considered is an AFSRM with two external
stators and a rotor positioned in the middle as shown in
Figure 1. This structure has thermal advantages as it
allows faster thermal dissipation by having the copper
positioned externally.

In terms of magnetic operation, such a structure
allows two distinct flux paths [15]: either a loop through

the rotor yoke or simply cutting across the rotor as shown
in Figure 1. The second flux path configuration is the one
considered in our study since it is well-suited for the use
of GOES in the rotor with the magnetic flux density only
crossing the rotor teeth from a stator to the other.

The GOES is characterized by three typical directions:
rolling (RD), transverse (TD), and normal (ND) directions.
Thus, by arranging GO sheets such that the RD, which
corresponds to the easy magnetization, be in the direc-
tion of the magnetic flux of the rotor would increase the
variation of the air gap reluctance and thus the perfor-
mance of the machine.

Furthermore, by using this topology, the rotor yoke is
not useful from amagnetic point of view anymore. Therefore,
it can be removed and the teeth are individually cut and
encapsulated in a nonmagnetic structure.

Previous work ref. [16] has dealt with the study of the
contribution of GOES in the case of a configuration close
to that of a SRM. Even though the study was mainly con-
ducted in 2D, it has showed that the best improvement in
torque mean value happens when GOES is introduced in
the magnetic circuit. It would certainly be interesting to
introduce the GOES in both the stator and rotor, but given
the technological complexity to integrate it in the stator,
we have chosen in this study to only introduce GOES at
the rotor.

Using this topology, the steel sheets can be arranged
in the rotor according to two configurations as shown in
both Figures 2 and 3, favoring either the TD or the ND,
which may change the saliency:
• Configuration 1 in which a plane is defined by the RD and
TD (Figure 2), where TD is in the rotor rotating direction.

• Configuration 2 in which a plane is defined by the
RD and the ND (Figure 3), with ND according to the
rotating direction.

The anisotropic nature of GOES makes its integration
difficult, especially in a machine with a rotating field
and the changes in flux path that ensue. Indeed, in a
simple and widely used approach, the B(H) curves along
the three directions can be considered independant from
one another. Therefore, using a identification along each

Figure 1: AFSRM and flux path.

982  Racha Aydoun et al.



of the three axes, it leads to curves such as the ones
related to GOES HGO35 shown in Figure 4.

In order to model the anisotropy and analyze the
relevant phenomena such as flux distribution and axial
device performances, two different types of electrical
steel are considered:
• M400: Isotropic non-oriented grain electrical steel
sheets (0.5 mm thickness);

• HGO35: Anisotropic high-grade GOES sheets (0.35 mm
thickness) which can be arranged in the different con-
figurations shown in Figures 2 and 3.

A tensor (equation (1)) is used. Even if this aniso-
tropic model is simple, previous studies (see ref. [11])
showed that it provides acceptable results when it comes
to a qualitative study. It is numerically integrated into
finite element (FE) simulations and is defined by three
main directions: RD, TD, and ND (Figure 4). The relation
between magnetic flux density bi according to each direc-
tion and the magnetic field hi is expressed as follows:
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In this tensor, μi represents each magnetic perme-
ability in the three main directions. In addition to this,
permeability in the ND μND is considered linear based on
the work of ref. [17].

Introducing this tensor represents a simple method
allowing the apprehension of the functioning of a rotating
machine using GOES, while remaining relevant for
drawing conclusions and comparing the machine perfor-
mances to a conventional NOES case. Because of all the
difficulties that come with GOES integration, no compre-
hensive model for the full behavior of this steel has been
put forward to date. In order to quantify the contribution
of GOES compared to NOES, the performance of the
machine is also determined using M400 characteristic
(Figure 4).

2.2 AFSRM 3D model

A double stator 8/6 AFSRMmachine is modeled (Figure 5)
and studied using the meshing software Gmsh paired

Figure 2: GOES rotor configuration #1.

Figure 3: GOES rotor configuration #2.
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Figure 4: NOES and GOES studied characteristics.
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with the free FE solver GetDP. The machine is supplied by
injection of a current in the windings and the nonlinear
behaviorof themagneticmaterial is taken intoaccountusing
B–H curve (see Figure 3). The FE simulation is conducted
using the magnetostatic vector potential formulation.

Because of symmetry considerations, only half of the
machine is shown in Figure 5 (one stator and half a rotor).
The rotor teeth are displayed in blue, the stator teeth and
yoke in green, and the inductors in yellow. Admittedly,
taking advantage of the symmetry would have allowed us
to only design a quarter of the machine and thus reduce
computation time. However, half of the machine was
designed in order to introduce a GOES whose anisotropic
characteristics overshadow the machine symmetry.

All the AFSRM geometric dimensions are given in
Table 1.

