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A ROTOR CONSISTING OF TWO IRON CYLINDERS
FOR SWITCHED RELUCTANCE MOTORS

Eyhab El-kharashi
∗

The shaft in a conventional switched reluctance motor with multi-rotor teeth fills up a relatively high interior volume.
However, it does not contribute in producing any torque. It is there only for mechanical purposes. Additionally, the
conventional toothed rotor produces high torque ripples. These two points force to come up with a new design for the
switched reluctance motor rotor that can rotate inside the stator without a shaft while grading the reluctance of the air
gap to produce an output torque with low ripples. This paper introduces a new rotor design that consists of two solid iron
cylinders. In the proposed design, there is no need for the shaft. The use of two cylinders grades the air gap, consequently
producing a torque with low ripples.
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1 INTRODUCTION

The switched reluctance motor (SRM) is the simplest
motor among all the rotating machinery and it is the more
efficient. The simplicity is due to the absence of any kind
of windings, permanent magnets, or brushes on the rotor,
whereas the efficiency is due to the absence of the copper
loss in the rotor. These reasons plus the recent advent of
the semiconductors encourage motor designers to focus
on the design of SRMs to modify the classical methods of
design to overcome the problems in conventional designs.

This would enable SRMs to compete competitively with
the rest of the electric motors to be the work horse of the
industry [1].

Figure 1 shows the rotor of a conventional SRM. The
shaft fills a relatively big interior volume without produc-

ing any torque. The rotor in this shape serves only me-
chanical purposes. Also the rotor in this toothed shape
produces high torque ripples. So, it is necessary to design
a new rotor that can rotate inside an SRM without hav-
ing a shaft and produces output a torque with low ripples
[2-3].

Figure 2 shows the proposed design of an SRM rotor.
In this design, the rotor consists of two cylinders, chang-
ing entirely the topology of the rotor. There is no need
for shaft and the air gap is graded, which smoothes the
reluctance variation and consequently reduces the output
torque ripples. The stator has wide six teeth to increase
and concentrate the flux crossing from the stator to the
rotor and six thin teeth as return flux teeth.

The SRM is inherently non-linear. Because of the dou-
ble saliency, the air gap is non-uniform. Thus, the motor
is designed to operate in saturated region of flux. The
distribution of the electromagnetic field in an SRM is de-

termined by solving Maxwell’s field equations with given
boundary conditions. Since the closed form solutions to

Maxwell equations are very difficult or impossible to ob-
tain for such a machine having complicated geometries
and nonlinear materials, the numerical solution of the
Maxwell equations becomes a necessity. The method of
finite elements (FE) is an excellent numerical method for
structures with complicated geometries and material non-
linearities. So, the characteristic of the proposed SRM ro-
tor design is obtained here by the adaptive finite elements
[4–7].

Fig. 1. Rotor of a conventional
SRM.

Fig. 2. Cross section of the pro-
posed SRM rotor.

This paper is organized as follows. Section 2 describes
in details the operation of the proposed SRM. Section 3
shows how to model the proposed design using finite ele-
ments.

2 OPERATION OF THE PROPOSED SRM

The proposed SRM has three phases in the stator.
Each phase fills four slots: two on one side of the stator
diameter and the others on the other side of the diameter.
When one phase is energized there are different positions
for the rotor cylinders. If the two cylinders are on the
same line of the excited teeth, as shown in Fig. 3, the
inductance is at its maximum. This position is defined as
the aligned position.
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Fig. 3. SRM aligned position. Fig. 4. SRM unaligned posi-
tion.

Fig. 5. Maximizing the gap
between the extremal induc-

tances.

Fig. 6. One phase energized of
the proposed two-cylindrical ro-

tor SRM.

When the air gap between the two energized wide teeth
is at its maximum, as shown in Fig. 4, the reluctance is
at its maximum. This position is defined as the unaligned
position.

The inductance in the aligned position is at its maxi-
mum value because the magnetic material fills the line be-
tween the two energized stator poles. On the other hand,
the inductance in the unaligned position is at its mini-
mum value because no magnetic material fills the line be-
tween the two energized stator poles. As the gap between
the maximum and the minimum inductance positions is
maximized; it is expected that this arrangement give the
maximum possible torque from this volume (Fig. 5).

The reluctance torque is developed by energizing a pair
of stator wide teeth on the same diameter. When the rotor
poles are in a position of misalignment with the energized
stator poles, they rotate to align themselves with the en-
ergized poles to be in the maximum inductance position
(the only stable position). Continuous rotation is devel-
oped by energizing and deenergising the stator wide teeth
[8].

