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' Design and Analysis of Rolled Rotor Switched Reluctance Motor

Eyhab El-Kharashi*

Abstract - In the conventional SRM with multi-rotor teeth, the air gap must be very small in order to
drive the SRM in the saturation region that is necessary for high output torque. However, this leads to
the problem of overheating; particularly in the case of a small-size SRM. This paper discusses the
design of a new type of SRM, namely the rolled rotor SRM. This new type does not require more than
a single region of a very small airgap. This solves the overheating problem in the small size SRM.
Moreover, the use of the rolled rotor, instead of the conventional toothed rotor, grades the airgap region
in a fashion that gives a smooth variation in the reluctance and smooth shapes of both current and
torque. The latter functional behavior is required in many applications such as servo applications. The
paper first addresses general design steps of the rolled rotor SRM then proceeds to the simulation
results of the new SRM in order to evaluate the advantages gained from the new design. In addition,
this paper compares the torque ripples obtained from the new design to its equivalent conventional one.

Keywords: Rolled rotor, Switched reluctance motor, Finite element, Smooth reluctance variation,
Torque ripples minimization, Modeling, Matlab software

1. Introduction

The electric motors used in driving applications are the
induction motors, the permanent magnet motors and the
switched reluctance motors (SRM). The permanent magnet
motors have the disadvantage of requiring of expensive
magnets. The induction motors are prone to high copper
losses in both the rotor and the stator. Therefore, the focus
of motor designers shifts to the SRM due to its high
specific output torque {torque/volume) and the absence of
any type of copper windings or permanent magnets on the
rotor or brushes [1].

Fig.l shows the cross section of a 6/4 short-pitch
conventional SRM and the Flux-Linkage trajectory under
current control. The area between the aligned and the
unaligned positions is proportional to the output torque.
The SRM must work in deep saturation region in order to
deliver significant output torque. Hence, the air gap must
be very small. The requirement of a minimum possible
airgap puts the SRM at disadvantage due to potential
overheating. As a solution, the SRM is not usually loaded
its full capacity, as a means to obviate overheating. This
paper is intended to introduce a new design of the SRM
that possesses only one small region of airgap, without
compromising performance. The expected performance is
at the same level of the conventional toothed-rotor.
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Fig. 1.a Cross Section of a 6/4 Short-Pitch SRM
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Fig. 1.b Flux-Linkage Characteristic under Corrent Control
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Fig. 2 The Regions of the Narrow Airgaps in both Designs

Fig. 2.a shows the regions of narrow airgap in a 12/8
conventional toothed-rotor SRM. There are four regions of
narrow airgap in the aligned position. To the contrary, the
rolled rotor SRM (Fig. 2.b) has only one region of narrow
airgap. In addition, the airgap in the rolled rotor SRM is
graded in order to avoid overheating. The rolled rotor has a
smooth variation in the reluctance and, consequently, a
smooth shape of current and torque when the switch-on
angle is selected properly [2]-[3]. The paper presents the
simulation results of the new design and its comparison
with its equivalent conventional SRM. A Matlab/Simulink
program is used to simulate the functioning of the new
SRM and to test its dynamic performance under different
operating conditions.

2. Theoretical Background

If one phase of the stator of the rolled rotor SRM is
switched on, the rolled rotor sees all the positions as
unstable, except for the position of minimum reluctance -
or maximum inductance. The rolled rotor moves directly
from any position to this stable position. The minimum
reluctance position is located in front of the energized
phase such that the rolled rotor can align itself with this
energized phase. The unaligned position is the position of
minimum inductance, which is diametrically opposite to
the energized main wide flux tooth. A half mechanical
cycle is completed if the rotor rotates from the unaligned
position to the aligned position.

There are two trends that influence the selection of the
rotor’s diameter. First, the diameter of the rotor is directly
proportional to the output torque. But a rotor with a large
diameter minimizes the gap between the maximum
inductance and the minimum inductance and, consequently,
decreases the output torque. In addition, large rotor
diameter makes the rotor heavier; thus increasing the rotor
iron losses, and putting some limitation on the maximum
running speed of the rotor. Second, small rotor diameter
reduces output torque but the rotor’s light weight enables it
rotate at high speeds with minimal iron losses. Based on
these trends, there exists an optimum rotor diameter. Next

section is dedicated to the formulation of an approximate
method for determining the best diameter of the rolled
rotor SRM.

Prior to discussing the design process of the rolled rotor
SRM, it is noteworthy that the SRM is in general a highly
non-linear electric motor. Therefore, an accurate prediction
of the magnetic circuit parameter as well as the static
torque characteristics of this motor requires the use of an
adaptive two dimensions finite element [4].

