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Abstract

In this study, the authors designed a high-speed, two-
phase Switched Reluctance Motor (SRM) for an air blower.
Considering high core loss at a maximum speed of 30,000
rpm for the proposed machine, a four-stator-pole two-rotor-
pole (4/2) structure was chosen in order to reduce switching
loss. Rotor pole shaping was employed because of a non-
uniform air gap. Also, the rotor surface was optimally con-
toured in order to obtain constant torque and low torque
ripple. The rotor pole arc had to be wide in such a way that
torque ripple could be minimized during commutation. Iter-
ative optimization using Finite Element Method (FEM) al-
lowed the air gap to be designed for flat-top positive torque
in phase excitation and small torque fluctuation during com-
mutation. This SRM was designed with an asymmetric in-
ductance profile where the positive region was wider than
the negative one. The feasibility of the machine was verified
by FEM and a prototype was built and installed in an air
blower for experimental tests.

Introduction

Recently, there has been much interest in high-speed mo-
tor drives for practical applications to reduce system size
while increasing efficiency. In particular, blowers, compres-
sors, pumps, and spindle drives are suitable applications for
the high-speed motor drives, and the demand for the high-
speed motor system has greatly increased in the industrial
market [1-4]. For practical systems, various electric ma-
chines, such as induction, permanent magnet, and switched
reluctance motors, have been researched for application in
high-speed systems [4-9].

SRM has a simple structure and inherent mechanical
strength without rotor windings or permanent magnet.
These mechanical structures are suitable for harsh environ-
ments and high-temperature and high-speed applications [4-
12]. Raminosoa et al. [4] investigated a 6.5kW, 6/4 SRM
with a speed rating of 14,000 rpm for a fuel-cell compres-
sor. Also, an ultra-high-speed 6/4 SRM was introduced [5],
where the practical results showed attainment of a speed of
150,000 rpm with a simple control scheme. That study used
a 3-phase symmetric structure. An asymmetric staggered-
gap type 4/2 SRM, with speeds up to 26,000 rpm, was also

introduced [8-9]. In many speed drive systems, the number
of poles is very important due to the electrical frequency
and core losses. So, many high-speed drives use a two-pole
system to reduce the electrical frequency. And, the number
of phases is proportional to the drive cost [13-15]. Although
the power losses are proportional to the switching frequen-
cy, the advance angle can introduce additional conduction
and switching loss due to the excitation current building up
without torque production; this advance area is proportional
to the motor speed and phase numbers.

In this study, a 2-phase high-speed SRM was designed
with continuous torque and self-starting characteristics. In
order to reduce torque ripple, various types of rotor struc-
ture were analyzed. Additional non-linear air-gap structures
were proposed based on the staggered-gap rotor type. The
rotor pole shape provides a variable air gap according to
rotor position, and it can produce a flat-top torque in a wide-
torque region without torque dead-zone. In order to opti-
mize torque ripple, the stator pole should have a cylindrical
shape, but the shape of the rotor pole was designed by an
iterative optimization process with FEM. The torque ripple,
according to rotor position and air gap, was used as the opti-
mal objective function. The final SRM had to have a non-
uniform air gap and asymmetric inductance characteristic,
which would yield wide positive and short negative torque
regions. Such an SRM would be suitable for one-directional
rotation due to its asymmetric inductance characteristic. The
extended positive torque region can develop continuous
torque with a torque overlap region and self-starting charac-
teristics at any rotor position without torque dead-zone. And
by optimizing the variable-air-gap structure, torque ripple
can be reduced. In order to verify the performance of the
proposed high-speed 4/2 SRM, computer simulations and
experimental tests were employed.

Design of the Two-Phase 4/2 SRM

Conventional 4/2 SRM

The output torque, 7, , can be derived from the induct-
ance, L, and phase current, i , as follows [1]:
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where L(6,i) is inductance and depends on both rotor posi-
tion, 8 , and phase current.