The air gap length between the rotor outside diam-
eter and bore diameter of the stator of the proposed
SRM is made very small (0.3 mm) so that the motor
can be operated under saturated conditions. This leads to
high co-energy change as the rotor moves from the maxi-
mum to the minimum reluctance positions compared with
that in unsaturated conditions. Hence, the motor devel-
ops the highest torque. The outside stator diameter of the
new SRM design is 150 mm, the stator bore diameter is
91.4 mm, and the axial stator length is 150 mm.

3 MODELING THE PROPOSED

SRM BY FINITE ELEMENTS

The proposed new SRM is a 3-phase symmetrical ma-
chine. The modeling shown here is for only one phase.
Figure 6 shows the windings of one phase when it is in
the aligned position. The flow chart in Fig. 7 shows the
finite element solution steps. Figure 8 shows the first step
in the solution. The aim of this step is to generate a set
of objects to define the geometry of the two-cylinder ro-
tor. These objects are defined by co-ordinate pairs that
are taken in counter clockwise order, defining successive
vertices of a polygonal figure defining the component. In

the proposed SRM design, there are five objects: the sta-
tor, the air gap, the two coils, and the rotor (two solid
iron cylinders) [9]. This way of representing the machine
means that curved surfaces are represented as a series of
straight lines. Therefore, an adequate number of points
need to be used, particularly in the important air gap
area. The object definition is used to create an initial
mesh.

Fig. 7. A flow chart showing the solution steps using finite ele-
ments.

The geometry and layout of the machine is known from
the design synthesis stage and, consequently, the infor-
mation required to define iron saturation curves (B(H)),
conductor positions, and boundary conditions are all on
hand. The task is merely to map this information onto the
initial finite element mesh. Figure 9 shows the boundary
conditions of the proposed new design. The location of
the phase conductor is shown and number *2 means this
surface has the same potential.

The initial mesh is very coarse, thus the use of this
mesh will produce gross error. The automatic method
used here is based on the ability to estimate the error
present in trial solutions. Given this ability, it is then
possible to add nodes, where the error is the highest. As
nodes are added, it is necessary to reform the elemen-
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Fig. 8. Initial mesh of the two-
cylinder rotor at the aligned po-

sition.

Fig. 9. Boundary conditions. Fig. 10. The mesh after adap-
tation.

Fig. 11. Part of the air gap be-
fore adaptation.

Fig. 12. Part of the air gap af-
ter adaptation.

Fig. 13. The magnetic flux plot, the flux density distribution,
and the saturation ratio: (a) The magnetic flux plot (aligned
position); (b) the flux density distribution (aligned position);

(c) the saturation ratio (aligned position).

Fig. 14. One phase energized
of the proposed two-cylindrical

rotor SRM.

Fig. 15. Meshes before and after adaptations (unaligned position): (a) The
coarse mesh before adaptation. Boundary conditions are inserted (unaligned

position); (b)The coarse mesh after adaptation.

Fig. 16. The Magnetic flux plot (unaligned position).

tal connections to give as near optimal mesh as possi-

ble. At the same time, geometrical boundaries must be

maintained. The automatic meshing and adaptive solu-

tion techniques are sufficiently robust and mature to al-

low routine employment in finite element analysis [10].

Figure 10 shows the mesh of the proposed new de-

sign after adaptation. Figure 11 shows the meshes before

adaptation near the air gap and Fig. 12 shows them after

adaptation.
Fig. 17. Flux density and Saturation ratio (unaligned position):

(a) Flux density distribution; (b) Saturation ratio.
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Fig. 18. The magnetic flux plot for different rotor positions - as indicated, from 10 to 80 degrees.

Fig. 19. The magnetic vector potential per coil (there are two coils
per phase) versus the MMF per slot for the proposed machine.

There are lots of meshes near the air gap because this is
the most important area in the machine as all the torque
occurs in the air gap. It is clear that the meshes fit all
the part and especially the small parts that cannot be
modelled precisely mathematically [11].

Figure 13 (a) shows the magnetic flux plot, which in-
dicates the percentage of the flux gone from the stator
to the rotor (by counting the magnetic flux lines in the
stator and the rotor).

In a proper design, most of the stator flux goes to the
rotor. Figure 13 (b) shows the flux density distribution.
In this figure the flux density distribution near the con-
ductors has the highest flux density. Figure 13 (c) shows
the saturation ratio (the ratio of the flux in a given part
of the magnetic circuit to the flux in the tooth with the
energized windings on it) in each section of the machine.
There is not unwilled over-saturation in the aligned posi-
tion. This means the flux is distributed uniformly, which
maximizes the inductance in the aligned position.