A twelve teeth stator is hereafter considered. The six
wide teeth carry the main flux of the machine and the rest
are return flux paths. The width of the main flux tooth is
double the return flux tooth width.

Fig.3 shows the stator of the proposed new SRM, the
width of the main flux tooth is double that of the return
flux path. This is intended to increase the flux crossing
from the stator to the rotor cylinder in the aligned position.

Return Flux
Tooth

Main Flux
Tooth

Fig. 3 The Stator of the Proposed New SRM

The rotor of this new SRM is a cylindrical iron rotor. It
has an outside diameter less than the stator bore diameter.
Its centre is shifted from the centre of the stator. That
makes the air gap length vary (narrow in some regions and
wide in other regions). Accordingly, the variation in the
reluctance produces reluctance torque. Fig. 4 shows the
windings distribution in the stator. The proposed rolled
rotor SRM has three phases in the stator each phase fills
four stator slots (two coils per phase).

Fig. 4 Windings Distribution
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3. Determination of the Optimum Rotor Diameter

Fig. 5 shows the unaligned position of the proposed new
design of the SRM; the rotor is in the position of minimum
inductance which is at the opposite side of the same
diameter of the main energized wide tooth.

Fig. § Rotor Diameter = 0.68 Stator Bore Diameter
(Unaligned Position)

When one stator phase is energised, the rotor sees all the
positions as unstable except for one position - the
maximum inductance (the aligned position). The rotor
rotates from any position to stand in front of the energised
wide tooth in order to reach a minimum reluctance position.
Fig. 6 shows the windings of an energized one phase and
the rotor aligning itself to this position.

The area between the aligned position and the unaligned
position, in the Flux-Linkage/Current characteristic of the
proposed new SRM, is proportional to the output torque.
Thus, the area enclosed between these two lines gives an
indication about the output torque of any design of this
new SRM. '

Fig. 6 Rotor Diameter = 0.68 Stator Bore Diameter
(Aligned Position)

Fig. 4 shows the rotor diameter equals 0.6 the stator bore
diameter. Fig. 5 and Fig.6 show the rotor diameter equals
0.68 the stator bore diameter. Fig. 7 shows the rotor
diameter equals 0.95 the stator bore diameter.

Fig. 7 Rotor Diameter = 0.95 Stator Bore Diameter
(Aligned Position)

In the case shown in Fig. 4, the rotor is relatively small;
hence, it produces low torque. In Fig. 7, the rotor is too big
such that a small variation in the reluctance between the
aligned and the unaligned position can reduce the output
torque and can create considerable losses.

Drotor / Dstator_inner=0.8 Drotor / Dstator_jnner=0.95

Drotor/Dstator_inner=0.68

Magnetic Vector Potential per Coil

o 500 1000 1500 2000 2500 3000

MMF
Fig. 8 Comparing the Characteristics of Different Rotor
Diameters

Fig. 8 shows a comparison between the aligned and the
unaligned positions for different designs of the rolled rotor
SRM. All SRM’s have the same stator dimensions, while
the only change is in the rotor diameter.

The small rotor diameter delivers relatively low torque
(the area enclosed between the aligned and the unaligned
position is proportional to the output torque). Increasing
the rotor diameter increases the area between the aligned
and the unaligned position until the ratio between the rotor
diameter to the stator bore diameter equal 0.8. Increasing
the rotor diameter beyond this ratio would slightly increase
the enclosed area. Hence, the best rotor diameter =0.8
stator bore diameter. Expectedly, any increase beyond this
ratio would result in a negligible improvement in the
output torque. However, it considerably increases the
weight of the rotor in addition to the rotor iron losses [5].

4. Complete Details of the Proposed New Design

Based on the previous section, the rotor diameter is
selected to be 0.8 the stator bore diameter.
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Fig. 9 Aligned Position of the New Design
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Fig. 9 shows the aligned position of the new design of
the rolled rotor SRM along with its adaptive mesh. The
magnetic flux plot, the flux density and the saturation are
all shown at 3000MMF per slot. In the aligned position the
cylindrical rotor moves from any position to align itself at
the energized phase [6].

4.2 Unaligned Position

Fig. 10 shows the unaligned position of the proposed
new design along with its adaptive mesh. The magnetic
flux plot, the flux density, and the saturation are all shown
at 3000MMF per slot. The unaligned position occurs when
the rotor is in a position of maximum reluctance with
respect to the energized phase.
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Fig. 10 Unaligned Position of the New Design

5. Determining the Flux-Linkage Characteristic

As shown in Fig. 11 different models are built using 2D
adaptive finite element for different rotor positions in order
to accurately determine the characteristics of the magnetic
vector potential (figurel2, [6]).