Figure 1 shows conventional and modified 4/2 SRMs.
The modified types include a staggered-gap rotor pole sur-
face type, air-teeth type, and air-hole rotor pole type [4], [13
-15]. Static torque profiles for those SRMs are compared in
Figure 2, where the torque ripple is high, a zero-torque re-
gion is not avoidable, and torque for a motoring region is
not enough in the conventional type.
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Figure 1. Various 4/2 SRMs

On the other hand, the modified designs are suitable for
self-starting at any rotor position, due to a wide positive
torque region. However, even with the modifications of the
rotor poles, the SRMs still experience a sudden rise in posi-
tive torque region. The reason for this is an air-gap change
on the rotor pole surface. The torque ripple causes high vi-
bration and acoustic noise. An elaborate rotor pole shaping
has to be incorporated with the design process instead of
using one step on the rotor pole contour in order to obtain as
small a torque fluctuation as possible. Among the modified
types, the air-teeth and air-hole types are not easy to manu-
facture and to optimize. So, the design process is based on
the staggered-gap rotor type. And, the rotor pole contour is
determined to reduce torque ripple.
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Figure 2. Static Torque Characteristics of Conventional, Stag-
gered-Gap, Air-Teeth, and Air-Hole Types

Proposed 4/2 SRM

In order to obtain a wide positive torque region for stable
self-starting, the rotor pole arc needs to be bigger than the
stator pole pitch. Given this condition, the rotor pole surface
must be optimally shaped, with respect to the rotor position,
for mitigating torque ripple by means of an iterative method
with FEM analysis.

Figure 3 illustrates the key design parameters in the deter-
mination of the rotor shape. The stator inner diameter (r) is
determined to be constant. It can be seen that the rotor pole
arc is wider than one stator pole pitch. One rotor pole is
segmented into n nodes, with each segment having its own
radius (ry) and angular position (¢x) in polar coordinates.
Angle increment (D¢) is determined by two node numbers
and the rotor pole arc. The length of the air gap at the k-th
node is equal to the difference between ry and ry. Radius ry
changes within a limited boundary to achieve less torque
oscillation. At the k-th node, radius ry needs to be decreased
in case the calculated torque is bigger than the desired one.
Conversely, if the calculated torque is too small, the radius
1 1s increased until the calculated torque reaches the target.
It should be noted that the maximum possible value for radi-
us ry is limited by a critical dimension, which is the mini-
mum air gap.
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Figure 3. Key Parameters in Rotor Shape Optimization

Figure 4 shows the step-by-step design algorithm of rotor
pole shaping. The initial set of conditions is: minimum air
gap, acceptable torque error T, [%] as a percentage of aver-
age torque T,y,, a node number, and angle increment D¢. In
this study, the angle increment was one degree and the ac-
ceptable torque error was set to 2%. Rated torque was set at
0.2Nm for a 600W, 30,000 rpm high-speed air-blower sys-
tem.

Figure 5 shows the flux distribution and density during
optimization. The output torque was affected by both air-
gap and fringing flux. In general, the amount of fringing
flux—when the rotor was optimized at the k-th node—will
change when the (k+1)-th node is being optimized. This
means that optimization of subsequent nodes will change
torques at previous nodes which were calculated in previous
steps. However, air-gap flux dominates fringing flux. The
fringing effect can be ignored. So, the nodes were consid-
ered to be independent of each other during the optimization
process.
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Figure 4. Flow Chart for Rotor Pole Optimization
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Figure 5. Flux Distribution During Optimization
Figure 6 shows the results of rotor pole shaping through
the optimization procedure for the high-speed 4/2 SRM, and

Table 1 shows the specifications of the motor.

Table 1. Specifications of the Proposed 4/2 SRM
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Parameters Value Parameters Value
Output power 600W | Average Torque 0.2Nm
Stator Poles 4 Rotor Poles 2
Bore Diameter 30mm | Stator Outer Dia 80mm
Stack Length 30mm Air-gap 0.25mm
Stator Pole Arc 46° Rotor Pole Arc 102°
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Figure 6. Optimized Rotor Pole Shape

Figure 7 shows the inductance and torque profiles of the
prototype SRM analyzed by FEM. Table 1 shows the design
sheet and specifications of the motor. The inductance is
asymmetric and, hence, the machine can produce a wide
positive torque region for continuous torque generation. In
order to include the saturation effect of the steel, the design
procedure was conducted at a current of 7A. As shown in
Figure 7, the inductance profiles are almost linear in the low
-current region, and the corresponding torque can be consid-
ered to be constant. However, in the high-current region, the
torque is decreased at the middle of the rotor poles due to
the steel saturation.

As seen in Figure 7b, FEM results show higher torque
ripple than the target value in the middle position of the
rotor. In the design process, the maximum torque ripple was
set to 2% of the rated value. However, the analyzed maxi-
mum torque ripple was about 10%.