Figure 14 shows the windings of one phase when it is
in the unaligned position. Figure 15 shows meshes before
and after adaptation. The figure clarify the boundary
condition: the outside stator diameter is assumed to be a

zero equipotential surface. The orange colour shows the
location of one phase conductors.

The magnetic flux plot for the unaligned position is
shown in Fig. 16. Few magnetic flux lines cross from the
stator to the rotor, which proves that the new design has
maximum reluctance in the unaligned position.

Figure 17 (a) shows flux density distribution in the
unaligned position. The flux density is low in all parts
of the machine except around the conductors where it is
slightly high. This means the reluctance in the unaligned
position is high. Figure 17 (b) shows the saturation ratio
in the machine in the case of unaligned position.

Figure 18 shows the magnetic flux plot for different
rotor positions. The magnetic flux lines increases inside
the machine when the rotor moves from the unaligned
position to the aligned position.

Figure 19 shows the magnetic vector potential per coil
(there are two coils per phase) versus the MMF per slot.

Figure 20 shows the general shape of the flux linkage
and static torque characteristics of the proposed SRM
assuming there are two coils per phase each coil has 300
turns.

4 THE PERFORMANCE OF THE

NEW ROLLED ROTOR SRM

The machine performance has been predicted analyti-
cally from the fundamental equation of the terminal volt-
age of any machine:

V = Ri+
∂ψ

∂t

Then by solving one of the following first order differential
equations [12–14]:

v = Ri+
di

dt

∂ψ

∂i
(θ, i) + ω

∂ψ

∂θ
(θ, i) ,

v = Ri+
di

dt

∂ψ(θ, i)

∂i
+ ω

∂ψ(θ, i)

∂θ
,
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Fig. 20. The characteristics of the proposed SRM: (a) Flux linkage; (b) Torque.

v = Ri+
di

dt
L(θ, i) + ω

∂L

∂θ
(θ, i) ,

v = Ri+
di

dt
L(θ, i) + ω

dL(θ, i)

dθ
.

numerical approach to the simulation of SRMs has been
introduced in [12–13]. The flux-linkage can be determined
from this equation:

ψ =

∫

(

v −Ri(θ, ψ)
)

δt .

The torque can be obtained indirectly from the co-
energy:

W ′(θ, i) =

∫ i

0

ψ(θ, i)di
∣

∣

∣

θ=const

,

T (θ, i) =
dW ′(θ, i)

dθ

∣

∣

∣

i=const

.

Figure 21 shows the block diagram of the SRM simula-
tion package. The flux linkage characteristic data is taken
from an adaptive finite element solution of the magnetic
characteristics. It is stored in tables (one for the flux-
linkage characteristic and one for the torque), then loaded
in to a simulation of the SRM using Matlab/Simulink
[12, 13].

Fig. 21. Block Diagram of SRM Simulation.

Fig. 22. Torque for different switching on angles. The motor runs under current control. The maximum value of the current is 12 A.
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Fig. 23. The performance of the proposed SRM when the advance angle of switching on is 12 degrees.

Fig. 24. Torque characteristic when the maximum value of the
current is 15 A (the machine runs under current control).

As Fig. 22 shows, when all the operating conditions
are kept constant the torque increases with the increase
in the advance angle of switching on until certain value
then the torque decreases. So, there is an optimum value
of advance switching on at which the motor produces the
maximum torque.

Figure 23 shows the dynamic performance of the new
SRM for the operating conditions: the advance angle of
switching on is 12 degrees, the DC voltage of the convert-
ers is 600 V and the running speed is 1500 rpm. As Fig. 24
shows, the torque increases when the machine runs under
current control. This means when the maximum value of
the current increases the torque increases.

5 CONCLUSIONS

This paper presented a new design to the SRM. In the
proposed design, the rotor topology is changed. The ro-
tor is replaced by another rotor in order to use all the
volume inside the stator in producing torque. The new
rotor consists of two iron cylinders. The two cylinders are
used as rotor and no need for a shaft. In addition, using
this new rotor smoothes the reluctance variation conse-
quently decreasing the torque ripples. The paper uses the
adaptive finite element to model the new SRM and to
predict its characteristic. MATLAB was used to perform
simulations to study the performance of the new SRM.
Additionally, the paper presented simulation results of
the dynamic performance of the proposed SRM.
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