Fig. 11 New Rolled Rotor Models in a Range of Rotor
Positions
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Fig. 12 Magnetic Vector Potential for the Rolled Rotor
SRM for different Rotor Positions

6. The Flux-Linkage Characteristic and the Static
Torque Characteristic

The flux linkage characteristic can be obtained from the
magnetic vector potential characteristic, assuming a
specific number of turns. There are six coils, two for each
phase. Assume the number of turns of each coil to be 300,
150 conductors per slot. Fig. 13 shows the Flux-Linkage
characteristic of the proposed new design for 150
conductors per slot [7],[8],[9]. Fig. 14 presents the static
torque characteristic for the new rolled rotor SRM. As
shown, the torque increases and decreases smoothly. The
static torque characteristic can be obtained from the
following equation [10]:
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dw'(8,i)

1
70 M

T(8,i)=

i=const

(Assuming 150 conductors per slot)

3.5 4

Flux-Linkage
= N
(3] N 3] w
L . R

Current

Fig. 13 Flux-Linkage Characteristic of the New Rolled
Rotor SRM
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Fig. 14 Static Torque Characteristic of the New Rolled
Rotor SRM

7. Minimization of the Torque Ripple
in the New Design

In this section the torque ripple in the new rolled rotor
SRM is compared to the conventional 12/8 SRM in order
to determine the percentage reduction in the torque ripples
due to the use of this rolled rotor which smoothed the air
gap.

Fig. 15 shows the static torque characteristic of the
conventional 12/8 toothed-rotor SRM and the torque
ripples between two phases. In general, the torque ripples
in the SRMs is defined as the percentage difference
between two values of the torque in the static torque
characteristic. The first value is the maximum value of the
torque and the second is the torque at the point of

intersection between the static torques of two different
phases of the SRM. As shown in Fig. 15 the conventional
SRM has eight poles in the rotor; hence the mechanical
cycle is 45 mechanical degrees. The conventional SRM has
three phases of windings on the stator, such that each phase
is shifted 15 mechanical degrees from the other.

a) Cross Section of 12/8 Conventional SRM,
the Location of One Phase Windings is shown

Conventional Toothed-Rotor 12/8 SRM i_’_ﬁ

Torque Ripples ‘-"_ RS s

0 10 20 30 40
Position
b) The Static Torque Characteristic for Two Phases
Fig. 15 Static Torque Characteristic of 12/8 Conventional
SRM and the Torque Ripple between Two Phases

Indicated in Fig. 15 are the static torque characteristic
for two different phases and the point of intersection. By
substituting in the torque ripples formula (Equation 2,[11]),
the percentage ripple is found to be 59.15%:

T .. —T .
Percentage Ripples _ max1m1’-1[‘m intersection (2)
maximum

Fig. 16 shows the static torque characteristic of the new
SRM and the torque ripples between two phases. Similarly,
the torque ripple of the new SRM can be calculated
according to Equation 2. The percentage ripple is 26.92%.
It is evident from the previous calculations that the use of
the rolled rotor significantly reduces the percentage ripples
in the torque characteristic.
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Static Torgue

Position (Mech. Degrees)

Fig. 16 Static Torque Characteristic of New Rolled Rotor
SRM and the Torque Ripple between Two Phases

8. The Simulation of the New Rolled Rotor SRM

The machine performance can be analytically predicted
by means of the fundamental equation of the terminal
voltage of any SRM [12}:

y=R.i+ 2V 3

ot

Then by solving one of the following Ist order
differential equations:

v=R-i+ﬁ-§£(9,i)+w-§Z(0,i)
dt Oi o6
v g owled) opld.i)
dt ol o4
reir (e (o
v=R l+dt L(6,1)+a) i 69(6,1)
v=R-i+§’--L(¢9,i)+a)-f-———dL(e’l)
dt dg

)

A numerical approach to the simulation of SRMs has
been introduced in [12}-[13]. The flux-linkage can be
calculated as follows:

V= j(v— R-i(0,w )t (%)

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

W6, = [w(6,idi (6)
0 @=const
T(6,i) = w (7)
dg i=const

Fig. 17 is the block diagram of the SRM simulation
package. The flux linkage characteristic data are taken
from the adaptive finite element solution of the magnetic
characteristics; then they are stored in tables (one for the
flux-linkage characteristic and the other for the torque); the
tables are loaded into the simulation of the SRM using
Matlab/Simulink [14].