In Figure 8, static torque profiles of three 4/2 SRMs are
compared. The structure of the conventional 4/2 SRM is
shown in Figure 1a, with the modified type shown in Figure
1b. The motors being compared were redesigned with the
same size and output power for the proposed application.
The proposed SRM has lower torque ripple than conven-
tional and modified 4/2 SRMs. In the proposed design,
torque during commutation secures stable self-starting at
any rotor position without torque dead-zone. The analyzed
torque ripple was under 10% at the rated conditions. Due to
the limit of the minimum air gap around the mid-point of
the rotor pole, the analyzed torque ripple was higher than
the desired one. As shown in Figure 6, the variable air gap
converges to the minimum air gap to improve the output
torque. So, the torque ripple around the mid-point of the
rotor pole arc would be higher than the expected value.
However, the proposed prototype SRM had much lower
torque ripple than the modified SRM, which had more than
60% torque ripple at the rated conditions.
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Figure 7. Inductance and Torque Characteristics of the Pro-
posed 4/2 SRM
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Figure 8. Torque Characteristics Comparison
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Simulation and Experimental Results

In order to verify the performance of the proposed motor,
dynamic simulation using Matlab was performed on the
practical air-blower system. Figure 9 shows simulation re-
sults at the rated speed. In the simulation results, the pro-
posed motor can operate well in the range of 15,000 to
30,000 rpm. Torque ripple during single-phase excitation
was significantly small, but the ripple becomes high during
commutation due to constant current control.
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Figure 9. Simulation Results at Rated Torque

Figure 10 shows a prototype motor including the rotor,
stator, and motor assembly. Figure 11 shows the experi-
mental configuration, including the motor assembly. A two-
phase asymmetric converter and DSP (TMS320F-2811)
were used for motor control. The asymmetric converter was
designed with MOSFETs and power diodes that have 600V,
50A ratings. Current was detected by a mounted-chip type
current sensor (ACS712) and embedded 12-bit ADC of the
DSP.
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Figure 10. Prototype of 4/2 SRM
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Figure 11. Experimental Configuration

Balanced, soft-chopping technology was used for the
switching of the asymmetric converter to reduce the current
ripple in the phase winding. There were 16 pulses per revo-
lution from an ultra-fast photo-interrupter, and the signal
was connected to the QEP module of the DSP. The motor
controller can count 64 pulses per revolution with a phase
detecting signal.

Figure 12 shows the measured torque characteristics of
the proposed high-speed 4/2 SRM. The desired torque was
the theoretically analyzed value. The SRM had higher
torque ripple than expected. The reason for this was manu-
facturing error in the rotor and stator. From the practical
measurements, the rotor diameter had 1% error. Further-
more, the assembly of the stator and bracket had distortion
in the rotational direction. This distortion introduced a con-
centricity error between the stator and rotor assembly. For
these reasons, the measured torque had some errors.
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Figure 12. Measured Torque Characteristics

Figures 13 through 15 show the experimental results us-
ing the dynamometer. Figure 13 shows a no-load operation
at 10,000 and 30,000 rpm. The proposed motor does a good
job of tracking the reference speed. Radial vibration in-
creased greatly in the high-speed region.
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Figure 13. Experimental Results under No-Load Operation

Figure 14 shows the experimental results according to the
load variation at 10,000 and 30,000 rpm. As shown in the
experimental results, the designed motor can operate quite
well over a wide speed range.
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Figure 14. Experimental Results with Load Variation

Figure 15 shows the experimental results of the designed
motor used to drive a practical air blower. Impeller type 1
was used in the conventional design. The output air pressure
was almost the same as that of a conventional air blower in
which a universal motor would be installed, and the me-
chanical vibration and acoustic noise were lower than that
of the conventional air blower.

Figure 16 shows the operating characteristics of an air-
blower with the proposed SRM and impellers. As shown
here, the Impeller Type 1 is for low-speed motors with high
air pressure, while Impeller Type 2 is for high-speed motors
with low air pressure.
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Conclusion

This paper presents a study of a high-speed 4/2 SRM,
where rotor pole shape was optimized for torque ripple re-
duction. The outer dimensions were the same as those of a
conventional air-blower motor. In order to guarantee contin-
uous torque at any rotor position, the positive torque region
had to be extended by an asymmetric inductance profile of
the motor. That is possible because the blower rotates in one
direction. The rotor pole shaping was carried out by an iter-
ative optimization procedure using FEM. The proposed mo-
tor was verified in terms of the capability of wide speed
operation by air-blower tests in which it demonstrated high-
efficiency and low-vibration characteristics.
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Figure 15. Experimental Results with a Practical Air-Blower
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