The axial structure lends itself well to the use of
GOES in the rotor. In that respect, the trapezoidal-shaped
teeth at the rotor will be made up of stacked GOES sheets
inserted into a nonmagnetic structure.

Modeling a 3D AFSRM including GOES in its mag-
netic circuit will lead to fairly heavy calculations. An
iterative method is used for the nonlinear resolution
and a mesh size adaptation necessary in order to reach
a compromise between calculation time and accuracy.

3 Simulation results

In order to compare the performance of the considered
AFSRM with NOES and GOES in the rotor teeth, simula-
tions to compute the inductance as a function of rotor
position were conducted. Then, a comparison of the
resulting electromagnetic torque is presented.

3.1 Inductance comparison

As far as the inductance is concerned, different simula-
tions were conducted for the NOES case and both GOES
configurations presented in Figures 2 and 3 for the rated
current. Inductance simulations are given for every 5°,
and by taking advantage of the symmetry of the induc-
tance curve with respect to rotor position, only positions
between the alignment (0°) and the opposition (30°) are
simulated. Inductance values for different rotor positions
were inferred from the energy value (hereby noted E),
using the following analytic expression 2:

E L i1
2

2
= × × (2)

The influence of the anisotropic nature of GOES on
the flux path is illustrated in Figure 6 at an intermediate
position of 15°. In this figure, only one stator tooth and its
opposite rotor tooth are shown. It can be noted that the
flux lines tend to generally follow the easy magnetization
direction in order to get to the stator tooth. As a result, a
flux lines’ concentration in the rotor tooth can be observed.

This shows the flux lines cross only through the over-
lapping effective active surface of iron (Figure 6) and
not the entire tooth. The flux lines tend to mainly follow
the easy magnetization direction and consequently a
straighter marked path in comparison with the conven-
tional case in Figure 7. The same flux path behavior was
observed when studying the introduction of GOES in a 2D
numerical model [16].

The inductance waveforms results are given in
Figure 8 for three different steel cases in the rotor:
NOES and two configurations for GOES.

The first outcome that can be noticed from Figure 8 is
that the inductance slope is steeper when it comes to both

Figure 5: Representation of half of the 3D AFSRM.

Table 1: AFSRM geometric dimensions

Parameters Name Value

Stator internal radius [mm] Rs,int
A 22.23

Stator external radius [mm] Rs,ext
A 59

Rotor internal radius [mm] Rr,int
A 22.23

Rotor external radius [mm] Rr,ext
A 59

Stator teeth number Ns 8
Rotor teeth number Nr 6
Turns number per phase Nphase 520

Stator teeth opening angle [°] θs
A 19.92

Rotor teeth opening angle [°] θr
A 19.975

Shaft radius [mm] Ra
A 10.5

Airgap thickness [mm] eA 0.175
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GOES cases. This result confirms that the use of high
permeability GOES improves the inductance slope, with
a higher alignment value and a slightly smaller opposite
inductance value in comparison with the conventional
NOES. The inductance results cover a rotor position range
from alignment to opposition, which represents the interest
area for the torque production. As we get close to the

opposition position, it can be observed that the induc-
tance value difference between GOES and NOES gets
smaller. This is quite logical as around these positions,
the use of GOES has a minimal impact on the machine
performance.

The simulation results also showed that:
• The use of the GOES leads to an increase in alignment
inductance value by 10.3% for GOES first configuration
(Figure 2) and 9.8% for the second configuration
(Figure 3) in comparison with the NOES.

• The second configuration inductance displayed in blue
shows a steeper slope on the first half of the curve, i.e.,
between alignment and 10° rotor position. After an
inflection point, the slope becomes smoother between
15° to 25°. The impact of these slope changes on the
electromagnetic torque will be analyzed accordingly.

3.2 Electromagnetic torque comparison

The electromagnetic static torque allowing us to evaluate
the intrinsic performance of SRM at a given current level
is determined based on the energy E and the rotor posi-
tion θ. Similarly to the inductance, the electromagnetic
static torque variation is shown in Figure 9 for the same
operating point.

The torque variation confirms that the introduction of
GOES improves the AFSRM performance. The results
show a 7.2% and 11.4% increase of the maximum torque
value for, respectively, GOES first and second configura-
tion in comparison with the NOES. Also, the introduction

Figure 6: GOES influence on the flux path.

Figure 7: NOES flux path.
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of GOES arranged according to the second configuration
(Figure 3) shows a change in the torque waveform in
comparison with GOES in the first configuration. This
change translates into a shift in the torque peak value
which is mainly due to the change in the inductance
waveform starting from 10°. However, it is observed
that despite the differences in their electromagnetic
torque curves, both GOES configurations have relatively
close torque mean values (Table 2).