lPhasa voltage ll y + “I“

Lookup
Table

{
Phase Current
= L_,
Look-up T

Electric Torque

Rotor Position

Table

Fig. 17 Block Diagram of SRM Simulation

9. Dynamic Performance at low Speed

Matlab/Simulink is used to generate the simulated
dynamic response of the new SRM at low speeds of
rotation (500 rpm). The DC voltage of the converter is 600
volts and the switching On/Off angles are -60/60 degrees
(mechanical angles). Fig. 18 shows torque versus position
at low speed, while the advance switching is at angle 60
degrees. Fig. 19 shows torque versus position at low speed
and, while the advance switching is at angle 10 degrees. It
is noted that the average torque in the latter case is higher
than the former case [15].
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1. Srpeve;‘q =500 i'pm, Voita_g_e__: 6_00 Volf; and _anOff ay)glgs (-60/60)

Total Torque (Nm)
[3,]

0 20 40 60 80 100 120 140 160 180
Position (Mech, Degrees)
Fig. 18 Torque versus Position Switching On Angle
before the Unaligned Position by 60 Degrees
(Low Speed)

Speed=500rpm, DC Voltage= 600 Voits and
(On/Off) angles (10-130)

Total Torque (Nm)

0 20 40 60 80 100 120 140 160 180

Position (Mech. Degrees)
Fig. 19 Torque versus Position Switching On Angle after
the Unaligned by 10 Degrees (Low Speed)

10. Dynamic Performance at high Speed

Matlab/Simulink is used here to obtain the simulated
dynamic response of the new SRM at high speed (1500
rpm). The DC voltage of the converter is 600 volts and the
switching On/Off angles are 10/130 degrees (mechanical
angles). Fig. 20 shows simulated results of the new SRM at
high speed (1500 rpm), DC voltage 600 volts with a
Switching-On angle that follows after the unaligned
position by 10 degrees.
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Fig. 20 a) Torque versus Position
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Fig. 20 e) Flux-Linkage Trajectory
Fig. 20 Simulated Dynamic Performance of the New

SRM at high Speed Operation
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11. Torque Speed Envelope

Fig. 21 shows the torque speed envelope for the new
SRM. The new SRM has an excellent torque/speed
envelope, whereby the machine can deliver strong output
torque at relatively high speed.
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Fig. 21 Torque speed Envelope for the Rolled Rotor SRM

12. Changing the Connection of the two Coils-
of Each Phase

Fig. 22 shows a scheme of the change in polarity of the
second coil of the energized phase. Fig. 23 shows the
aligned and the unaligned position at the two different
connections of the second coil of the energized phase. The
aligned position comes up after changing the connection.
This results in a small increase in the output torque [16].

Fig. 22 Changing the Connection of the two Coils of Each
Phase

Fig. 23 The Aligned and the Unaligned Positions for the

different connections

13. Tables

Table 1 Dimensions of the New Rolled Rotor SRM

Stator Axial Length 150 mm

Stator Outside Diameter 150 mm

Stator Core Back 10 mm
Height of Stator Poles 21.12 mm

Maximum 20 mm

Width of Stator Pole :

Minimum 10 mm
Rotor Diameter 36.32 mm

Minimum 0.3 mm

Air Gap Width :
Maximum 18.47 mm
Table 2 Dimensions of the Conventional 12/8 SRM

Stator Axial Length 150 mm

Stator Outside Diameter 150 mm
Shaft Diameter 43.64 mm

Rotor Diameter 90.8 mm

Air Gap Width 0.3 mm

Stator Core Back 10 mm

Rotor Core Back 10 mm
Stator Tooth Width 11.76 mm
Rotor Tooth Width 11.76 mm

14. Conclusions

This paper introduces a new design of the switched

reluctance motor.

The conventional

toothed  rotor is

replaced by a solid iron cylinder. The main objective of this
replacement is to change the topology of the magnetic
circuit in a way that enhances the performance of the new
design over the conventional SRM. The new rotor reduces
the potential overheating in addition to the total material
losses. Accordingly, the SRM can accommodate more
loading due to the increase in thermal limits. In addition,
this configuration of the rotor smoothes the air gap,
resulting in smooth shapes of the current and the torque.
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The latter is traditionally required in some practical cases
such as servo applications. The paper used the adaptive
finite element in the prediction of the characteristics of the
rolled rotor SRM. The flux linkage characteristic was

predicted and the torque characteristic was calculated from it.

Then the paper examined the new design of the SRM by
analyzing the percentage reduction in the torque ripples
due to the use of the new SRM. The paper used the
Matlab/Simulink module to simulate the dynamic
performances for different modes of SRM operation (low
speed and high speed). The generated torque/speed
envelope shows excellent characteristics as to the
capability of the new SRM to maintain its torque at very
high speeds - as opposed to the conventional SRM. It can
be concluded that the new design can replace the
conventional design of the SRM in attempt to resolve some
problems of overheating along with improved func-
tionalities.
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