It can be noticed in Figure 9 that the GOES first con-
figuration torque decreases faster than the second con-
figuration due to the inductance slope between 15° and
the opposition position (Figure 6). Furthermore, it seems
like a short plateau takes shape after reaching a max-
imum value around 15° and before the decrease, which
makes this configuration interesting to exploit the max-
imum torque. More simulations points might be needed
at different current levels in order to confirm the width of
the plateau. But since convergence issues have been
encountered at the studied current level, it is even more
difficult to reach convergence at more saturated current
levels.

3.3 Discussion

In order to identify the operating point on the B–H char-
acteristic, an evaluation of the flux density level has been
conducted through a simulation for the three studied
cases (Figures 10 and 11). The level of flux density noted
for NOES case is 1.4 T, which is located in the corre-
sponding B–H knee region (Figure 4).

As far as the GOES case is concerned, an induction
level of 1.6 T is found in the rotor tooth. This simulation is
given for the alignment rotor position which is repre-
senting the highest induction level.

Similarly to the NOES case, the induction levels given
in Figures 11 and 12 confirm that the operating point is
located in beginning of the knee region of the GOES char-
acteristic given in Figure 4. By taking interest in the
induction distribution displayed, a couple of discrepan-
cies can be noticed between the two GOES configurations.

For instance, the highest level of induction in the second
configuration is located along the outer and inner radius
of the trapezoidal rotor tooth (Figure 12), as opposed to
the GOES first configuration in which the highest induc-
tion levels are located in the corners (Figure 11).

In the second configuration, both RD and ND are
within the same plane which is available to the flux tra-
jectory. Since the flux lines tend to follow the easy mag-
netization direction (RD), they are less likely to follow a
trajectory along the rotor teeth lateral faces. Consequently,
this can emphasize a localized saturation as observed in
Figure 12.

Table 2: GOES mean and maximum torque increase in comparison
with NOES

GOES configurations Tmax [%] Tmean [%]

GOES first configuration 7.2 16
GOES second configuration 11.4 14.7

Figure 10: NOES rotor tooth induction levels.

Figure 11: GOES rotor tooth induction levels (configuration # 1).

Figure 12: GOES rotor tooth induction levels (configuration #2).
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For a better understanding of the inductance and
electromagnetic variations, an evaluation of the magnetic
circuit state at an intermediate (10°) rotor position is
given. It is around this rotor position that a change in
the inductance slope happens.

It is safe to state that for both GOES configurations,
the flux lines tend to mainly follow the easy magnetiza-
tion direction (RD). However, at the transition from the
NOES stator tooth to the GOES rotor tooth, a small devia-
tion can be noticed as the flux favors the TD before
quickly aligning with the RD (Figure 10).

On the other hand, in the second configuration the
flux lines follow even more strongly the easy magnetiza-
tion direction since the permeability in the ND is rather
small (Figure 4), restricting the flux lines as a result. The
local flux lines distribution shown in Figure 13 shows that
straight and distinct path is followed in the rotor tooth
due to anisotropy which is the sole element influencing
the flux path.

Another element that can be assessed and used as an
indicator of the AFSRM performance is the torque-per-
volume ratios reached for the studied point (Table 3).
The results confirm that the use of GOES has a positive
impact on the AFSRM performance in comparison with
NOES.

It is also worth mentioning that depending on the
magnetic state of the circuit, the electromagnetic torque
mean value increase can become significant. In previous
work [13], the introduction of GOES in a 2D rotating
model consistently showed a rise in the torque mean
value, which was exacerbated with saturation (an addi-
tional 7.6% raise was observed past the knee region).

It also showed that the use of GOES in both stator and
rotor can improve the electromagnetic torque mean value
by an additional 12% in comparison with using it only in
the rotor. However, this comes with a consideration for
the configuration to be used in the stator. The results
presented in the article confirm that the use of GOES in
the 3D AFSRM magnetic circuit is beneficial for the
machine performance.

4 Conclusion

A performance comparison of a NOES and GOES AFSRM
rotor is presented and analyzed in this study. Considering
an axial structure where the flux cuts through the rotor,
the integration of GOES in the rotor becomes interesting
allowing for the steel sheets to be arranged according to
two different configurations. In this respect, the introduc-
tion of GOES showed steeper inductance slopes in com-
parison with the NOES case, subsequently leading to an
improvement in the electromagnetic torque mean value
by up to 16%. One original aspect of our study is the
introduction of GOES in an AFSRM, allowing for a com-
pact design along with an interesting torque-to-weight
ratio.

Based on these results, future work can include a
performance analysis by introducing GOES in the whole
magnetic circuit. However, significant convergence issues
should be addressed when studying the 3Dmodel as it can
be delicate to reach a compromise between convergence
and results accuracy for specific rotor positions.
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